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Abstract

In the transition to a more sustainable energy future, electrochemical storage systems like
batteries are vital for enabling large-scale integration of renewable energy sources. This thesis
focuses on the design and optimization of sodium-based batteries, which offer a promising
alternative to lithium-ion batteries for stationary energy storage and other large-scale applications.
Sodium’s abundance and its potential for cost-effective production position it as a key solution to
challenges in renewable energy integration. The study explores two different sodium-based battery
technologies—sodium-iodine (a molten sodium battery) and all-solid-state sodium-ion batteries
(ASSSIB)—key representatives of the two main categories of sodium-based batteries, employing
advanced microscale simulations to analyze their performance and guide design improvements.

The sodium-iodine battery, with a molten sodium anode and aqueous iodine-based catholyte, is
modeled using a 3D, spatially resolved electrochemical framework, marking a significant advance
over traditional 1D models by capturing complex spatial effects. Key results show that diffusion
limitations, particularly in two-dimensional electrodes, constrain performance of electrodes with
thicknesses beyond 1 cm with an optimal 8 M iodine catholyte concentration balancing theoretical
capacity and practical performance. Switching to three-dimensional electrodes, such as glassy
carbon foam, overcame these diffusion limitations, enhancing capacity utilization by increasing
and more evenly distributing the surface area for electrochemical reactions and improving ion
transport. Interestingly, porosity was found to be more critical than surface area, as higher porosity
facilitates smoother sodium-ion transit between the cells of the foam, significantly boosting battery
efficiency.

In matching the model with early experimental data, incorporating the pentaiodide species (I5)
was essential to aligning the model capacity predictions with experimental observations. This
adjustment improved agreement with experimental polarization curves, though discrepancies—
likely from iodine precipitation or higher polyiodide formation—suggest further investigation is
needed.

The second part of the thesis investigates all-solid-state sodium-ion batteries (ASSIBs) using
polymer-ceramic composite electrolytes, which offer significant advantages in terms of safety,
cycle life, and stability. A dual-modeling approach combined microscale particle-resolved
simulations and a pseudo-two-dimensional (P2D) model to assess the impact of electrode and
electrolyte properties on battery performance. Microscale simulations identified ion transport
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limitations, particularly in thick, low-porosity cathodes, as the main performance bottleneck, with
high active material content exacerbating these limitations during charging by creating steep
concentration gradients close to the separator.

To address this, a P2D model was developed to investigate optimized cathode structures showing
that non-uniform porosity, with a gradient from the separator to the current collector, significantly
improves ion transport and capacity utilization. By combining the Zehner-Bauer-Schliinder and
Maxwell-Garnett models, the P2D simulations retained the accuracy of the fully resolved model
while achieving a notable increase in computational efficiency. The P2D model, integrated
in a differential evolution algorithm, optimized parameters like cathode thickness and material
distribution. In contrast to a one-factor-at-a-time approach, the findings revealed discharging as
the key bottleneck, with optimized designs performing better during charging across all C-rates.

Reevaluating ionic transport mechanisms in polymer-ceramic composite electrolytes, through
comparison with early experimental data, challenged existing assumptions. Superionic inter-
phases—regions with enhanced conductivity near particle surfaces—were hypothesized to explain
the experimental measurements for Nas 4Zr,Si; 4P ¢O15.

The thesis contributes to the growing body of research on sodium-based batteries by providing
detailed insights into the electrochemical and transport processes that dictate their performance.
The findings on sodium-iodine batteries emphasize the importance of 3D electrode structures in
overcoming diffusion limitations, while the results on ASSSIBs highlight the need for optimized
material distribution in composite electrolytes. Together, these results underscore the potential
of sodium-based batteries to meet the growing demand for sustainable, scalable energy storage
solutions, thereby facilitating the large-scale adoption of renewable energy technologies.

v



Zusammenfassung

Der Ubergang zu einer nachhaltigeren Energiezukunft hiingt maBgeblich von der Integration erneu-
erbarer Energiequellen in groBem MaBstab ab. Dabei spielen elektrochemische Energiespeicher
wie Batterien eine entscheidende Rolle. Die vorliegende Arbeit fokussiert sich auf die Entwicklung
und Optimierung von Natrium basierten Akkumulatoren fiir die stationdre Energiespeicherung
sowie andere groBtechnische Anwendungen. Aufgrund der hohen Verfiigbarkeit und geringen
Kosten von Natrium stellt es eine vielversprechende Alternative zu Lithium-Ionen-Akkumulatoren
da. Die Untersuchungen fokussieren sich auf je ein neuartiges Konzept fiir die zwei wichtigsten
Kategorien fiir Natriumbatterien, nimlich der Natrium-lod-Batterie (Fliissigmetallbatterien)
sowie der Natriumfestkorperbatterie (ASSSIB) in der Kategorie der Natrium-Ionen-Batterien.
Schwerpunkt der Arbeit sind Simulationen im Mikromalf3stab, um die Leistungsfihigkeit der
beiden Natriumbatterien zu analysieren und Verbesserungen im Batteriezelldesign aufzuzeigen.

Zunichst kommt fiir die Modellierung der Natrium-Iod-Batterie mit einer fliissigen Natriuman-
ode und einem wissrigen Katholyten auf Iodbasis ein raumlich aufgeldstes elektrochemisches
Modell zum Einsatz. Dies stellt eine Weiterentwicklung gegeniiber herkommlichen 1D-Modellen
dar, um komplexe rdumliche Effekte zu erfassen. Die wichtigsten Ergebnisse legen dar, dass
Diffusionslimitierungen, insbesondere bei zweidimensionalen Elektroden, die Leistungsfahigkeit
von Kathoden mit einer Dicke von mehr als einem Zentimeter einschrinken, wiahrend sich eine
Tod-Katholyt-Konzentration von 8 mol L' als optimal erweist.

Die Weiterentwicklung der Elektrodenstruktur hin zu dreidimensionalen Elektroden, wie bei-
spielsweise Glaskohlenstoffschaum, fiihrt zu einer Uberwindung der zuvor genannten DifFusi-
onslimiterung. Dies steigert die Ausnutzung der Kapazitit, ausgelost durch eine Vergroferung
und gleichmiBigere Verteilung der Oberfliche fiir elektrochemische Reaktionen sowie eine
Verbesserung des lonentransports. Hierbei hat die Porositiit einen entscheidenderen Einfluss
auf die Leistungsfihigkeit der Batterie als die Grole der Elektrodenoberfliche: Eine hohere
Porositit ermoglicht einen reibungsloseren Natrium-Ionen-Transport zwischen den Zellen des
Glaskohlenstoffschaums und steigert hierdurch die Leistungsfidhigkeit des Batteriesystems. Durch
eine Erweiterung des elektrochemischen Modells um Pentaiodid-Ionen (I5) gelingt eine Uber-
einstimmung der Kapazititsvorhersage der Simulation mit ersten experimentellen Ergebnissen.
Die Anpassungen verbesserten die Ubereinstimmung mit der experimentellen Polarisationskurve.



Zusammenfassung

Verbleibende Diskrepanzen lassen lodausféllungen oder die Bildung hoherer Polylodide vermuten
und bediirfen weiteren experimentellen Untersuchungen.

Im zweiten Teil der Arbeit liegt der Fokus auf numerischen Untersuchungen von Natriumfest-
korperbatterien unter Verwendung von polymerkeramischen Kompsitelektrolyten. Diese bieten
gegeniiber Fliissigelektrolyten erhebliche Vorteile in Bezug auf Sicherheit, Zykluslebensdauer und
Stabilitdt. Ein dualer Modellierungsansatz kombiniert mikroskalige, partikelaufgeloste Simulatio-
nen mit einem pseudo-zweidimensionalen (P2D-)Modell, um die Auswirkungen der Elektroden-
und Elektrolyteigenschaften auf die Batterieleistung zu bewerten. Mikrostruktursimulationen
sagen Einschrinkungen beim [onentransport, insbesondere Kathoden mit hoher Dicke bei geringer
Porositit, als entscheidenden Faktor fiir die Leistungsfihigkeit des Batteriesystems voraus. Ein
hoher Aktivmaterialgehalt fiihrt zu hohen Konzentrationsgradienten in der Nihe des Separators
und beeintrichtigt insbesondere den Ladevorgang. Ein in dieser Arbeit entwickeltes P2D-Modell,
ermoglicht die Ermittlung optimierter Kathodenstrukturen um diese Einschriankungen zu iiber-
winden. Es zeigte sich, dass eine Porosititsverteilung mit einem Gradienten vom Separator zum
Stromkollektor den Ionentransport und folglich die Kapazititsausnutzung deutlich verbessert.
Die kombinierte Nutzung des Zehner-Bauer-Schliinder- und des Maxwell-Garnett-Modells erhélt
die Genauigkeit des vollstandig aufgelosten Modells und verkiirzt gleichzeitig die Rechenzeit
deutlich. Dies ermoglichte die Einbindung des P2D-Modells in ein Optimierungsverfahren
basierend auf einem evolutiondren Algorithmus zur globalen Optimierung von Parametern wie
der Kathodendicke und der raumlichen Partikelverteilung. Im Gegensatz zu einem Ansatz, bei
dem jeweils nur ein Faktor verdndert wird, zeigten die Ergebnisse fiir alle C-raten, dass der
Entladevorgang den Engpass darstellt.

Der Vergleich von Simulationsergebnissen dieser Arbeit zu lonentransportmechanismen in
polymerkeramischen Kompositelektrolyten mit frithen experimentellen Daten deutet auf die
Existenz superionischer Zwischenphasen—Bereiche mit erhohter Leitfahigkeit in der Nihe
von Partikeloberflaichen—an. Diese erkliren fiir Nas 4Zr,Si, 4P ¢O;, die gemessenen effektiven
Leitfahigkeiten.

Die Dissertation liefert detaillierte Einblicke in die leistungsbestimmenden elektrochemischen
und Transportprozesse von zwei der vielversprechendsten Batterietypen in den beiden wichtigsten
Natriumbatteriekategorien. Die Resultate zu Natrium-lod-Batterien verdeutlichen die Relevanz
von dreidimensionalen Elektrodenstrukturen zur Uberwindung von Diffusionslimitierungen,
wihrend die Resultate zu Natriumfestkorperbatterien die Notwendigkeit einer optimierten Materi-
alverteilung in Kompositelektrolyten hervorheben. Die Ergebnisse unterstreichen das Potenzial von
natriumbasierten Batterietechnologien, den wachsenden Bedarf nach nachhaltigen, skalierbaren
Energiespeicherlosungen zu befriedigen.
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1 Introduction

In the last century, the global economy has heavily relied on fossil fuels for energy. However,
concerns over the finite nature of fossil fuel reserves and their significant environmental impact—
particularly the contribution to global warming through the greenhouse effect caused by carbon
dioxide emissions—have intensified the search for alternative energy sources.

According to the 2023 International Energy Outlook by U.S. Energy Information Administration,
global energy demand is predicted to rise significantly, reaching 854.7 quadrillion British thermal
units from the current 637.8 [1]. The recent surge in atmospheric CO, concentrations to 416
ppm underscores the urgent need to enhance efforts to keep global warming below 2 °C above
pre-industrial levels. Consequently, 50 % of the projected rise in energy consumption is anticipated
to rely on alternative energy sources.

1.1 The role of energy storage in renewable energy
integration

Since the 1990s, significant advancements have been made in substituting traditional energy
sources with renewable ones, such as solar, wind, and geothermal energy. However, the inherent
intermittency and instability of solar and wind energy pose significant challenges which can be
addressed with reliable energy storage solutions for both stationary and mobile applications. The
existing electrical grid systems worldwide are not equipped to handle large-scale integration of
intermittent energy sources without risking serious disruptions. It is generally accepted that more
than 20 % penetration from intermittent renewables can greatly destabilize grid systems [2].

Large-scale energy storage technologies play a crucial role in addressing these challenges by
smoothing out fluctuations in energy supply, thereby facilitating the efficient integration of
renewables into the power grid.

Energy storage technologies can be broadly classified into five categories, as described by Zhao
etal. [3]:

Mechanical Storage includes technologies like pumped hydro storage (PHS), compressed
air energy storage (CAES), and flywheels. PHS systems are suitable for bulk energy
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applications due to their long discharge times, while flywheels offer high energy efficiency
and rapid response times, making them ideal for frequency regulation.

Electrochemical Storage is category that encompasses various battery technologies, includ-
ing lithium-ion (LIB), sodium-ion, sulfur, and flow batteries.

Chemical Storage Involves hydrogen energy storage systems (HydESS), which offer the
advantage of dual-use as both an energy carrier and a raw material in industries like
chemicals and steel. However, high capital costs and low efficiency of electrolyzers and
fuel cells are significant drawbacks.

Thermal Storage stores energy in the form of heat, offering potential for integration with
thermal power plants and industrial processes.

Electrical Storage includes supercapacitors, known for their near-unlimited cycle stability,
high power density, and fast charging/discharging capabilities. Despite these advantages,
their low energy density limits their application to short-duration storage needs.

Among the various energy storage technologies, electrochemical energy storage, such as battery
systems, stands out due to its environmental benefits, high energy density, and scalability. Beyond
batteries, other forms of energy storage, such as CAES and PHS, have been developed or are under
development for large scale storage. PHS, in particular, remains the most widespread technology
with over 90 % market share [1]. However, both CAES and PHS are constrained by specific
geographic requirements, which severely limit their broader application.

Scaling up from portable power sources to transportation-scale and grid-scale applications
necessitates careful consideration of several factors in the design of electrochemical storage
systems. These factors include the cost and abundance of materials, the environmental and
eco-efficiency of cell chemistries, as well as life cycle and safety analyses [4]. While some
existing rechargeable battery technologies can meet many of these sustainability requirements,
intrinsic limitations in energy storage capacity or technological hurdles continue to impede their
deployment on a large scale [2].

An added advantage of most renewable energy sources is their modular nature, which supports
distributed power generation. Such decentralization minimizes the economic and ecological
effects related to power transmission from centralized power plants. Furthermore, the distributed
characteristic of renewable energy systems offers a socio-economic advantage by potentially
fostering economic expansion in underdeveloped areas. Therefore, it is sensible to develop energy
storage technologies that can deliver power economically at various scales, from small to medium
and large-scale storage solutions.

In addition to cost considerations, other factors such as consumer trust, safety, and the reliability
of new systems will be decisive for the success of stationary battery technologies. The risk-averse
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nature of the utility industry poses a significant market entry barrier for emerging technologies.
Therefore, it is pragmatic to initially promote battery technologies as medium-sized energy storage
solutions, which can later be scaled up to large-scale applications. This strategy may encounter
less resistance than attempting to introduce large-scale energy storage technologies from the
outset.

In addition, battery storage is not only vital for the integration of renewable energy but also
offers solutions for conventional power generation challenges. Traditional power systems require
a near-instantaneous balance between supply and demand, which often necessitates the use of
peaking power plants that remain idle for extended periods. This inefficiency leads to higher
electricity costs.

The decreasing cost of solar and wind energy, coupled with rising electricity prices from fossil
fuels and increasing costs of CO, certificates, has further enhanced the economic viability of
electrical energy storage.

1.2 Challenges and opportunities for battery
technologies

For renewable to dominate the primary energy mix by mid-century, grid-compatible electricity
storage technologies must meet key requirements, including high capacity, rapid charge/discharge
rates, operating temperature, high energy density, long cycle life, stable operation, reliability,
cost-effectiveness, and scalability. No single technology can meet all these criteria, leading to
a wide variety of storage options, each suited to different applications depending on factors like
cost, performance, and scalability. As a result, researchers are continually exploring new battery
technologies with unique properties tailored to specific needs.

Lithium-ion batteries (LIBs) have become the dominant technology due to their high energy
density and long lifespan, making them the preferred choice for portable electronics and electric
vehicles [5]. However, the high cost of LIBs, along with the limited availability and geopolitical
concentration of lithium resources, poses significant challenges. Additionally, the environmental
impact of lithium mining and processing is a growing concern [6, 7].

Sodium-based batteries have emerged as a promising alternative, particularly for applications
where energy density is less critical, such as stationary energy storage and large mobile applications
like ships, trains, and trucks.

Figure 1.1 presents the relative abundances of selected elements within the Earth’s crust. Elements
such as lithium, cobalt, and nickel, which are critical for the most advanced lithium-ion battery
(LIB) technologies, are relatively scarce. In stark contrast, sodium is found in much higher
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Figure 1.1: Abundances of chemical elements in the Earth’s crust. The data is derived from Yaroshevsky [8]. Lines
are for eye guidance only.

concentrations, constituting approximately 2.5 wt% of the Earth’s crust. Additionally, vast sodium
resources are present in the oceans, further facilitating the extracting of this element.

The plentiful availability of sodium offers several significant advantages. Chief among these is
the reduction of geopolitical risks associated with supply chains, which is a growing concern
for materials like lithium and cobalt. Moreover, the abundant and widely distributed nature of
sodium resources promises to stabilize sodium prices, potentially providing a more cost-effective
alternative to lithium for future battery technologies.

Table 1.1: Comparison of Na and Li properties. Data is taken from [9-12]

Na Li
Molar mass (g mol ') 23.00 6.94
Tonic radii (A) 1.02 0.76
Stokes radius in water (A) 1.84 2.38
E® vs. SHE (V) —2.71 —3.04
Melting point (°C) 97.9 180.5
Theoretical capacity (mAhcm 3m) 1131 2062
Density at 20 °C (kgL 1) 0.97 0.53

Sodium-based batteries, along with other novel battery technologies, are often categorized under
terms such as post-lithium-ion batteries or post-lithium batteries in literature [ 13, 14]. However, it’s
important to note the distinction between these categories, as they refer to different technological
trajectories. The term post-lithium-ion batteries encompasses not only sodium-ion batteries
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but also novel lithium-based technologies, including lithium-sulfur [15], lithium-air [16], and
lithium-metal batteries [17]. These advancements aim to push the boundaries of performance,
particularly in terms of energy density and cost-effectiveness.

In contrast, the post-lithium category refers specifically to battery technologies that are entirely
lithium-free. These technologies are being explored to reduce dependence on lithium.

While the post-lithium technologies aim to eventually replace LIBs, the post-lithium-ion technolo-
gies are more about evolving the existing lithium-based framework to overcome current limitations.
Even with these advancements, battery performance—especially energy density—cannot be
increased indefinitely due to fundamental theoretical constraints. For instance, the standard

<
Li/Li*
making it unlikely that a radically superior battery system will be discovered in the near future.

electrode potential of lithium (E = 3.04V) is the most negative in the galvanic series,
Nevertheless, after lithium, sodium stands as the second lightest and smallest alkali metal,
rendering it a suitable substitute for lithium due to its plentiful supply and standard potential (E°).
Table 1.1 presents a comparison of Na*and Li* properties.

Given these constraints, a total replacement of lithium-based batteries by lithium-free alternatives
is improbable. Instead, a more plausible scenario is the partial substitution of LIBs in specific
applications where their current dominance is due more to their market readiness than to an ideal
fit for the application. Sodium-based batteries, along with other "post-lithium" technologies,
could serve as more appropriate alternatives in such contexts.

Another justification for the post-lithium-ion category is the desire to develop battery chemistries
that remain closely aligned with LIBs, allowing for a smoother transition in both research and
manufacturing [7, 18]. The extensive focus on LIBs has led to a significant accumulation of
expertise and established methodologies. Moreover, the recent surge in electric vehicle (EV)
production, driven by policies such as the planned bans on internal combustion engines in the
European Union and the United Kingdom, has greatly expanded global LIB manufacturing
capacity [19].

Batteries categorized as post-lithium-ion can take advantage of this existing infrastructure,
potentially accelerating their path to market readiness [20]. This is crucial, given the urgent
need to develop new battery technologies that can meet global challenges like climate change and
energy security. Therefore, while post-lithium refers to a future beyond lithium, post-lithium-ion
represents a strategic evolution within the lithium framework, enhancing the prospects for timely
and scalable innovations in energy storage.
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1.3  Structure and objectives of the thesis

The overarching aim of this thesis is to position sodium-based batteries as a promising candidate
for post-lithium battery technologies. This goal is pursued through two primary objectives: (1)
gaining deeper insights into the battery system’s functionality and (2) predicting how design
variations impact overall performance.

A central component of this work involves the development of robust physical models that
accurately represent the real-world behavior of sodium batteries. Since many internal processes
are difficult to observe experimentally, these models are essential for capturing the underlying
electrochemical and transport phenomena. Building on these physical models, simulations are
then conducted to explore the system’s behavior in detail, assess how different design choices
influence key performance metrics, and guide design improvements.

This thesis leverages microscale simulations, which operate at time and length scales that bridge
the gap between material-level characteristics and the overall performance of the battery. It is
essential to acknowledge that the phrase *microscale simulations’ is interpreted variously across the
literature, contingent on the classification system different researchers use. A detailed explanation
of the simulation methodologies used in this study is provided in section 2.3.

The work is structured into two main parts, each focusing on a novel battery concept representing
one of the two primary categories of sodium-based batteries:

e Chapter 3 investigates sodium-iodine batteries, representing the category of liquid sodium
batteries, with a focus on their design, performance, and potential improvements.

e Chapter 4 examines all-solid-state sodium-ion batteries (ASSSIB), highlighting their
development, key challenges, and potential applications.

Before delving into these specific battery systems, chapter 2 lays the groundwork by providing
the theoretical background and reviewing the current state-of-the-art in sodium-based battery
technology. This chapter revisits the most relevant types of sodium batteries, summarizes the
progress of research on electrode materials and electrolytes, provides a general overview on
battery modeling and simulation, and identifies gaps in the literature, thereby underscoring the
significance of the present work.
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A battery is galvanic cell and comprised of three main constituents: the positive electrode
(cathode), the negative electrode (anode) and the electrolyte between them. In rechargeable
batteries, electrical energy is reversible converted to electrochemical energy and vice versa. A
battery cell, as the smallest unit in a battery, is defined by its cell voltage and nominal charge
capacity, whose multiplication gives the cell’s energy capacity. Battery cells can subsequently
be assembled into batteries and battery packs. Arranging them in series enhances the voltage,
while connecting them in parallel boosts the charge capacity. This section delves into sodium
batteries and battery modeling strategies, with a detailed examination of the fundamentals of
battery technologies provided in [21-23].

2.1 Types of sodium batteries

The history of research and development in sodium and sodium-ion batteries has been extensively
reviewed by Delmas [24]. Rather than reiterating the chronological progression of sodium in
battery technology, this section aims to provide a concise overview of the state-of-the-art and
future perspectives of sodium-based battery technologies. This overview is intended to lay a solid
foundation for understanding the research undertaken in this study.

Sodium batteries can be broadly categorized into two main types: liquid sodium batteries (or
molten sodium cells) and (mostly) solid-state sodium batteries, which are more commonly referred
to as sodium-ion batteries (SIBs) [25]. Each category encompasses distinct technologies with
varying operational principles, advantages, and challenges, all of which contribute to the diverse
landscape of sodium-based energy storage solutions.

2.1.1 Molten sodium batteries

Molten sodium batteries operate with liquid sodium metal anodes, maintained above the melting
temperature of sodium (7 = 98 °C). Liquid sodium metal as an anode material offers several
remarkable electrochemical advantages, including high energy density and a low standard
potential—only 0.3 V more positive than lithium—Ieading to high cell potentials. Additionally,
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liquid sodium demonstrates excellent rate capability and resists dendrite formation (tree-like
structures that form during the solidification of metals), a key challenge in the development of
sodium metal anodes [26]. These advantageous characteristics have spurred research into several
battery cell concepts based on molten sodium anodes, the most notable of which are described
below.

Sodium-sulfur Batteries Developed in the 1980s, sodium-sulfur (NAS) batteries should not
be confused with room-temperature sodium-sulfur batteries [27], which share more similarities
with lithium-sulfur battery systems [28]. NAS batteries operate at temperatures around 300 °C
due to the high melting points of polysulfides [29, 30]. The cell design features a molten sodium
anode and a molten sulfur cathode, separated by a solid electrolyte made of 3”-alumina which
acts as a fast sodium-ion conductor. The theoretical cell voltage for this system is approximately
2V, making NAS batteries a viable option for high-temperature energy storage applications. To
date, this remains the sole commercially available molten sodium battery system, predominantly
found in the Japanese market, with pilot plants planned in other regions [31].

ZEBRA The ZEBRA (Zeolite Battery Research Africa) battery evolved from the NAS battery
concept, featuring a molten sodium anode paired with a solid nickel chloride cathode, and a liquid
electrolyte composed of sodium chloroaluminate [32]. This system operates at temperatures
between 270-350 °C, with the 3”-alumina solid electrolyte serving to separate the molten sodium
anode from the cathode material [33]. The ZEBRA battery delivers a nominal cell voltage of
2.58 V, making it an attractive candidate for high-temperature energy storage, particularly in
industrial and grid-scale applications.

Liquid metal battery Liquid metal batteries (LMB) represent a distinct class of molten
sodium batteries, characterized by their three-layer structure of immiscible liquids [34]. The
layers typically consist of a molten metal anode, a molten salt electrolyte, and a molten metal
or semi-metal cathode. While LMBs operate at around 350 °C, challenges such as reducing the
operating temperature and addressing relatively high self-discharge rates remain critical areas of
ongoing research and development.

Fully molten metal halide batteries Fully molten metal halide batteries are a relatively
new addition to the landscape of molten sodium batteries. These systems feature a completely
liquid cathode, where the net charge reaction involves sodium halides such as chlorides, bromides,
or iodides [35]. A notable advancement in this area was reported by Small et al. [36], who
developed a cathode containing a 50:50 mixture of Nal and AICl;, which enabled operation
at temperatures as low as 120-180°C. Further theoretical studies by Zhu et al. explored an
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aqueous electrolyte operating at 120 °C, utilizing copper-iodide and iodide-triiodide chemistries
[37, 38]. These concepts were experimentally validated by Holzapfel et al., who demonstrated a
proof-of-principle study using a highly concentrated aqueous bromine/bromide and iodine/iodide
solution [39].

2.1.2 Sodium-ion batteries

The intercalation chemistry of sodium is similar to that of lithium, particularly in terms of
cathode materials, allowing for the use of analogous compounds in both systems [40]. However,
key differences arise from the larger ionic radius of Na* ions (1.02 A) compared to Li* ions
(0.76 A), affecting phase stability, transport properties, and interphase formation [41]. This
difference contributes to slower sodium diffusion rates than those of lithium in traditional lithium
intercalation materials. Despite these challenges, the larger size of sodium cations results in a 20 %
reduction in total binding energy due to weaker solvation shells and a decreased charge-to-radius
ratio [42]. Eshetu et al. [43] provide a comprehensive summary of the differences between Na*
and Li" in relation to insertion materials.

Furthermore, SIBs have the advantage of using aluminum for the anode current collector, while
LIBs rely on copper. This distinction is economically important, as copper is not only more costly
but is also designated as a critical material by the U.S. Department of Energy [44] and a strategic
material by the European Comission [45].

Key cathode materials for SIBs include:

Sodium Layered Oxide Cathode Materials Layered oxides, which are the most prominent
class of active materials in LIBs [46], have led to extensive research on analogous compounds
in SIBs, particularly NaMO,, where M represents a transition metal. Despite the structural
similarity, the larger ionic radius of Na* compared to Li* results in significant differences in
crystal structures. This structural diversity, however, offers a great degree of customization,
enabling the tuning of properties to meet specific requirements. While promising energy
densities have been achieved with these materials, challenges remain in ensuring cycling
stability and mitigating volume changes during operation [47].

Phosphate-Based Electrode Materials This category includes various subfamilies, with
sodium transition metal phosphates ((PO4_3)3) being particularly notable. Among these,
Na3V,(PO,4); (NVP) and its derivatives have garnered significant attention [48-50]. NVP

exhibits an energy density of 117.6mAhg !

at 3.4V and is renowned for its high sodium
diffusion coeflicients [51, 52]. To address its low electrical conductivity, carbon coating

has been employed as an effective strategy [53].
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Prussian Blue Electrode Materials Prussian blue analogues (PBA) are coordination poly-
mers composed of metal hexacyanometallates, typically formulated as Na, T[M(CN)¢] -
zH,0, where M is usually a transition metal, and T represents nitrogen-coordinated transition
metal ions [54]. While PBAs offer the advantage of using low-cost, abundant, and non-toxic
elements, the stable synthesis of these materials remains a significant challenge.

Another key distinction between LIBs and SIBs lies in the choice of the negative electrode. While
graphite is commonly used as the anode material in LIBs due to its ability to intercalate Li* ions,
it is generally ineffective for Na* intercalation. Instead, hard carbon is employed as the preferred
anode material for SIBs [55]. For a more detailed discussion on hard carbon as an anode material,
readers are directed to existing literature, as insertion anodes are not the primary focus of this
work [56].

2.2 Electrolytes for sodium-ion batteries

The electrolyte, although often overshadowed by the focus on anode and cathode materials, is a
critical component in the design and operation of a battery cell. Its significance extends beyond
merely serving as an ionic conductor between the electrodes; the electrolyte plays a pivotal role in
determining the overall performance, safety, and longevity of the battery system. Issues such as
bloating, leakage, flammability, and even the potential for explosive failure are closely tied to the
properties and behavior of the electrolyte. Selecting the ideal electrolyte is a complex task due to
the need to satisfy a range of often conflicting requirements. These include chemical inertness, a
wide electrochemical stability window, high ionic conductivity paired with negligible electronic
conductivity (to enable efficient ion transport while minimizing self-discharge), as well as being
nontoxic, sustainable, low-cost, and capable of forming a tunable interphase [43].

In the context of sodium-ion batteries (SIBs), liquid electrolytes are commonly categorized into
three primary types: non-aqueous, aqueous, and ionic liquid electrolytes [58]. Among these,
non-aqueous liquid electrolytes are the most prominent and are structurally similar to those
used in traditional lithium-ion batteries (LIBs). These electrolytes typically consist of sodium
salts dissolved in aprotic solvents, which provide a wide electrochemical stability window and
compatibility with high-energy electrodes. Comprehensive reviews of these electrolyte systems
are available in the literature [11].

However, the use of liquid electrolytes is not without its challenges. Issues such as electrolyte
leakage, bloating, and the formation of highly reactive interfaces can compromise the safety and
reliability of the battery. These concerns have spurred significant interest in the development of
solid or quasi-solid electrolytes as alternatives to traditional liquid systems [43].

10
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Solid electrolytes (SEs) offer several advantages over their liquid counterparts. They eliminate the
risk of leakage and volatilization, and their inherent mechanical stability opens up new possibilities
for the use of sodium metal anodes. Currently, SIBs do not employ sodium metal anodes due to
challenges such as dendrite formation, high reactivity, and the instability of the passivation layer
in most organic liquid electrolytes at room temperature [59]. The propagation of dendrites and
the high reactivity of sodium with liquid electrolytes have been major drawbacks, preventing the
widespread adoption of sodium metal anodes [60].

As the research community seeks to overcome these limitations, there is a growing shift towards the
development of all-solid-state sodium-ion batteries (ASSSIBs) [61]. These next-generation SIBs
promise enhanced safety and performance by replacing the liquid electrolyte with a solid-state
counterpart, thereby mitigating many of the issues associated with liquid systems. The transition
to solid electrolytes represents a significant step forward in the evolution of sodium-ion battery
technology, bringing us closer to realizing the full potential of SIBs in a wide range of applications.

11


https://doi.org/10.1021/acs.chemrev.9b00760

2 Theoretical Foundation

Figure 2.1 provides a summary of SEs and their composites, which will be explored in the upcoming
sections.

2.2.1 Single-phase solid electrolytes

Single phase solid electrolytes (SEs) can be broadly subdivided into three main categories,
each with distinct characteristics and challenges: solid polymer electrolytes (SPEs), inorganic
crystalline solid electrolytes (I(C)SE), and inorganic glass and glass-ceramic solid electrolytes.

Solid Polymer Electrolytes Solid polymer electrolytes (SPEs) are a class of materials
primarily composed of polymers, with poly(ethylene oxide) (PEO) being the most extensively
studied. These polymers are typically combined with sodium salts to enhance ionic conductivity.
SPEs offer several advantages, including good ionic conductivity above their glass transition
temperature, high flexibility, and excellent interfacial contact with electrodes. However, they
suffer from certain limitations, such as low mechanical stability and poor ionic conductivity at
room temperature [62]. Although SPEs are generally compatible with sodium metal anodes, they
are unable to withstand dendrite growth, which poses a significant challenge for long-term battery
performance [63].

Gel Polymer Electrolytes Gel polymer electrolytes (GPEs) are hybrid systems that combine
the properties of SPEs with those of liquid electrolytes. They are considered a transitional
technology toward fully solid-state electrolytes and are not the primary focus of this work [43].

Inorganic Crystalline Solid Electrolytes These SEs are a class of inorganic materials
characterized by long-range structural order, which enables fast ionic conduction. Sodium-ion
transport within these materials occurs through two primary mechanisms: bulk migration via
a defect-hopping mechanism and transport along grain boundaries. Inorganic crystalline solid
electrolytes typically exhibit the highest ionic conductivity and transference numbers among SEs
for SIBs, coupled with significant mechanical strength, making them particularly attractive for next-
generation batteries [64]. Within ICSEs, there are various subcategories such as Na-”-alumina,
NaSICON, and sulfides:

Sodium Beta Alumina This category includes various sodium polyaluminates, with Na-
(”-alumina being the most notable due to its high ionic conductivity and relative stability
against highly reactive sodium metal anodes. Discovered as the first class of sodium fast-ion
conductors, Na-f3”-alumina remains a potent material for SIBs. However, challenges such as high
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interfacial resistance—resulting from a potential barrier in the ion transport from the electrode
to the electrolyte [65]—at room temperature and elevated costs continue to limit its widespread
application [66].

NaSICON Na Super Ton CONductor (NaSICON) refers to a family of materials with the
general formula Na;,,Zr,Si,P; O, (0 < x < 3), where Zr and Si can be partially substituted
with other elements. This flexibility allows for fine-tuning of the material’s properties through
various doping and manufacturing strategies. NaSICON-type electrolytes have demonstrated
dendrite-free sodium plating and stripping [67], making them promising candidates for use in
SIBs. Nonetheless, overcoming poor physical contact between sodium and NASICON remains a
challenge, with uni-axial pressing and heat treatments being explored as potential solutions [63].

Sulfides Sulfide-based solid electrolytes are another important category of SEs for SIBs.
Recent advances have enabled room-temperature synthesis of these materials, although high-
temperature sintering is often required to achieve optimal properties [68]. One of the primary
challenges associated with sulfide SEs is the formation of reactive interfaces with sodium metal
anodes, which can lead to the growth of a continuously and linearly expanding interphase,
ultimately degrading battery performance [66, 69]. Additionally, their instability in air and
reactivity with moisture pose significant concerns for their practical application [63].

Inorganic Glass and Glass-Ceramic Solid Electrolytes These electrolytes are closely
related to their crystalline counterparts but offer several advantages, such as reduced grain
boundary resistance due to their amorphous nature and the absence of high sintering temperatures
during manufacturing. Although glass-ceramic sulfides have been extensively studied for LIBs,
research on their sodium analogues is still in its early stages. To date, the ionic conductivity of
these materials falls short of that achieved by inorganic crystalline solid electrolytes. Nevertheless,
ongoing research in this area suggests that glass and glass-ceramic solid electrolytes hold significant
potential for future advancements in ASSSIB technology [70].

2.2.2 Composite electrolytes

Solid polymer electrolytes (SPEs) and inorganic solid electrolytes (ISEs) each offer unique
advantages, but neither fully meets the stringent requirements for practical sodium-ion batteries
(SIBs). These requirements include thermal and mechanical stability, high transference number
and ionic conductivity, low interfacial resistance, and electrochemical stability, which are limited
by the inherent properties of SPEs and ISEs. To address these challenges, composite solid
electrolytes (CSEs) have emerged as a promising solution. By combining two different solid
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electrolytes, CSEs can complement and enhance the often conflicting properties of their individual
components.

It is important to note that CSEs refer specifically to mixtures where the chemical bonds of the
constituent materials remain intact, distinguishing them from doped or homogenized materials.
Given the vast number of available solid electrolytes, the potential combinations for creating
CSEs are nearly limitless. Nevertheless, Zou et al. simplify the classification of CSEs into three
primary categories: crystal-crystal composites, crystal-glass composites, and polymer-inorganic
composites [57]. Each of these combinations typically involves a host phase integrated with
highly conductive inclusions, also known as the dispersion phase. These inclusion particles are
usually rigid and exhibit high conductivity, while the surrounding material, or continuous phase,
may or may not contribute significantly to the overall ionic conductivity. The continuous phase
often provides mechanical flexibility and enhances interfacial contact between the electrolyte and
the electrodes [71].

Interestingly, some studies suggest that the ionic transport mechanisms in certain CSEs differ
fundamentally from those of the individual solid electrolytes they are composed of [57, 72].
However, the detailed conduction mechanics at the nanoscale remain poorly understood and are
the subject of ongoing research [71, 73-75].

In addition to macroscale composition, nanostructural modifications of the dispersion phase,
such as the introduction of nanowires or nanochannels, have been shown to positively impact
the overall performance of the electrolyte [76—79]. Sophisticated nanofabrication methods, such
as 3D printing and chemical etching, are essential, thereby prompting concerns regarding their
economical viability for battery production. Nevertheless, as nanoscale processes are not the
primary focus of this work, they will not be discussed in detail.

Among the various types of CSEs, Composite Polymer Electrolytes (CPEs), which combine
polymers with inorganic fillers, appear to be the most promising. For instance, mixing polymer
electrolytes with inorganic oxides like Al,O5 or Si0, has been shown to enhance ionic conductivity
[80]. These additives, termed inert fillers, typically do not have intrinsic conductivity themselves.
Instead, the increase in ionic conductivity is often proportional to the filler surface area, indicating
that ion transport is related to the polymer-filler interface.

One proposed mechanism for this enhancement is the modification of defect thermodynamics
near the polymer-crystal interface. The interface becomes a favorable pathway for ion conduction
compared to single-phase solid electrolytes. The introduction of secondary phases disrupts the
thermodynamic equilibrium of defects in the crystals, leading to alterations in the conduction
pathway. The discontinuities at the interface cause deviations from local electroneutrality and
the formation of a narrow, charged zone with modified concentrations of charge-carrying defects
[72].
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In some materials, the interface between the polymer and filler can form a new phase known as
the interphase, which acts as a fast-ion conducting channel within the sub-micrometer range. The
nature and role of this superionic interphase are still being actively researched, with few reports
available in the literature due to the challenges of characterizing nanoscale structures. Rather
than differentiating between fillers that enhance transport at the interface and those that form
interphases, Xu et al. argue that the observed differences in conduction mechanisms are related to
the radial extent of the fast-ion conducting zone around the filler particles [73, 74].

Another perspective suggests that fillers induce structural changes in the polymer host, creating
a more favorable environment for ion conduction. For example, PEO-based solid electrolytes
typically form highly conductive amorphous phases above 60 °C. The addition of inorganic
fillers can stabilize these amorphous phases at room temperature, significantly improving ionic
conductivity [75, 81].

When the inorganic particles actively contribute to ion transport, they are referred to as active
fillers. However, there is still some uncertainty regarding whether combined ion transport through
the polymer and active filler actually occurs, given the interfacial resistances and distinct transport
mechanisms involved. In crystalline phases, ion transport is typically mediated by ion hopping,
while in polymers, ion transport often occurs via a vehicular mechanism, where ions travel within
a solvation shell, similar to ion diffusion in liquid electrolytes. A more in-depth discussion of this
topic can be found in Zou et al. [57].

Despite these complexities, experimental evidence suggests that the use of active fillers does
indeed enhance the overall ionic conductivity of CSEs. This implies that a combination of
transport modes might be at play. Although the specific pathway for ion transport remains a
contentious subject among scientists [59], it is evident that rapid diffusion rates across the interface
are essential for enhancing the functionality of composite solid electrolytes in the future.

2.3 Modeling approaches for batteries

Simulating electrochemical systems, including batteries, requires the development of mathematical
models, which may be either physics-based or empirical. These models are essential for
understanding and predicting the behavior of batteries under various conditions.

Battery models are typically categorized into two main types: physics-based models, also known
as white-box models, and empirical models, often referred to as black-box models, such as artificial
neural network models and equivalent circuit models [82]. Additionally, there are grey-box models
that incorporate elements from both categories.

Empirical models are generally favored for their quicker computation times, ease of formulation,
and simpler parameterization. However, physics-based models offer a deeper understanding of
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the fundamental mechanics governing electrochemical systems, enabling predictions beyond the
experimentally validated data. These models are particularly valuable for extrapolating system
behavior under untested conditions and exploring new design configurations.

Physics-based models can be further classified based on the length and time scales they address,
following the framework established by Shi et al. [83] (fig. 2.2).
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Figure 2.2: Overview on simulation methods for batteries along with their length and time scales and application.
Reprinted with permission from Shi, S. et al.: Multi-scale computation methods: Their applications in lithium-ion
battery research and development. Chinese Physics B, 2016, 25(1), 018212. por: 10.1088/1674-1056/25/1/
018212

The computational scales in battery modeling range from the atomic scale, where individual atoms
and molecules are considered, to the scale of entire battery stacks. Due to the distinct physical
processes occurring at these various scales, different computational approaches are required.
Insights obtained at smaller scales can be systematically mapped to simulations at larger scales,
enabling a comprehensive multiscale modeling approach.

In the literature, the term "microscale" is sometimes used ambiguously. In this work, microscale
refers specifically to models operating at the micrometer scale, such as those describing diffusion
processes. In contrast, models that describe molecular processes are referred to as nanoscale
models.

Several nanoscale computational methods are employed to calculate the properties of electrode
and electrolyte materials:
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Quantum Mechanics and First-Principles Calculations have emerged as a powerful tool for
the development of new electrode materials and provide accurate first-principles data, focusing on
the fundamental electrochemical properties of materials [84, 85]. They allow for the prediction
and interpretation of material characteristics and behaviors, the understanding of charge/discharge
mechanisms at the atomic scale, and the formulation of rational design strategies for electrode
materials [86].

Molecular Dynamics (MD) simulations are used to predict the movement of atoms in different
systems over time, based on models of the physical interactions between atoms [87, 88]. This
method is particularly useful for studying dynamic processes such as diffusion.

Density Functional Theory (DFT) has significantly contributed to the understanding of electro-
chemical reaction mechanisms and the virtual screening of promising energy storage materials
[89]. DFT allows for the calculation of electronic properties and provides insights into the
thermodynamic and kinetic aspects of material behavior.

Kinetic Monte Carlo (kMC) simulations have proven to be effective in describing physicochemi-
cal processes at the atomistic scale over extended time periods [90]. This method is often used to
simulate processes such as diffusion and nucleation, where stochastic events play a critical role.

Phase-Field Modeling (PFM) is a computational approach that bridges the gap between the nano-
and microscale, describing the microstructural evolution of materials based on thermodynamic
principles [91]. PFM is particularly useful for modeling phenomena such as grain growth, phase
transitions, and microstructure development in electrode materials.

While nanoscale models are highly powerful in capturing the intricate details of atomic and
molecular processes, their computational and modeling demands limit their applicability to small
scales. To explore battery dynamics at the cell level, alternative modeling approaches are required.

Continuum modeling of electrochemical systems, which forms the basis of cell-level simulations,
traces its origins to the pioneering work on porous electrodes by Newman and Tobias [92]. In this
context, the term continuum signifies that local material properties are considered uniform within
defined control volumes, enabling the simplification of complex systems into more manageable
mathematical representations. The foundational principles of continuum modeling are extensively
covered in standard battery textbooks [23, 93]. The specific models and their extensions used in
this work will be presented in detail where relevant.

Several derivatives of continuum models have been developed, each offering a trade-off between
accuracy and computational efficiency. These models can be broadly categorized as follows:

Microstructure models These models resolve the battery down to the particle scale, accurately
representing the microstructure of the electrode [94]. This approach is particularly valuable
for studying the effects of electrode geometry on overall cell performance. Early applications
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of microstructure models in lithium-ion batteries (LIBs) were demonstrated by Goldin et al.
[95] and Less et al. [96]. A critical aspect of these models is the careful incorporation of
electrode geometry into the virtual cell, which can be achieved through the reconstruction
of image data—a process that is often challenging due to the complexity and resolution
required. Alternatively, computer-generated electrode structures can be employed.

Homogenized models These models abstract the detailed microstructure by treating the
electrode as a continuum, wherein the three-dimensional structure of pores, particles,
and other features is averaged. This simplification necessitates modifications to the
governing equations to account for the effects of the underlying microstructure while
reducing computational demands [97].

Doyle-Fuller-Newman (DFN) model Also known as the pseudo-two-dimensional (P2D)
model, the DFN model reduces the complexity of the three-dimensional homogenized
model by assuming spherical particles in the electrode and a planar geometry in the
electrolyte [98]. This model is termed "pseudo-two-dimensional” because it considers both
radial diffusion within the spherical particles (a second dimension) and the one-dimensional
variation in the electrolyte along the cell’s thickness. As a result, the DFN model captures
the essential two-dimensional dynamics of the system, offering a balance between accuracy
and computational efficiency, making it widely used in battery simulations [99].

Single Particle Model (SPM) The single particle model simplifies the system further by
focusing on a single representative particle within the electrode, decoupling the spatial
variable within the particle from the macroscopic spatial variable [100]. This decoupling
leads to a model that only considers one dimension, significantly reducing computational
effort. The SPM is particularly useful in scenarios where minimal computational resources
are available, such as in microcontroller applications [101].

Each of these modeling approaches has its own strengths and limitations, and the choice of model
depends on the specific research question and computational resources available. In this work,
appropriate models are selected and extended as necessary to address the research objectives.
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3 Sodium lodine Batteries

The sodium iodine battery, a member of the fully molten metal halide battery family, represents a
significant advancement in molten sodium battery technology, as briefly described in section 2.1.1.
This battery technology is the latest evolution in molten sodium systems, distinguished by its
ability to operate at the sodium melting temperature, a noteworthy reduction from the higher
operating temperatures traditionally associated with such batteries.

The key innovation in sodium iodine batteries lies in the utilization of a concentrated aqueous
iodine/iodide solution, which enables the system to maintain promising energy densities at these
lower temperatures. This reduction in operating temperature offers several critical advantages.
First, it minimizes thermal losses, thereby improving overall energy efficiency and allowing for
the design of smaller, more compact battery units. Second, the lower temperature expands the
range of suitable materials that can be employed for components such as compartments, seals,
and separators, which are often limited by the high temperatures in conventional molten sodium
batteries.

This work builds upon the foundational research conducted on aqueous sodium iodine batteries,
such as the studies by Zhu and Kee [38] and Holzapfel et al. [39]. By conducting first-of-its-kind
microstructure simulation studies (see section 2.3), this research deepens the understanding of
the electrochemical processes and sheds light on cell design influences within sodium iodine
batteries and explore their potential for practical application. These simulations provide insights
that bridge the theoretical framework established in the previous chapters with the practical results
and findings presented in this chapter.

3.1  Working principle of sodium iodine batteries

Figure 3.1 illustrates the working principle of the sodium iodine battery. The chemical reaction
directions are shown for the discharging process. The all-liquid battery system features a pure
sodium anode and an aqueous catholyte solution. The catholyte not only facilitates species and
charge movement—similar to intercalation batteries—but it also serves as active material since
it contains the species involved in the redox reaction. During discharging, elemental sodium
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Discharge
e ® e
+
-
_ I;—"
(& Na-l- \
o
Na I_\

Molten NASICON  Aqueous
sodium separator  catholyte

Figure 3.1: Working principle of a Nal battery with a two-dimensional electrode

oxidizes to sodium ions while iodine is reduced to iodide. The net reaction is of the sodium iodine
battery with a standard potential of 3.2495V is [102, 103]:

2Na"+ 21" == I, + 2Na 3.1

At discharge, sodium ions form in the molten sodium anode at the anode-separator interface. The
half-cell reaction for the negative electrode states

Na*+e == Na (3.2)

at standard potential —2.714 V against hydrogen electrode. Afterwards, Na* travel through the
separator, and enter the cathode domain. A dense separator is essential to prevent the contact
between the anolyte and catholyte, thereby avoiding harmful reactions between molten sodium
and water. Given the moderate operating temperatures and the neutral pH of the solution,
NaSICON-type materials are suitable for this purpose. NaSICON (Na Super lonic CONductor)
is a ceramic material that acts as both a separator and a pure sodium-ion conductor, effectively
dividing the cathode and anode half-cells.

NaSICON-type ceramics are particularly advantageous due to their high sodium-ion conductivity
at relatively low temperatures, coupled with negligible interfacial resistance when in contact
with liquid sodium [104, 105]. They also exhibit excellent stability against both molten sodium
[36] and concentrated aqueous halide solutions [39], making them a compelling alternative
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to the more commonly used Na-f3”-alumina electrolytes. Although separating highly reactive
molten sodium and an aqueous solution using a brittle separator like NaSICON may appear risky,
experimental studies have reported a self-limiting effect in the event of fissures [39]. When
NaSICON is supported mechanically, any breaches in the separator lead to the formation of solid
products that can effectively seal the fissures, thereby mitigating the risk of catastrophic failure.
This self-limiting behavior enhances the safety of the system, even under conditions where the
separator’s integrity is compromised.

The cathode domain comprises I,, I", I3, and Na® dissolved in water. lodide forms at the
electrolyte-cathode electrode interface from iodine and electrons delivered by the external current
(E° =0.5355V) [102, 106].

2I == I, +2¢ (3.3)

Iodine itself has a low solubility in water but can homogeneously recombine to triiodide with
iodide. I'/I5 is an interesting redox couple due to its high solubility in aqueous solutions, low
molecular weight, and high faradaic efficiency. In this context, I3 acts as a reservoir for I,
which is important because iodine itself is barely soluble in water but can recombine with iodide
to polyiodides thereby preventing precipitation of potentially harmful solid iodine. During the
discharge, iodine is reproduced from the equilibrium reaction between iodine, iodide, and triiodide
[107]. Simultaneously, the discharge process consumes elemental sodium at the anode-separator
interface causing the amount of sodium in the anode compartment to decrease. However, it is
worth noting that the volume of the anode is significantly lower than that of the cathode due to
the high volumetric energy density of sodium metal.

3.2 Physical model

This section details the thermodynamics of a liquid sodium-iodine secondary battery, forming
the foundation for the electrochemical model used in this study. The model builds upon the
one-dimensional framework previously established by Zhu and Kee [38], while the fundamental
thermodynamic principles are drawn from reputable sources [106, 108, 109].

Here, we introduce the essential equations and boundary conditions critical for understanding
the implementation of the model. Additionally, this section presents novel extensions to the
model, advancing it from a one-dimensional to a three-dimensional spatially resolved simulation,
allowing for a more detailed and accurate analysis.

At its core, the model is based on the principles of charge and species conservation across all
computational domains. The negative half-cell consists entirely of molten sodium, a component
whose high conductivity ensures that it has minimal impact on the overall cell voltage and battery
performance. This negligible influence is accounted for through specific boundary conditions
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applied to the model. Consequently, the current model focuses primarily on the cathode half-cell,
with the anode half-cell being excluded from the detailed analysis due to its relatively insignificant
effect on the performance metrics under investigation.

3.2.1 Species transport

The species transport equation is derived from the principle of mass conservation, which
accounts for both fluxes and molar production rates (r;) within the system. This relationship is

mathematically expressed as:
OXe - . g+ (3.4)
- — . r .
ot kT
In this equation, the electrolyte concentration of species k (Xj), the surface flux density (J) and

the molar production rate (ry) are introduced as key variables.

The fluxes are composed of both a diffusion component and a migration component, as described
by the Nernst-Planck equation. Specifically, the diffusion component accounts for the movement
of species due to concentration gradients, while the migration component considers the movement
due to electric field effects. These components are modeled under the assumptions of dilute
solution theory, resulting in the following formulation:

F
Ji = ~DVX, - S DX, VO (3.5)

The equation incorporates catholyte diffusion coefficient of species k (Dzl), catholyte charge (zy),
Faraday constant (F'), universal gas constant (R), temperature (7)) and electrolyte potential (®e;).
The first term represents the diffusion due to concentration gradients, while the second term
accounts for the migration of charged species in response to the electric field within the electrolyte.

Although the catholyte solution under study is highly concentrated, its complex multi-component
nature makes it very challenging to precisely formulate its transport mechanisms and phenomena
mathematically. While there is a well-established theory for concentrated binary electrolytes,
theoretical approaches for multicomponent solutions are usually specific to the system and require
significant experimental validation, which tends to be semi-empirical. In existing research, the
Na®, I, I3, I, solution has been examined at low to moderate concentrations under ambient
conditions. Nevertheless, the battery’s operating conditions necessitate high temperatures and
very high concentrations, leading to complications due to the solution’s high vapor pressure,
corrosiveness, and opacity. Given that this study is pioneering in researching this particular
battery system, it is reasonable to approximate species transport using dilute solution theory [38,
110].

22
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As previously mentioned, the cathode chemistry in the model hinges on a heterogeneous charge-
transfer reaction coupled with a bulk recombination or decomposition reaction. According to the
findings of Wroblowa and Saunders, the decomposition of triiodide proceeds through a three-step
mechanism, with the adsorption step, as shown in eq. (3.6¢), being the rate-determining step in
the process [107]:

13_ D Iz +I (363)
Iz = ZIads (3.6b)
2¢ 421, == 2T (3.6¢)

The reaction kinetics governing the heterogeneous charge-transfer reaction, particularly the iodide
oxidation detailed in eq. (3.3), are described by the exchange current density (ip). Zhu and Kee
derive it from the elementary Marcus form of the adsorption step:

Pa
2

ip = Ip 1 (3.7)
[L] |2
1+ ([Iz*])

Here, the exchange current density factor ij is a fitting parameter calibrated against experimental

data from Dané et al. [111]. The reference concentrations [I,]* and [I"]* are standardized at 1 m.
In the absence of a comprehensive understanding of the reaction’s symmetry, the symmetry factor
B is conventionally assigned a value of 0.5 [112].

Due to the formation of triiodide within the catholyte as an intermediate stage in the reaction,
the iodide oxidation and iodine reduction processes may occur in a two-step sequence with both
reactions being of first order [113]. This phenomenon results in the appearance of two closely
spaced voltammetric waves [114, 115]. However, the overall iodide oxidation process can still be
broadly represented by eq. (3.3).

Since the charge transfer reaction—specifically the adsorption step—is the rate-determining step,
it is imperative that the bulk reactions remain at equilibrium. In this context, the equilibrium of
triiodide formation in the bulk phase is characterized by the equilibrium constant of the triiodide
recombination reaction (Kj,-), which is further modeled as a temperature-dependent parameter:

K- = (3.8)

At a temperature of 120 °C, this equilibrium constant has a value of:

Ki; 120°c = 0.121 molm™> (3.9)
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as reported by Palmer et al. [116]. The model accounts for variations in species concentrations
within the bulk phase due to this homogeneous reaction by employing source terms as expressed
in eq. (3.4).

The formation of triiodide, being a product of the interaction between iodine and iodide, dictates
that the source term ry,- is equal to the negative of ry, and rr-:

r, = —ke [I] [I7] + Ié‘—f 5] =r (3.10a)
13_
= —kg [L] [I7] + Iﬁ—f (5] =r (3.10b)
Iy
k
ne=ke (L] 1] = 2 [13] =~ (3.10¢)
I

In this model, equilibrium is maintained by assigning a sufficiently high value to the reaction
rate constant (k¢), while ensuring numerical stability throughout the simulations. The electrolyte
diffusion coefficients used in the model are the bulk diffusion coefficients of the respective species
[117-119], which have been adjusted to the operating temperature by Zhu and Kee [38].

3.2.2 Charge transport

Cathode charge The model does not account for nanoscale phenomena, such as the formation
of double layers near the cathode-electrolyte interface. Consequently, local charge neutrality is
assumed, and the charge density (peq) is set to zero.

0ped
=0
ot

(3.11)

This assumption leads to a current density field that is divergence-free, resulting in the following
conservation equation for the charge within the cathode:

Viigg=0 (3.12)

The electrode current density (i.q) is described by Ohm’s law, which relates it to the electrode
potential (®¢q) and the electrode conductivity (0eq):

fed = —0edV®ed (3.13)

To solve eq. (3.12), it is necessary to define several boundary conditions. One key boundary
condition involves setting the electric potential at the cathode current collector to a fixed value
®cqc = fixed, ensuring continuity of the current throughout the cathode domain. Moreover,
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the integral current density at the cathode current collector (denoted as cc) must be equal to the
integral current density at the electrolyte-cathode interface (denoted as etc), as expressed in the
following equation:

/ n- ied,cchcc = - / n- ied,etchetc (314)

To model the charge transfer process between the cathode and electrolyte domains, a Butler-
Volmer equation is employed. This equation is a standard phenomenological approach used in
electrochemical systems to describe electrode kinetics, particularly the net charge transfer rate,
under the assumption of a dilute solution approximation [120, 121]. The Butler—Volmer current
density depends on i along with the local overpotential (®eq — Pe — Ueq 1/1,):

igv = i [GXP (% (Peq — Per — Ueq,l/lz(cs))) —exp (—% (Peq — Per — Ueq,I/Iz(cs)))]
(3.15)
The exchange current density (ip), which arises from the heterogeneous reaction kinetics at the
electrolyte-cathode interface, is described by eq. (3.7). To maintain charge conservation between
the cathode and the electrolyte, the electric potential at the cathode-electrolyte interface, ®eq cte,
must be appropriately chosen.
IBV =N - leg = —N - Ig (3.16)

Assuming the activity coefficients are equal to 1, the Nernst equation provides the reversible elec-
trode potential for the iodide-iodine reaction (Ueq 1-/1,), Which is dependent on the concentrations
of the involved electrolyte species, expressed in molar units. The standard redox potential of
iodine/iodide couple, E Ly is 0.5355 V relative to the standard hydrogen electrode (SHE). This
value serves as the reference point for calculating the actual electrode potential under non-standard
conditions, where the concentrations of the species differ from their standard states as defined by

TUPAC.

ToF e

The logarithmic term accounts for the deviation from standard conditions, reflecting the influence

o RT (1[I
Ueqrpr, = E2 ), In (—2) (3.17)
of the actual concentrations of the reactants and products on the electrode potential.

Electrolyte charge Inline with the characteristics described in eq. (3.12), the electric current
density field within the catholyte must satisfy the condition of local charge neutrality, resulting in
a divergence-free current density:

V.ig=0 (3.18)

This divergence-free condition ensures that there is no net accumulation of charge within the
catholyte, which is essential for maintaining electrochemical equilibrium. The electrolyte current
density (i.]), which can also be interpreted as charge flux in the electrolyte, is determined by the
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concentrations and gradients of the charge-carrying species, which include both migration and
diffusion components as outlined in eq. (3.4).

i = —kV®q = Y 2 FD{VX, (3.19)
k

Here, the electrolyte ionic conductivity (k) is a critical parameter in determining how efficiently
ions are transported through the electrolyte. It takes the form:

Zk2F2 ;
k=) D¢'x; (3.20)

For the anode, the half-cell potential is evaluated by considering the sodium standard potential
along with the sodium ion concentrations at the electrolyte-separator interface. The Nernst
equation for the anode potential is:

R RT
Ueq Na/Na* = Enynat + " In ([Na™]) (3.21)

In this equation, the standard reduction potential for sodium E; Na* is —2.714 V.

NaSICON is employed as the separator material due to its exceptional ionic conductivity,
specifically for sodium ions. Within this framework, Ohm’s law is applied under the assumption
that sodium ion concentration gradients do not influence the electric potential within the NaSICON.
Therefore, the current density in the NaSICON is directly proportional to the electric potential
difference across the separator, which is calculated using boundary conditions rather than by
discretizing the charge transport equations in a separate computational domain. The current
continuity at the interfaces between the separator and the electrolyte is enforced by:

n-iel = —N-igp (3.22)

Finally, the potential difference across the NaSICON separator can be expressed as:

n - igep

ADg = — (3.23)

Tsep lsep

In this context, @y, is the ionic conductivity of the separator, g, 1s its thickness, and n denotes
the surface unit normal vector pointing outside the related domain.

3.2.3 Boundary conditions

Mass conservation To solve eq. (3.4), it is essential to introduce boundary conditions for all
electrolyte species at both the electrolyte—separator interface and the electrolyte—cathode interface.
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These boundary conditions are critical for accurately modeling the behavior of species as they
move through the electrolyte and interact with the separator and cathode. By specifying the
appropriate boundary conditions at these interfaces, the model can capture the complex transport
phenomena and electrochemical reactions occurring within the system, ensuring a comprehensive

and accurate solution to the governing equations.

At the electrolyte-cathode boundary, Na* remains inactive in the reactions. As a result, the
flux of sodium ions n - Jy,+ becomes zero. The exchange current fully converts into iodide
and 1odine via the heterogeneous reaction pathway described in eq. (3.3). Simultaneously, the
homogeneous reaction in eq. (3.6b) occurs to meet the required equilibrium constant. In this
context, it is practical to depict the molar generation at the electrolyte-cathode boundary, induced
by the homogeneous reaction, as boundary fluxes. Generally speaking, the fluxes of a species k
from both the heterogeneous and homogeneous reactions contribute to the overall flux at a given
boundary:

n-Jiwoe=n:Jihet + 1 Jihom (3.24)

According to convention, the surface unit normal vector n points outside the computational
domain. At the electrode surface, I, that is produced or consumed by the charge-transfer reaction
is almost balanced by the triiodide recombination reaction in the bulk. In combination with the
low absolute value of I, concentration and the high value of K- the corresponding homogeneous
and heterogeneous reaction surface fluxes at the cathode electrode can be approximated equal.

n- JIz,het ~n- JIz,hom =n- JI{,hom =—-n: JI’,hom (3.25)

From this approximation, the heterogeneous reaction surface fluxes Jy net, the homogeneous
reaction surface fluxes Ji hom, and the resulting reaction surface fluxes Jy o; are derived and
shown in Table 3.1. In total, iodine flux at the electrolyte-cathode interface is zero and all species

surface fluxes are dependent on the electrolyte current density.

Table 3.1: Boundary flux densities at the electrolyte-cathode interface for heterogeneous and homogeneous electrolyte
reactions.

Xie  n-Jrnee 1 Jihom n - Ji o

- NS S 75 IS § 75

I n zF n 2 zF n 2 zF
1l _ 1l

IZ n 2 zF n 2 zF 0

- C1le C1le

I3 0 n-s57F n-s7F
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At the electrolyte-separator interface, all species flux densities vanish except for those of sodium

ions: .
n- lel F

el Y
DNa+F RT

n-V|[Na*] =- [Na*| n - VO (3.26)

Charge conservation To accurately model the electrochemical behavior of the system, it is
essential to define appropriate boundary conditions for the electric potentials at critical interfaces,
specifically at the coupled interface between the cathode and the electrolyte domains. These
boundary conditions complement the fixed potentials at the current collector and the separator,
ensuring a consistent and physically meaningful solution across the entire computational domain.

The Neumann-type boundary conditions are derived from the requirement of current continuity as
stated in eq. (3.16). They describe the behavior of the electric potential gradients at the interfaces
and are crucial for coupling the different domains—namely, the cathode and the electrolyte.
In this framework, the computational interface from the electrolyte’s perspective is termed the
electrolyte-cathode interface, while the corresponding interface from the cathode’s perspective is
referred to as the cathode-electrolyte interface.

The boundary condition for the electric potential at the cathode-electrolyte interface (denoted as
"cte") is given in eq. (3.27a). This equation ensures that the current flowing out of the cathode into
the electrolyte is consistent with the electrochemical reaction rates described by the Butler-Volmer

equation.
n-Vdy =-2Y (3.27a)
Oed
cte
- > 2k FDIV X,
n-Vo,| =BV _ 2k (3.27b)
etc K K

Similarly, the boundary condition for the electric potential at the electrolyte-cathode interface
(denoted as "etc") is expressed in eq. (3.27b). These boundary conditions ensure that the electric
potential fields in both the cathode and electrolyte domains are consistent with the current
densities, thereby maintaining the overall charge balance and supporting the correct operation of
the electrochemical cell.

3.2.4 Simulation parameters and metrics

To ensure accurate modeling and analysis of the sodium-iodine (Na-I,) reference cell, it is crucial
to establish a set of simulation parameters that reflect the physical properties and geometric
dimensions of the system. These parameters serve as the foundation for the computational model,
influencing the behavior and performance of the cell during simulations. Table 3.2 provides a
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summary of the key parameters used in the simulations, including material properties, geometric
dimensions, and kinetic factors.

Table 3.2: Geometric parameters and physical characteristics of the Na-I, reference cell

Parameter Value [units]
symmetry factors (a,, a.) 0.5

Cathode conductivity (0eq) 2.5 x 10°Sm™!
cathode compartment length (/) lcm

Separator thickness (/sep) 0.5mm

Exchange current factor (ip°) [38] 1Acm 2

NaSICON conductivity (ongs) [122, 123]  10mS cm !

Diffusion coefficient (D;}a+) [38] 6.3867 x 10 2 m?s!
Diffusion coefficient (Dg) [38] 7.8625 x 10 2 m?s !
Diffusion coeflicient (Dil_) [38] 52677 x 10 "m?s !
Diffusion coefficient (D) [38] 59989 x 10 "m?s !

During galvanostatic charging or discharging, the battery operates under a constant current, which
is directly linked to the C-rate (C)—a measure of the rate at which the battery is charged or
discharged relative to its maximum capacity. In general, the C-rate is determined by the total energy
capacity of the battery, which in turn depends on the maximum and minimum concentrations of
sodium ions in the electrolyte, as defined by the initial concentrations and the solubility limits
discussed earlier. Thus the relationship between total cell current density (iceq1), the sodium ion
concentrations and the C-rate is given by:

[Na+] max — [Na+] min C
F 3600s

lcell = Vel (3.28)
Another critical metric for assessing battery performance is the State of Charge (SOC), which
indicates the current energy level of the battery relative to its fully charged and fully discharged
states. In essence, the SOC is defined as the complement of the Depth of Discharge (DoD) and is
calculated using the sodium ion concentration in the electrolyte:

J INa*](x, )dVer Na*o ! (3.29)

SoC=1-DoD =
Vel [Na+]max - [Na+]0

In this equation, the initial sodium concentration [Na*] is typically set to the minimum level
permissible by solubility limits, as detailed in table 3.3.
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These metrics—applied current, C-rate, and SOC—are fundamental to understanding and
predicting the behavior of the battery under various operating conditions. They provide critical
insights into the battery’s charge/discharge characteristics, efficiency, and overall performance.

3.2.5 Initial conditions

It is essential to establish initial values for the concentrations of the catholyte species. These
initial concentrations are limited by the solubility thresholds of the respective compounds. For
that purpose, it is useful to define the globally constant total elemental iodine concentration which
is calculated by:

[T = [T1+2 1] +3[15] (3.30)

As previously mentioned, iodine exhibits high solubility in sodium iodide solutions due to
the formation of triiodide ions. According to Goldstein [124], iodine stays in solution as
long as [Na]/[I]i¢ < 0.476 at 25°C with a maximum total elemental iodine concentration of
[T]tot = 12.2m). This correlation holds true for various degrees of dilution. Together with charge
neutrality

[Na*| + [T+ [I5] =0 (3.31)

, the total elemental iodine concentration, and the equilibrium relation initial conditions for all
species are evaluated.

Table 3.3: Initial concentrations of molar species for various total elemental iodine concentrations at 7 = 120°C.

[T ot (M) [Na™]o (m) [T]o (M) [15]0 (M) [L] (m)
Discharging
2.857 1.295 1.561 0.894 x 103
8 3.809 1.724 2.085 0928 x 103
10 4.761 2.152 2.609 9.949 x 103
11.2 5.333 2.409 2.923 9.958 x 103
Charging
5.999 5.999 2.995 x 104 4.099 x 107
8 7.999 7.998 3.995 x 1004 4.101 x 1077
10 9.999 9.998 4995 x 100*  4.102 x 107
11.2 11.198 11.198 5.595 x 104 4.102 x 107

Table 3.3 presents the initial concentrations for selected total elemental iodine concentrations.
Notably, the iodine concentrations are several orders of magnitude lower than those of the other
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species and exhibit minimal variation across different total elemental iodine concentrations. For
numerical stability, the initial concentrations of triiodide and iodine are set to very low values, in
accordance with the aforementioned equations, rather than zero.

3.3 Solver implementation and computational solution

The equations governing the operation of a sodium-iodine battery solver were implemented
using OpenFOAM®, an open-source platform in its v2206 release, which utilizes the Finite
Volume method [125]. Originally designed for simulating intricate fluid flow dynamics, the
software facilitates the computationally-efficient numerical solution of equations on extensive
three-dimensional grids. In this study, the development of the computational solver was carried
out through a custom code written within the OpenFOAM framework.

During the discharge process, the movement of sodium ions from the anode through the electrolyte,
represented as Na®, is governed by eq. (3.4). Within the simulation, both charge conservation
in the cathode and ionic conservation in the electrolyte are maintained by tracking the electric
and ionic potentials. In the three-dimensional model, the masses of Na*, I, I3, and I, are each
represented by single scalar quantities. Similarly, another scalar is used to represent the potentials
in the electrolyte and cathode phases (®¢ and ®y).

These scalar quantities are discretized numerically using structured hex-dominant cells, with
a second-order finite-volume spatial scheme and an implicit first-order temporal scheme. The
equations are then solved in a segregated manner, utilizing a conjugate gradient linear solver in
conjunction with a geometric-algebraic multigrid solver to precondition the matrices. Each scalar
equation is implicitly solved across the entire cathode and electrolyte domains.

The process of solving uncoupled linear diffusion equations, such as eq. (3.12), is relatively
straightforward and efficient, even when applied to large and complex three-dimensional mesh
networks. However, the computational complexity increases significantly due to the strong
non-linearity introduced by the electrochemical reactions (e.g., eqs. (3.7) and (3.15)) and ion
transport mechanisms, particularly the migration terms in eq. (3.19).

In the finite volume method, it is recommended to decompose the source terms in eq. (3.10) into
their positive (source) and negative (sink) components, applying distinct discretization techniques
to each. Specifically, the positive component is treated implicitly, while the negative component,
due to the high magnitude of k¢, is linearized using a Taylor series expansion and treated explicitly.
This approach ensures diagonal dominance of the coefficient matrix, thereby preventing the
violation of the Scarborough criterion and avoiding potential divergence [126].

In OpenFOAM, physical quantities and their corresponding equations are linked to the compu-
tational grid. Consequently, due to the different fundamental equations, separate computational
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grids are required for both the electrolyte and the cathode. The partial differential equations are
then addressed individually for each computational domain in the segregated solver approach.
Figure 3.2 illustrates the iterative solution algorithm, providing a step-by-step overview of the
process thoroughly described in the subsequent discussion.

RMSD (3¢, 4¢t°

t+ At < tend
< 6iBV

Figure 3.2: Schematic flowchart illustrating the iterative solution algorithm used in the segregated solver for the
sodium iodine battery. The algorithm is designed to maintain current consistency during galvanostatic cycling. To
ensure stability, under-relaxation techniques are applied. Convergence between the electrode and electrolyte currents
at the coupled interfaces is evaluated using the normalized root mean square deviation (NRMSD).

Initially, the numerical solution for @ (eq. (3.12)) is obtained. Within the cathode domain, a
sufficient number of iterations are required to ensure consistency of the external current (I$*), the
current at the cathode—electrolyte interface (I5'), and the current at the cathode current collector
(Z5°) during galvanostatic cycling.
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3.3 Solver implementation and computational solution

The need for a sufficient number of iterations arises because the boundary condition for @y at the
cathode-electrolyte interface (eq. (3.27a)) is implemented as a Robin-type boundary condition.
This condition, which combines both a fixed value and a gradient, is essential for stabilizing the
numerical solution of eq. (3.12) [127]. To achieve this, an inner iterative loop is used to update
the fixed face values until the current difference between the cathode current collector and the
cathode-electrolyte interface falls below a user-defined convergence threshold (67, in):

|[7E] = [1E]] < 81 in (3.32)

Upon completing the inner loop, the electrode potential at the current collector (®S7) must be
appropriately chosen to ensure current consistency with (/$*) as detailed in section 3.2.2. To solve
this problem, root-finding algorithms like the secant method, used in this study, are employed.
The equation for the secant method is provided as follows:

_ Jxn) (e = xp21)
) = f(xXn-1)

Unlike the widely used Newton method, the secant method does not require the computation of

(3.33)

Xn+l = Xn

derivatives, which are impractical to calculate in this context, and it offers greater robustness. The

implemented equation iteratively adjusts ®¢¢ to converge the integral current density /¢ towards
ed ed

the external current /3 incorporating a damping factor ().

o — Ppee
cc _ cc ex cc ed,n ed,n—1
q)ed,n+1 - q)edn Yk (Ied - Ied,n) ¢ — Jcc (3.34)
ed,n ed,n—1

The 7y is constrained to 0 < y; < 1. It is incorporated to enhance the robustness, stability, and
convergence behavior of the iterative process. A commonly used and straightforward approach for

determining the optimal damping factor is the Armijo strategy [128]. Here, the damping factor
11

RNV E I

whether to accept or reject a new damping factor, monotonicity tests are conducted. If a test fails,

is selected from a progression, typically following the sequence {1 - yk,min}. To decide

it is repeated with y, /2. Should y; fall below Y min, the solver terminates with a warning. If the
test is successful, the damping factor for the next iteration is updated according to

Yin+1 = min{1l, 2y »}, (3.35)

allowing the method to asymptotically approach the convergence order of the standard secant
method ((1 + V5)/2 ~ 1.618). The described damping strategy was found to be numerically
stable with yx min = % and sufficiently fast for the presented numerical solver, although the
implementation of more eflicient strategies is possible, as discussed by Deuflhard [129].
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In the solving algorithm, this strategy is employed in an outer iteration loop, where @ is updated
at each step until the outer convergence criterion (8, ou¢) is satisfied:

||IsCte| - |I§X|| < 6Is,out (336)

Each iteration of the outer loop involves completing the inner loop to ensure the convergence of
the current difference between the cathode current collector and the cathode-electrolyte interface.
This process ensures overall consistency in the current distribution across the cathode.

The next step involves solving the equations for electrolyte potential and the electrolyte species.
Due to the strong coupling between the species concentrations Xy, as introduced by the source
terms in eq. (3.10), and the presence of @, in the migration component of species fluxes in
eq. (3.4), multiple iterations of the electrolyte equations are required. To maintain solution
accuracy, the change in concentration between successive iterations must be kept minimal.
Convergence of the electrolyte domain is ensured by tracking the species concentration changes
at the electrolyte-cathode interface, where the concentration gradients are most pronounced:

[[Xe]5e, — [Xk]R€] < 8x, (3.37)

n—1

Lastly, the iterative coupling between the electrolyte and cathode domains is achieved through
the Butler—Volmer charge transfer mechanism. To ensure computational stability during this
process, under-relaxation techniques are applied when coupling these two computational domains.

Convergence is monitored by calculating the normalized root mean square deviation (NRMSD)

°1¢ and i$'°.

of the currents on the coupled patches, i

2
1y :cte pcte _ retc petc
\/n i=1 (ls,i A" T4 )

1 n  scte gcte
aew 2= Lo A

NRMSD (i, i) =

el °%s

(3.38)

For convergence, the NRMSD must fall below a predefined criterion (6l-BV) to guarantee current
consistency. In most simulation scenarios, convergence criteria §; of 1 x 103 were found to be

sufficient to maintain accuracy of the solution.

The simulations were performed on a high-performance computing (HPC) system using 2 nodes,
each with 40 Intel Xeon Gold 6230 cores operating at 2.1 GHz, and 96 GB of main memory per
node. Each simulation averaged approximately 24 hours of runtime.
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3.4 Two-dimensional electrodes!

This section presents the model-predicted effects of variations in cathode electrode design,
material, and catholyte composition on battery performance. Simulations were conducted using
a hex-dominant computational grid comprising approximately 1 million cells, with a cell size
of 2.5 x 10~*m in the bulk electrolyte. To capture the high-gradient regions more accurately,
local grid refinement reduced the cell size to 30 pum. The time step used in the simulations varied
between At = 1 s and At = 10 s depending on the C-rate, with smaller time steps employed at the
beginning and end of the cycling process to account for larger potential changes.

3.4.1 Solver validation

Initially, a simulation was performed using a three-dimensional geometry equivalent to the
one-dimensional model introduced by Zhu and Kee [38]. This comparison aimed to verify the
spatially resolved model by aligning all parameters with those of the homogenized model. For
this purpose, the cathode compartment in this model is set at | mm in length and contained evenly
distributed carbon fibers with a specific surface area of 80000m?m 3 and a porosity of 0.8.
Battery cycling starts from a fully charged or discharged state, assuming an even distribution of
species across the cathode domain, with initial concentrations determined by the total elemental
1odine concentration as outlined in section 3.2.5.

Furthermore, the current density is calculated based on the C-rate and total species concentration
(eq. (3.28)). Figure 3.3 illustrates the cell voltages at two different C-rates for both the spatially
resolved model and the one-dimensional model from Zhu and Kee. The dashed lines represent
the cell voltages extracted from Zhu and Kee’s work, while the solid lines represent the results
obtained from the current model.

Overall, the discharge curves at different C-rates show good agreement between the two models.
However, during the 5 C discharge, the curves diverge towards the end of the discharge process,
with the current model predicting an earlier termination. For charging, the cell voltage predicted by
the current model is slightly lower. Despite these differences, the rate of decrease in cell voltage as
a function of the state of charge is comparable to that in the model by Zhu and Kee. The maximum
relative deviation between the two models is only about 3 %, equivalent to approximately 82 mV.

' This section includes results and findings that were previously reported in Gerbig, F., Cernak, S., and Nirschl, H.:

3D Simulation of Cell Design Influences on Sodium—lodine Battery Performance. Energy Technology, 2021,
9(6), 2000857. por: 10.1002/ente.202000857
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Figure 3.3: Comparison between the spatially resolved simulation model and the one-dimensional model introduced
by Zhu and Kee [38]

3.4.2 Spatially resolved battery simulation setup

This study employs a spatially resolved model to investigate the impact of various factors on
the performance of a sodium iodine battery, focusing on a simplified cell design. Specifically,
a two-dimensional cathode electrode design is utilized for its simplicity, which is desirable for
large-scale battery applications. In this configuration, the cathode structure is modeled as a solid
plate positioned at the center of the cathode compartment. This arrangement minimizes the
distance between the electrolyte and the cathode, thereby reducing diffusion path lengths and
mitigating diffusion-related limitations.

The cathode is designed as a circular disc with a thickness of 1 mm and a radius of 2.5 cm, with
blunt edges to prevent the formation of voltage peaks that typically occurs at sharp corners and
edges. The material chosen for the cathode is titanium, known for its high electronic conductivity
and excellent chemical resistance, making it a reliable electrode material. Finally, the cathode is
connected to the current collector via a thin wire. The cathode compartment itself is modeled
as a rectangular volume, with a variable distance between the separator and the cathode current
collector, while maintaining a constant length of 6 cm on the other two sides.
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Figure 3.4: Schematic of the cathode half-cell compartment showing the separator (left) and the cathode current
collector (right). The distance between the separator and the current collector is [, = 2 cm, with a C-rate C = 0.2 and
I=8m.

Figure 3.4 provides a three-dimensional representation of a simulated cathode half-cell. The
separator is illustrated on the left, and the current collector appears on the right. The circular
cathode is color coded to represent the Butler-Volmer current density igy, which is negative,
indicating that the process is proceeding in the cathodic direction (discharge). In particular, red
areas on the electrode signify regions of high Butler-Volmer current density, corresponding to high
reaction rates. Notably, these areas are most pronounced at the edges of the electrode and near the
connection point between the electrode and the current collector. For clarity, the electrolyte region
is partially clipped in the figure. Within this region, the colors represent the electric potential,
while arrows indicate the direction of ionic current flow.
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3.4.3 Impact of cathode compartment length on battery performance

The performance characteristics of the sodium-iodine (Na-I) battery are profoundly affected by the
length of the cathode compartment, particularly in terms of energy capacity and external current
density. In this study, a series of simulations were conducted, all of which commenced from
equilibrium conditions to ensure consistency. The external current density i.e; was systematically
varied according to the C-rate, with values set at 106.4 mA cm 2 for 1 C,53.2mA cm 2 for 0.5C,
26.5mA cm 2 for 0.2 C, and 13.2mA cm 2 for 0.1 C.
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Figure 3.5: Dependence of cell voltage oon the state of charge (SOC) for various C-rates, with a cathode compartment
length of 1 cm. Charging cycles are indicated by dashed lines, while discharging cycles are shown with solid lines.
The data for different C-rates, spanning from 0.1-1 C, are distinguished by distinct colors and markers.

Figure 3.5 presents the cell voltages as a function of the state of charge (SOC) for a cathode
compartment length of 1 cm under various C-rates. The relationship between cell voltage and
SOC exhibits a logarithmic dependence, which stems from the Nernst equation governing the
equilibrium potential, leading to a voltage plateau as SOC increases. The cell voltage is strongly
dependent on the C-rate (see eqgs. (3.7) and (3.19), with higher current densities inducing greater
electric potential gradients and, consequently, larger electrostatic potential differences within the
cathode (A®y) and separator (A®Dse).
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3.4 Two-dimensional electrodes

As the C-rate increases, the demand for migration flux—driven by the need to maintain the
required species flux—becomes more pronounced due to the relatively slow diffusion process.
This, in turn, necessitates an increase in the electrostatic potential differences within the electrolyte
(AD,). Consequently, a higher external current leads to an elevated Butler-Volmer current density
at the interface between the cathode and electrolyte, which drives the observed overpotentials.

The comparison of cell voltages between different C-rates, ranging from 0.1-1 C, demonstrates a
substantial variance of up to 0.5 V during both charging and discharging phases. This variance
1s particularly notable at higher C-rates, where the SOC achievable during discharging decreases
significantly. For example, at a C-rate of 0.1 C, the SOC remains relatively high, approximately
0.85, but drops drastically to around 0.2 at 1 C. This decline is primarily due to the accelerated
consumption of triiodide at the cathode surface, a direct consequence of the Butler-Volmer reaction,
which increases with the C-rate. The discharge process ultimately ceases when triiodide is entirely
depleted at the cathode surface, a diffusion-limited condition that occurs more rapidly at higher
C-rates.
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Figure 3.6: Dependence of cell voltage oon the state of charge (SOC) for various C-rates, with a cathode compartment
length of 2 cm. Charging cycles are indicated by dashed lines, while discharging cycles are shown with solid lines.
The data for different C-rates, spanning from 0.1-1 C, are distinguished by distinct colors and markers.

In the charging process, a similar trend is observed: the SOC decreases as the C-rate increases.
However, the termination of charging occurs later than that of discharging across all C-rates. The
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formation of triiodide from iodine and iodide during charging leads to a gradual reduction in the
elemental iodine-to-sodium ratio. As this ratio decreases, the charging process eventually halts
to prevent the precipitation of iodine, which would otherwise occur if the charging continued.
At higher charge rates, the diffusion of triiodide towards the NaSICON membrane is insufficient
to maintain the necessary concentrations, resulting in a [Na*]/[I] ratio falling below 0.46 and
subsequent Nal precipitation, which forces the charging process to stop.
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Figure 3.7: Dependence of cell voltage oon the state of charge (SOC) for various C-rates, with a cathode compartment
length of 0.5 cm. Charging cycles are indicated by dashed lines, while discharging cycles are shown with solid lines.
The data for different C-rates, spanning from 0.1-1 C, are distinguished by distinct colors and markers.

The influence of cathode compartment length on these processes is further elucidated in fig. 3.6,
which presents the charge and discharge behaviors for a cathode compartment length of 2 cm.
With this increased length, the external current densities are approximately doubled relative to the
1 cm case, reaching 218.9 mA cm 2 for 1 C and proportionally lower values for other C-rates. The
trends observed in the voltage behavior are consistent with those seen in the 1 cm case, though
the absolute values of cell potential differ. For instance, at the lowest C-rate of 0.1 C, the cell
voltages are nearly identical between the 1 cm and 2 cm cases. However, as the C-rate increases,
the voltage differences become more pronounced, with deviations of up to 0.5V at 1 C. At these
higher C-rates, the charging process is truncated shortly after initiation due to iodine precipitation.
During discharging, an SOC of about 0.7 is achievable at 1 C, but the process stops when triiodide
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is exhausted at the cathode surface, particularly for higher C-rates like 0.5 C and 1 C. Here, the
slower transport of sodium ions from NaSICON towards the cathode current collector results in
Nal precipitation, marking the end of the discharge cycle when sodium ion concentrations reach

saturation.
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Figure 3.8: Concentration profiles of electrolyte species iodide (I"), sodium-ion (Na*), triiodide (I5"), and iodine (I,)
along the dimensionless position (x/I.) across the cathode half-cell, extending from the separator (left) to the cathode
current collector (right). The profiles illustrate the distribution of species after discharging the battery for one hour
with 0.2 C, highlighting the variations in concentration along the length of the cathode

The analysis of a 0.5 cm cathode compartment length, as illustrated in fig. 3.7, further clarifies the
impact of cathode compartment length on the battery’s performance. In this case, the variations
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in cell voltage are less pronounced than those observed for longer cathode compartment lengths
of 1cm and 2cm. This is primarily due to the lower external current density associated with
the shorter cathode, which moderates the electrochemical processes. As a result, the charging
process concludes later, with the SOC approaching the theoretical maximum at 0.1 C. At this
C-rate, the cell can achieve nearly half of its maximum SOC even at 1 C. The discharge process
at lower C-rates (0.1 C and 0.2 C) is extensive, with minimal voltage increase, indicating efficient
energy utilization. However, at higher C-rates (0.5 C and 1 C), the achievable SOC is significantly
reduced, and the associated voltage drop is more pronounced, reflecting the increased deviation
from the equilibrium potential.

The concentration profiles of various species within the electrolyte, as shown in fig. 3.8,
provide further insights into the internal processes occurring within the half-cell as the cathode
compartment length varies. These profiles highlight the impact of cathode compartment length
on the spatial distribution of species, which in turn affects global performance parameters such
as cell voltage. The concentration gradients of four key species are depicted as functions of
the dimensionless cathode compartment length (x/[.) during a 0.2 C discharge after one hour.
Notably, the concentrations of iodine, which are significantly lower, are plotted on the right axis to
enhance visibility of their changes. In general, the concentration gradients increase as the cathode
compartment length extends, a direct consequence of the rising external current. This increase in
current necessitates greater sodium flux at the NaSICON separator and enhanced species fluxes
at the cathode electrode, driven by the Butler-Volmer reaction.

In particular, sodium ions enter the cathode through the separator, causing greater deviations
from initial concentrations in the region between the separator and cathode electrode (left side)
compared to the area between the cathode electrode and cathode current collector (right side).
The Butler-Volmer reaction is more pronounced on the left side of the cathode. For a cathode
compartment length of 2cm in the battery, the discharge process terminates due to diffusion
limitations. Triiodide and iodine are depleted on the left side, restricting the reaction to the right
side only. Consequently, discharge ceases when triiodide and iodine are entirely exhausted on the
cathode surface, as no charge-carrying species are available to sustain the charge transfer reaction
described by eq. (3.3).

Figure 3.9 provides an overview of battery performance for different cathode compartment
lengths under a constant external current of 501.7 A m 2. The stored energy correlates with the
amount of substances, leading to variations in C-rates. Notably, cell voltages during charging are
relatively consistent across different cathode compartment lengths, although the 2 cm case shows
earlier termination. In contrast, the discharge behavior of the 2 cm cathode compartment length
differs markedly from that of shorter cathode compartment lengths, with a significantly reduced
achievable SOC and lower cell voltage.
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Figure 3.9: Cell voltage as a function of SOC for different cathode compartment lengths with constant external
current

3.4.4 Influence of conductivity

Titanium is employed as the cathode material in the reference simulation due to its favorable
characteristics, including chemical stability in the presence of an aqueous iodine solution. However,
the choice of cathode material can significantly influence the overall performance of the battery,
primarily through variations in electrical conductivity. This subsection delves into the impact of
different electronic conductivities of cathode materials on battery performance.

Figure 3.10 illustrates the effects of varying the electronic conductivity of the cathode material
on the cell voltage across the state of charge (SOC). The study compares the performance of
several materials with differing conductivities: Titanium, with an electrical conductivity of
2.5 x 10°Sm !, is used as the baseline. In addition, materials such as stainless steel and
glassy carbon, which have conductivities of 1.5 x 10°Sm~! and 2 x 10*Sm™! respectively,
are also considered. These materials are commonly used in secondary battery applications due
to their respective conductivity properties and chemical resistance [131, 132]. Additionally, a
hypothetical material with an intermediate conductivity of 1.5 x 10° Sm ! is included in the
study to generalize the influence of conductivity on cell performance. For consistency, other
battery parameters, such as the cathode compartment length of 1 cm and a C-rate of 0.2, are kept
constant throughout the simulations.
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Figure 3.10: Cell voltage as a function of SOC for varying electrical conductivities of the cathode electrode, with a
cathode compartment length /. = 1 cm and a C-rate of 0.2. Dashed lines indicate charging, while solid lines represent
discharging.

The results demonstrate that cell voltage decreases with reducing conductivity during discharge,
with a more pronounced voltage drop observed at lower conductivities. This outcome is attributable
to the increased electric potential gradients required to sustain the same current through materials
with lower conductivity, which, in turn, leads to an increased potential difference, denoted
as A®;. The simulation results reveal that cell voltages for materials with conductivities of
2.5 x 10°Sm~'and 1.5 x 10°Sm™! are nearly indistinguishable, indicating that the potential
gradients in these highly conductive materials are minimal. As a result, the discharge curves for
these materials overlap significantly. The maximum achievable SOC for these high-conductivity
materials, as well as the material with an intermediate conductivity of 1.5 x 10°Sm !, stabilizes
at approximately 0.35.

The charging behavior shows similar trends to those observed during discharging. The cell voltages
for titanium and stainless steel, with conductivities of 2.5 x 10°Sm ! and 1.5 x 10°Sm !,
respectively, align closely, with the charging curves almost coinciding. For all materials tested,
charging is eventually terminated when the ratio of sodium ions to iodine ([Na*]/[I]) falls below
0.46, leading to the precipitation of iodine. Notably, the charging process terminates earlier for
cathodes with lower electrical conductivities. This earlier termination is caused by increased local
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variations in electric potential, which in turn amplify the Butler-Volmer current density variations.
Such variations result in uneven iodine consumption and can lead to localized precipitation of
iodine when solubility limits are exceeded.

For the material with the lowest conductivity, the charging process is especially problematic: Due
to the limited surface area available for the Butler-Volmer reaction, particularly near the connection
between the cathode electrode structure and the cathode current collector, the reaction is driven
predominantly towards this small region. Inevitably, this localization of the reaction causes
significant gradients and rapid iodide consumption, leading to an almost immediate termination
of the charging process. Consequently, the lowest conductivity material exhibits the poorest
performance, with a severe reduction in both discharge and charge capacities.

3.4.5 Effect of initial concentrations

Figure 3.11 illustrates the impact of varying initial species concentrations on the cell voltage
within the specified battery setup. In this study, the cathode compartment length is maintained
at 1 cm and the simulations are conducted at a C-rate of 0.2C. The dashed lines in the figure
correspond to the charging process, while the solid lines depict the discharging process. Each
line is distinguished by different colors and markers, representing various total elemental iodine
concentrations.

During discharging, the cell voltage demonstrates a clear trend of decreasing as the total elemental
iodine concentration increases. This behavior is attributable to the higher current densities
associated with elevated total elemental iodine concentrations, which in turn induce greater
electric potential differences across the cathode, electrolyte, and separator regions, as well as
increased overpotentials. In particular, simulations with total elemental iodine concentrations of
6 m and 8 M show termination of the discharging process at a state of charge (SOC) of approximately
0.35. This early termination is due to the depletion of triiodide at the cathode electrode, which
limits the continuation of the discharge process. On the other hand, simulations with higher initial
concentrations, such as 10 m and 11.2 m, stop even earlier. This earlier termination occurs because
the increased sodium-ion concentration near the separator exceeds the solubility limits of sodium
iodide, leading to its precipitation and thus halting the discharge process.

In contrast to discharging, the charging process exhibits lower cell voltage, particularly at the
beginning of the cycle. This is primarily due to the higher total concentration of charge-
carrying species, which—according to the Nernst-Einstein relation (eq. (3.20)—increases the
ionic conductivity of the electrolyte. The resulting decrease in internal potential gradients leads
to a lower overall cell voltage during early charging. Despite these lower potential differences,
the charging process must be carefully managed to avoid iodine precipitation. Simulation results
show that at higher initial iodine concentrations—especially at [I] = 11.2 Mm—precipitation occurs
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earlier, which necessitates early termination of the charging process to prevent undesired side
reactions.

3.5 Three dimensional electrodes?

Extensive numerical studies in section 3.4 have identified transport limitations as the primary
constraint on overall battery performance [130]. To address these limitations, it is crucial to
develop an enhanced cathode electrode structure that maximizes the surface area available for
surface reactions while maintaining high porosity. Such a design is essential to achieve the desired
energy capacity and resource efficiency of the battery system. Consequently, three-dimensional
electrodes have been widely adopted in electrochemical processes to mitigate the transport
limitations inherent in traditional two-dimensional electrodes [134].

2 This section includes results and findings that were previously reported in Gerbig, F., Holzapfel, M., and

Nirschl, H.: Simulating the Impact of Glassy Carbon Foam Electrodes on the Performance of Sodium Iodine
Batteries. Journal of The Electrochemical Society, 2023, 170(4), 040517. por: 10.1149/1945-7111/accab?7
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3.5 Three dimensional electrodes

Various types of three-dimensional electrodes, including packed-bed electrodes, porous electrodes,
active fluidized-bed electrodes, and moving-bed electrodes, have been implemented [135]. Among
these, porous structures such as cloths, felts, or foams are particularly well-suited for sodium-iodine
batteries. These materials offer simplicity and cost-effectiveness, making them ideal for stationary
energy storage applications. Open-pore foams, in particular, present a promising option for
cathode geometry [136] and have already been explored in the context of lead flow batteries [137].

Metal foams are extensively documented in the literature and have applications in catalysis and
heat transfer [138, 139]. In addition, solid foams are employed in the aviation industry to create
high-strength materials. Typically, foams are produced by combining a liquid material with a
blowing agent, which solidifies upon cooling. As a result, dry foams are mathematically described
by minimal surface structures, with the Kelvin cell being the most recognized model. This
14-sided tetrakaidecahedron, composed of six quadrilateral and eight hexagonal faces, is widely
used for the idealized representation of foams [140].

Although Weaire and Phelan proposed a structure with a slightly smaller surface area [141], the
difference is minimal, amounting to less than 0.3 %. Moreover, the Weaire-Phelan structure is
more complex, comprising six 14-sided polyhedra and two 12-sided polyhedra with irregular faces
(see fig. 3.12a). The computational effort required to generate and simulate virtual Weaire-Phelan
foams, as well as to implement appropriate cyclic boundary conditions, is significant. Studies on
the mechanical properties and heat transfer characteristics of foams have demonstrated negligible
differences between the Kelvin cell and Weaire-Phelan models [142, 143]. Therefore, this work
primarily focuses on Kelvin’s conjecture.

The Kelvin cell (see fig. 3.12b) is space-filling, and the foam unit cell can be conceptualized by
subtracting a sphere from the Kelvin cell [144]. Since the size of the Kelvin cell directly influences
the size of the parent bubble in the foam, the porosity and pore size are determined by the ratio
between the Kelvin cell size and the sphere diameter. Thus, this method allows for the creation of
foams of any desired length and thickness by appropriately arranging the resulting foam unit cells.

A wide range of materials is viable for constructing open-pore foam structures, including polymers,
carbon-based materials, and various metals. However, many conventional battery electrode
materials lack chemical stability when exposed to the aggressive iodine-rich environments typical
of sodium-iodine batteries. In contrast, glassy carbon exhibits exceptional long-term stability in
such catholyte solutions [39]. Consequently, reticulated vitreous carbon (RVC) foams, commonly
referred to as glassy carbon foams, emerge as highly suitable candidates for these batteries.

Reticulated vitreous carbon foams are typically produced through the carbonization of resin-coated,
open-cell polyurethane foams at temperatures ranging from 700—1100 °C. The process of foam
formation involves capillary drainage and rapid wall thinning, which ultimately results in open-
pore structures resembling Kelvin cells. The pioneering work of Tentorio and Casolo-Ginelli
introduced a reticulated, three-dimensional electrode by metallizing polyurethane foams via
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an electrochemical process [145]. A subsequent review in 2009 highlighted the potential of
reticulated vitreous carbon as an innovative carbon material for battery applications [146].

One of the key advantages of RVC foams is their exceptionally high void volume, which can
reach up to 97 %, enabling electrochemically active species to permeate the structure and thus
achieving high volumetric energy densities. Moreover, the rigid and robust nature of RVC enables
it to withstand the battery operating temperatures around 100 °C. Additionally, RVC foams are
cost-effective, readily available, and can potentially be derived from sustainable sources. They
also exhibit chemical inertness against a wide array of substances, including halides, making them
particularly versatile for various applications. Further supporting their versatility, kinetic studies
by Mastragostino and Gramellini demonstrated the effectiveness of vitreous carbon electrodes
when paired with the bromine/bromide redox couple in aqueous solutions [147]. Despite their
lower conductivity compared to metals, RVC foams are the focus of this section due to their
aforementioned advantages.

This section aims to introduce the concept of three-dimensional electrodes and to propose an
enhanced cathode architecture specifically tailored for sodium-iodine batteries. Addressing a
notable gap in the existing literature, the current study seeks to identify an optimized cell design
through spatially resolved electrochemical simulations of glassy carbon foam electrodes. The
insights gained from this research are anticipated to contribute significantly to the development
of advanced aqueous iodine cathodes with superior reversible efficiency and power density.

3.5.1 Mathematical modeling of foam electrode structures

Reticulated vitreous carbon foams, known for their high volumetric porosity and chemical
inertness, are utilized as cathode structures in batteries. To fully understand their impact on
battery performance, it is crucial to quantitatively characterize these foam properties. The key
characteristics of the foam structures include porosity (€) and surface area per unit volume (as).
The mathematical modeling of a Kelvin foam structure is accomplished by subtracting a sphere
from Kelvin’s conjecture. Porosity, defined as the ratio of the empty volume fraction to the total

volume, ranges between 0 and 1:

iempty
=—2 3.39
€ v ( )

Since the Kelvin unit cell is both packable and symmetric in every direction [148], it is sufficient
to analyze a single unit cell. Figure 3.12 presents the Kelvin cell as well as the Weaire-Phelan unit
cell and the foam unit cell utilized in this study, which will be further developed in this section.

In the process of mathematical modeling, the volume of the Kelvin unit cell, also referred to
as truncated octahedron in its uncurved variant, is considered equivalent to the total volume
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Figure 3.12: Comparison of the Weaire-Phelan unit cell (a), the Kelvin unit cell (b), and the foam unit cell used in
this work (c).

(V = Vke1). The volume of the Kelvin cell is then calculated by subtracting the volumes of six
square pyramids, each with a height &, from the volume of a regular octahedron [149]:

3
pyramid ) ( 34 O)

[
Vkel = Voctahedron — 6Vsquare pyramid = 8\/5 3

A regular octahedron, classified as a Platonic solid, comprises eight identically sized equilateral
triangles and is formed by joining two square-based pyramids with equilateral sides. The void space
of the Kelvin foam structure calculates from the spherical parent bubble Vi, ke by subtracting
the volumes of 14 sphere caps V;,, which protrude the truncated octahedron sides:

Vempty = Vbub,Kel - 8Vcap,hexagon - 6Vcap,square (3'41)

The spherical cap volumes depend on the parent bubble diameter lyp:

nh* (3
Vcap = T (Elbub) (3.42)

The specific surface area ag describes the total surface area per bulk volume which, in the case of
a Kelvin foam structure, takes the form:

Sfoam,Kel (3 43)

As foam,Kel =
T VKel

The total surface area is obtained by subtracting the curved areas of the 14 spherical caps from
the parent bubble surface

Sfoam,Kel = Sbub,Kel - 8Scap,hexagon - 6Scap,square (3-44)
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with {Scap hexagon> Scap,square} € R>0. The curved area of a spherical cap is calculated by [150]:

Scap = ntlpuph (3.45)

3.5.2 Comparison between simple and three-dimensional foam
cathode design3

The forthcoming sections, sections 3.5.2 and 3.5.3, present the model-predicted impacts of
three-dimensional glassy carbon foam cathode electrodes on battery performance. Glassy carbon,
known for its inertness and high electrical conductivity, is a prevalent material for battery electrodes
and serves as the current-collecting foam material in the investigations detailed herein [131].

B Discharge
e — e
®
:[_/> IQ\
N1 S

Molten NASICON  Aqueous
sodium separator  catholyte

Figure 3.13: Working principle of a Nal battery with a three-dimensional glassy carbon foam electrode.

The simulations were performed on a hex-dominant computational grid comprising approximately
two million cells, with a nominal cell size of 2.5 x 10~ % m in the bulk electrolyte. To enhance
accuracy in regions with steep gradients, local grid refinement was applied, reducing the cell
size to 30 pm. The time step used in the simulations varied between At = 1s and At = 10s,
depending on the C-rate. This time step was kept significantly smaller at the beginning and end

3 This section includes results and findings that were previously reported in Gerbig, F., Cernak, S., and Nirschl, H.:

Towards a Novel Sodium-Iodine Battery with an Aqueous Catholyte: Numerical Investigations of Complex
Cathode Structures. ECS Transactions, 2021, 104(1), 123-130. por: 10.1149/10401.0123ecst
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3.5 Three dimensional electrodes

of the charge-discharge cycles to adequately capture the more pronounced changes in potential

during these phases.

Section 3.4 explored a two-dimensional cathode design for sodium-iodine batteries, utilizing a
vertically oriented, round-shaped titanium disc. While this design provided a basic approach to
evaluating battery performance, it was limited by the constrained surface area available within the
cathode compartment, which impacted the effective utilization of active species.

To address this limitation, this section introduces a preliminary study employing a Kelvin cell
design to model a reticulated vitreous foam structure. Figure 3.13 depicts the working principle of
a Nal battery utilizing this type of electrode structure. The approach is intended to demonstrate the
potential of foam structures in overcoming the surface area constraints of two-dimensional designs.
Incorporating a foam structure allows for an evaluation of its general capability to enhance battery
performance by providing a more extensive and evenly distributed surface area.
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Figure 3.14: Comparison of cell voltage curves between a two-dimensional cathode design versus a foam structure
constructed from Kelvin unit cells, each with a length of 1 mm. The curves depict the performance during a the C/5
discharge, with initial electrolyte concentrations corresponding to [I] = 8.3 m in the fully discharged state.

Figure 3.14 presents a comparative analysis of discharge curves for two distinct cell designs, each
evaluated at various cathode compartment lengths /. under a C-rate of 1/5. The discharge process
initiates from a fully charged state and is halted as soon as the concentration of sodium iodide (Nal)
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or iodine (I,) in the electrolyte surpasses the solubility limit. The initial species concentrations at
full charge are determined based on iodine solubility relations as detailed in [124, 130].

As the cathode compartment length increases, the duration of discharging decreases for the
two-dimensional cell design, leading to earlier termination of the discharge process. In contrast,
the discharge simulations for the cell design incorporating a glassy carbon foam structure, based
on Kelvin’s conjecture, approach nearly complete discharge states, reaching a state of charge
(SoC) close to zero. Notably, within this foam-based design, variations in cathode compartment
length do not significantly affect the attainable SoC, although they do influence the cell voltage.

When maintaining a constant C-rate, the external current density scales proportionally with
the volume of the electrolyte. Consequently, cells with thicker cathode compartments exhibit
increased ohmic resistance and higher overpotentials. This results in a reduction in cell voltage
for such designs.
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Figure 3.15: Comparison of cell performance between a two-dimensional cathode design versus a foam structure
constructed from Kelvin unit cells, each with a length of 1 mm. The figure illustrates the depth of discharge achieved
for various cathode compartment lengths (/.) and C-rates. The initial electrolyte concentrations correspond to
[T] = 8.3 m in the fully discharged state.

Figure 3.15 illustrates the achievable depth of discharge (DoD) during the discharge process
across various C-rates and cathode compartment lengths. This analysis compares the performance
between the conventional two-dimensional cathode design and the foamy cathode design.
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The results reveal that the two-dimensional cathode design leads to insufficient DoD in the majority
of the simulation scenarios. Specifically, only at low C-rates, such as 0.2 C, and with a cathode
compartment length of 0.5 cm, does the DoD exceed 0.5. In stark contrast, the implementation of
the foamy cathode design significantly enhances the DoD, achieving values close to 1 for cathode
compartment lengths of 0.5 cm and 1 cm in the whole 0-1 C range.

For the battery with a cathode compartment length of 2 cm, the simulations demonstrate a high
utilizable capacity at a C-rate of 0.2 C. However, this capacity diminishes as the C-rate increases,
indicating a notable decrease in performance under higher discharge rates.

3.5.3 Quality assessment and characterization of virtually produced
foam electrode structures

After establishing that three-dimensional electrodes can significantly enhance battery performance
in preliminary simulations, the subsequent section delves deeper into the specific effects of varying
these foam structures. By systematically altering the virtual foam architecture, we aim to assess
its influence on key performance metrics of sodium iodine batteries. The primary goal of
this investigation is to identify the optimal cathode electrode configuration that maximizes the
efficiency, capacity, and overall performance of the battery system, providing critical insights for
the development of next-generation energy storage solutions.

To optimize the performance of sodium iodine batteries, it is crucial to first understand the
influence of directly controllable variables on key structural parameters, specifically the specific
surface area (Asp) and porosity.
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Figure 3.16: Specific surface area (a) and porosity (b) of open-pored foam structures based on Kelvin’s conjecture
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Figure 3.16 visually represent the relationship between these parameters and the parent bubble
size (lyup), as well as the difference between the Kelvin cell length and the parent bubble size
(Ike1 — lvub)- In this context, this difference can be interpreted as the shell thickness of the foam
bubbles.

These values are derived from the geometric equations governing Kelvin’s conjecture, as discussed
in section 3.5.1. It should be emphasized that the shell thickness is limited within a specific range
to ensure the foam structure remains mechanically stable (lower bound) while still producing
open pores (upper bound). In battery applications, it is generally accepted that both a high
specific surface area and high porosity are advantageous. Specifically, high porosity indicates
that the cathode electrode structure occupies less space, thereby allowing a larger volume for the
electrolyte, which in turn enhances the energy density of the battery. Meanwhile, a high specific
surface area reduces overpotentials and lowers specific molar production rates at the electrode
surface, potentially preventing early battery cycling termination due to the local depletion or
precipitation of molar species.

Both porosity and specific surface area are widely recognized as critical parameters in the literature,
particularly in homogenized battery models where they account for the battery’s microstructure
and morphology [152, 153]. Figure 3.16b demonstrates that increasing the parent bubble size
while maintaining a constant shell thickness (moving up along the y-axis) results in higher porosity,
but at the expense of a lower specific surface area (fig. 3.16a). Conversely, increasing the shell
thickness (progressing along the x-axis) enhances the specific surface area while reducing porosity.
Consequently, it is impossible to maximize both properties simultaneously; improving one will
inevitably lead to a decrease in the other.

The relevance of the simulation results for real batteries is validated by first comparing the virtual
foams with experimentally produced glassy carbon foams, created by co-authors [133]. In fig. 3.17,
a 1CT scan reconstruction reveals the structure of an open-pored glassy carbon foam.

The glassy carbon foam synthesis was based on a commercially available polyurethane-based
filter foam with a pore density of 10 ppi. The process involved repeated impregnation of the
foam with a phenol-formaldehyde resin (molar ratio 1:2.5) followed by drying. The impregnated
foam was then heated under argon, with the temperature gradually increased at 5 Kmin ! up to
300 °C, then at 10 Kmin ! to 600 °C, and finally at 20 Kmin ! to 1350 °C. This temperature
was maintained for 5 h before allowing the foam to cool naturally to room temperature.

The resulting glassy carbon foam structure featured large parent bubbles, each subdivided into
about nine smaller, similarly sized pores. The pore size measured approximately 2.5 mm, with
parent bubbles around 4 mm in size. This comparison confirms that the virtual foam model in
this work accurately reflects the physical characteristics observed in real foams, thus supporting
its use in predicting battery performance for practical applications.
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Figure 3.17: nCT imaging of a glassy carbon foam [133]

The basic structure of the experimentally produced foam aligns well with the foam unit cell
derived from Kelvin’s conjecture. However, nCT scans reveal some discrepancies: the struts in
the real foam are noticeably thicker than those in the Kelvin cell-based virtual foam structures.
In addition, the edges of the real foam, especially around the pores, are less sharp compared to
the virtual Kelvin foam cells. This difference is largely due to the solidification process of the
material, which thickens the foam junctures in the experimentally manufactured foam.

To create a more realistic unit cell that better represents these characteristics, further refinement
is necessary. The Blender® software package provides algorithms specifically designed to
manipulate and smooth virtual shapes, which were applied to the Kelvin cell foam structures
[154]. A wireframe structure was generated from the original mathematical unit cell, utilizing
subdivision surface modeling methods based on the Catmull-Clark algorithm [155]. This approach
was applied to soften sharp corners, enhance the thickness of struts, and strengthen the connections
within the foam architecture.

Figure 3.18 presents a comparison between a foam based on the original Kelvin unit cells and one
based on the smoothed unit cells. A qualitative assessment reveals that the smoothed cells more
accurately capture the key features of the glassy carbon foams. By applying these smoothing
algorithms, the virtual foam structure is significantly enhanced, bringing it closer to a realistic
representation of glassy carbon foam. Consequently, the following studies are based on this
refined and smoothed virtual cell design.
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(a) vrtual foam: Kelvin cells (b) virtual foam: smoothed cells

Figure 3.18: Comparison between foam structures based on the Kelvin cell (a) and foam structures with additional
manipulation and smoothing (b).

Using the previously described method, twelve distinct smoothed virtual foam structures were
generated by varying the thickness of the strut and cell size, with the cathode compartment length
consistently fixed at 2 cm.

Table 3.4: Characteristics of smoothed virtual foam structures based on Kelvin’s conjecture

dsrue (Mm)  Ieep (mm) € (%) Asp (m_l)

0.1 10 97.4 150.6
0.05 5 97.4 375.1
0.02 2 97.4 743.4
0.01 1 97.4 1479.5
1.0 10 86.1 297.7
0.5 5 86.1 744.7
0.2 2 86.1 1479.4
0.1 1 86.1 2990.1
2 10 64.6 397.5
1 5 64.6 993.9
0.4 2 64.6 1969.6
0.2 1 64.6 3982.9

Table 3.4 provides a detailed overview of the porosity and specific surface area for each of these
virtual foam structures. The data reveals two key trends:

First, porosity is directly influenced by the diameter of the strut, which decreases as the diameter
of the strut increases. The structure with the thinnest strut in this study achieves the highest
porosity at 97.4 %, while the structure with the thickest strut exhibits a porosity approximately
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40 Y% lower. These two cases represent the extremes of porosity achievable using this method,
with sensible strut thicknesses and pore sizes.

Second, the specific surface area exhibits an inverse relationship to porosity, increasing with both
strut diameter and the number of cells. The foam structure with a 1 mm cell size and the largest
strut diameter demonstrates a specific surface area approximately 26 times greater than that of
the structure with the lowest surface area. These findings underscore the impact of structural
variations on the key parameters of porosity and specific surface area.

3.5.4 Performance analysis of Nal batteries featuring smoothed
virtual foam electrodes

Foam electrode discharging characteristics

Building on the structural analysis of the smoothed virtual foams, this section delves into the
discharge behavior of sodium-iodine batteries equipped with three-dimensional Kelvin-cell-based
foam electrodes. By systematically varying foam properties such as porosity and cell size,
the analysis aims to elucidate how these factors influence key performance metrics, including
volumetric capacity and depth of discharge (DoD). This investigation is crucial for optimizing the
electrode architecture to maximize battery efficiency and longevity.

Figure 3.19 illustrates the termination states for a galvanostatic C/4 discharge process across the
twelve foam structures detailed in table 3.4. The solid lines indicate volumetric capacity, plotted
on the primary y-axis, while the dashed lines represent the corresponding depth of discharge
(DoD) on the secondary y-axis. Different markers and line colors differentiate the porosity levels
of the associated foam structures.

The foam structure with the highest porosity, nearly reaching a fully discharged state, consistently
achieves DoDs greater than 0.9 across all cell sizes. In contrast, the foam with 86.1 % porosity
reaches near-complete discharge for foam cell sizes of 1 mm and 2 mm, yet falls short by about 0.1
in DoD compared to the more porous foam for larger cell sizes. The densest foam, with 64.6 %
porosity, achieves an acceptable DoD greater than 0.9 for the smallest cell size but experiences a
decline to around 0.8 for the largest simulated foam cell size of 10 mm.

The observed drop in volumetric capacity from the most porous to the densest foam is more
pronounced than the drop in DoD. This is because denser foams carry less electrolyte, resulting in
a lower theoretical maximum capacity. Consequently, the usable volumetric capacity for the most
porous foam structure is approximately 100 AhL !, while it more than halves for the densest
foam structure, which still achieves a DoD of 0.6 for a cell size of 10 mm. The performance
of the foam structure with 86.1 % porosity lies between these extremes. For comparison, the
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theoretical capacity of a cathode without a glassy carbon foam and filled solely with electrolyte is
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Figure 3.19: The solid lines illustrate the utilizable volumetric capacity of a sodium-iodine battery using glassy
carbon foam structures as current collectors, while the dashed lines indicate the corresponding depth of discharge as
a function of foam cell size. Under C/4 discharge conditions, green lines represent a foam porosity of 97.4 %, red
lines correspond to a porosity of 86.1 %, and blue lines denote a porosity of 64.6 %.

The same discharging process for a C-rate of 0.5 is laid out in fig. 3.20. The discharge process
at a C-rate of 0.5, as shown in fig. 3.20, reveals generally lower achievable DoDs across all foam
structures, ranging from (.73 to 0.64 for the most porous foam structure, and from 0.4 to 0.2 for
the densest foam structure.

Figure 3.21a presents the electrolyte species concentrations averaged along the axis between
the separator and cathode current collector during a C/2 discharge process for a foam cell size
of 10 mm. Notably, the iodine concentration is three orders of magnitude smaller than other
species concentrations, necessitating its representation on the secondary y-axis. It is evident
that the iodine concentration near the cathode current collector decreases with increasing foam
porosity—down to 1 x 1073 m for the most porous foam compared to 5 x 103 m.

The foam structure with 97.4 % porosity, possessing the smallest surface area, exhibits the highest
electric potential drop within the glassy carbon foam. This can be attributed to the thinner
struts in highly porous foams, which require greater electric potential gradients to drive the
same electric current across the cathode cell. Consequently, the Butler-Volmer reaction primarily
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occurs near the cathode current collector, where iodine is consumed. More critically, the sodium
ion concentration near the NaSICON separator locally exceeds 11.3 M, leading to sodium iodide
precipitation, which poses a significant risk of irreversible damage to the separator. Notably, the
axis-averaged sodium ion concentration in fig. 3.21a is lower, underscoring the ability of spatially
resolved simulations to predict local exceedances of solubility limits.
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Figure 3.20: The solid lines illustrate the utilizable volumetric capacity of a sodium-iodine battery using glassy
carbon foam structures as current collectors, while the dashed lines indicate the corresponding depth of discharge as
a function of foam cell size. Under C/2 discharge conditions, green lines represent a foam porosity of 97.4 %, red
lines correspond to a porosity of 86.1 %, and blue lines denote a porosity of 64.6 %.

Overall, the DoD tends to decrease with increasing cell size and decreasing porosity. Smaller
cell sizes are advantageous due to the higher specific surface area of the glassy carbon foam,
which enhances the Butler-Volmer surface reaction. However, increasing surface area by reducing
porosity negatively impacts achievable DoD. The smaller pores in denser foams, despite a constant
cell size, impede sodium ions from traveling through the cathode compartment toward the cathode
current collector. This results in a higher concentration of sodium ions near the separator, which
exceeds the solubility limit of sodium iodide and leads to premature termination of the discharge
process.

The performance of denser foams deteriorates further when considering their porosity and
comparing the capacities of different structures, as shown in figs. 3.19 and 3.20. Denser foams
occupy more space with glassy carbon, thereby reducing their theoretical capacity compared to
thinner foams from the outset.

59



3 Sodium Iodine Batteries

C/2 Discharging (DoD = 0.4)
Porosity = 97.4 %

8]~ vIg 6
10t 'NaJr"'Iz 5
=)
~— 8—
o 14
S
E 13
g
S 4+ L 12
S |
27 v v v 11
v
0% 5 10 15 20V
Porosity = 86.1 % 6
]~ VI?:
10} ®Na"-el, 5
=)
~— 87
o 14
S 2
E 6 13
g
S 4t 12
3
2F i
v v v v v 1
07 5 10 15 20V
Porosity = 64.6 % 6
] ~ vIg
10f aNa'el, |
=) T
~— 87 2
o 14
S
I 13
g
9 4r 12
S
27V v v v V 11
0 5 10 15 20

0
LSep.

Position (mm)

cc_|

Concentration (1072 M) Concentration (1072 M)

Concentration (1072 M)

(a) Concentrations of electrolyte species simulated during an initial
C/2 discharge for a 2 mm cell. The concentrations of the catholyte
species are averaged across the region between the separator and
the cathode current collector (CC).

Concentration (M) Concentration (M)

Concentration (M)

C/2 Charging (SoC = 0.47)
Porosity = 97.4 %

%]~ vIg 6
10k #Na'tel, 5§
8t lyo
61 13 8

E
4f L, 1o &
g
21 v 13
v v ¥
oL ‘ ‘ ‘ o
0 5 10 15 20
Porosity = 86.1 % 6

%]~ VI;
10+ #Na"el, 5’2“
8r lag
6r 13 8

E
4F 12 &
I g
2F 11 g
v v v v ©
0 ‘ ‘ ‘ o
0 5 10 15 20
Porosity = 64.6 % 6

%]~ vIg
10+ #Na'tel, 5§
8t NS
6 13 &

E
4F 12 &
g
2F ,18
v v v v
0 0

10 15 20

Position (mm)

5

0
T_Sep.

cc_|

(b) Concentrations of electrolyte species simulated during an initial

C/2 charge for a 2 mm cell. The concentrations of the catholyte
species are averaged across the region between the separator and
the cathode current collector (CC).

Figure 3.21: Simulated concentrations of electrolyte species for a 2 mm cell size during different operational phases.

Foam electrode charging characteristics

Following the discharge analysis, this section focuses on the charging behavior of sodium-iodine

batteries with three-dimensional Kelvin-cell-based foam electrodes.
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It examines how foam
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properties influence the state of charge (SoC) and volumetric capacity, providing critical insights
for optimizing the charging process to enhance battery performance.
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Figure 3.22: The solid lines illustrate the effective volumetric capacity of a sodium-iodine battery using glassy
carbon foam structures as current collectors, while the dashed lines indicate the corresponding state of charge as a
function of foam cell size. Under C/4 charge conditions, green lines represent a foam porosity of 97.4 %, red lines
correspond to a porosity of 86.1 %, and blue lines denote a porosity of 64.6 %.

Figure 3.22 presents the charging process for the smoothed virtual foam structures previously
analyzed. Charging is conducted under galvanostatic conditions at a C-rate of 0.25, and the results
reveal a trend similar to the C/4 discharging process. There is a slight but consistent decrease in
the achievable state of charge (SoC) across all foam structures.

For the most porous foam structure, the SoC at the end of the charging cycle decreases from 0.93
to 0.88. In contrast, the densest foam, with a porosity of 64.6 %, exhibits a later termination of
the charging process compared to its discharging counterpart, reaching an SoC of 0.86 for a foam
cell size of 1 mm. Similarly, the C/4 charging simulation for the same foam structure with the

largest cell size of 10 mm yields nearly identical results to its discharging process, terminating at
an SoC of 0.62.

The foam structure with 86.1 % porosity performs better during the C/4 charging process compared
to the discharging process for foam cell sizes smaller than 2 mm, achieving SoCs greater than 0.9.
However, similar to the densest foam structure, the achievable SoCs decline as the foam cell size
increases. Consequently, the resulting volumetric capacities for the denser foam structures are
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significantly lower than those of the more porous foams. The combination of lower achievable
SoCs and reduced void volume available for electrolyte penetration results in volumetric capacities
of less than 50 AhL ! for the smoothed foam structures with 64.6 % porosity, whereas cathode
half-cells utilizing foams with 97.4 % porosity exceed 100 AhL !
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Figure 3.23: The solid lines illustrate the utilizable volumetric capacity of a sodium-iodine battery using glassy
carbon foam structures as current collectors, while the dashed lines indicate the corresponding state of charge as a
function of foam cell size. Under C/2 charge conditions, green lines represent a foam porosity of 97.4 %, red lines
correspond to a porosity of 86.1 %, and blue lines denote a porosity of 64.6 %.

Figure 3.23 shows the charging process at a higher C-rate of 0.5. Here, a notable drop in
achievable SoC is observed for the most porous foam structure with a 1 mm cell size, which

previously performed the best, down to 0.39. The terminal SoC is significantly higher for larger
foam cell sizes, ranging between 0.8 and 0.67.

The densest foam with 64.6 % porosity follows a similar trend in the C/2 charging process as
observed in the C/4 charging process. The achievable SoC for the charging process with small
cell sizes is higher than during discharging at the same C-rate. Batteries with larger cell sizes
(> 4 mm) exhibit similar behavior during both the charging and discharging processes. Unlike
the densest foam structure, batteries utilizing a foam structure with 86.1 % porosity achieve SoCs

that are 0.1 to 0.05 higher during charging compared to discharging at C/2, with a slightly steeper
decline for larger foam cell sizes.
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For the charging process, fig. 3.21b illustrates the electrolyte species concentrations averaged
along the axis perpendicular to the separator and the cathode current collector. The figure captures
the concentration distribution at the same SoC for all porosities, equivalent to the terminal SoC of
0.47 achievable for the densest foam structure (fig. 3.23). The spatial distribution of mobile species
indicates that the elemental iodine-to-sodium-ion ratio locally drops below [Ii]/[Na®] < 0.475
near the separator. This imbalance leads to the precipitation of iodine and potential dendrite
formation, posing a risk of damaging the NaSICON ceramic separator, which serves as the barrier
between the molten sodium and the aqueous electrolyte.

The three-dimensional simulations reveal that, contrary to initial expectations, species transport
to and from the electrode surface within the foam cell does not present a significant limiting
factor for battery performance. Both discharging and charging analyses highlight that the critical
challenge lies in the efficient transport of sodium ions from the NaSICON separator throughout
the cathode half-cell.

3.6 Revisiting assumptions in iodine/iodide aqueous
solutions: a model-experiment comparison

This section evaluates key model assumptions related to solubility limits and reaction mechanisms
within the iodine/iodide aqueous solution to enhance the accurate modeling of sodium-iodine
batteries as a critical tool in advancing this battery technology. To achieve this, the strategy
involves comparing experimentally obtained polarization curves with the predictions made by
the developed model. The experimental data were collected during initial investigations using
a prototype with a defined electrode surface, conducted by Frank Schifer at Fraunhofer ICT.
However, obtaining more comprehensive data was challenging due to several factors inherent to
the system under investigation. Specifically, the high vapor pressure of the catholyte, the need to
operate at elevated temperatures, and the corrosive nature of the iodine-based solution made it
difficult to maintain the integrity of the prototype and minimize mass loss during lab-scale testing.
These challenges limited the amount of experimental data, which is why the present comparison
serves as a preliminary validation rather than a thorough, in-depth verification of the simulations.
More extensive testing and optimization at the lab scale will be necessary in future work to fully
validate the physical model.

Experimentally, a specific capacity of approximately 200 AhL ! was observed, which surpasses
the maximum theoretical capacity traditionally assumed when adhering to the solubility limits
reported by Goldstein for sodium iodide solutions [124]. To reconcile the experimental data with
the model predictions, one approach involves modifying the solubility constraints. By reducing
the initial sodium-ion concentration [Na™] at the fully charged state, the theoretical capacity can
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be increased, as it is directly proportional to the difference between the sodium-ion concentration
in the fully charged and fully discharged states.
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Figure 3.24: Comparison of experimentally obtained and simulated cell voltage curves for the charging and
discharging processes in a sodium-iodine battery system. The experimental data (orange dashed line) is contrasted
with the model predictions (green and red solid lines) under different assumptions of solubility limits and reaction
mechanisms. The green line represents the simulation incorporating the revised solubility relation, while the red
line includes the additional consideration of pentaiodide (I5) formation. The comparison highlights the influence
of solubility constraints and reaction dynamics on the overall electrochemical behavior and specific capacity of the
battery.

Adjusting the model to fit the experimentally observed capacity resulted in the following expression
for the minimum sodium-ion concentration in the catholyte:

[Na*]min = 0.137 [1] (3.46)

The results of the experiment and the simulation during both the charging and discharging
processes are depicted in fig. 3.24. The corresponding cell voltage curve, incorporating this
revised solubility relation, is represented by the solid green line in the graph. Overall, a qualitative
comparison indicates that the experimental and simulated curves are generally in good agreement.
However, the simulated curve exhibits a higher cell potential near the fully charged state, a
feature not observed in the experimental data. Specifically, in the specific capacity range of
150-200 AhL !, the slope of the simulated voltage curve exceeds that of the experimentally
measured cell voltage, resulting in a noticeable inflection point in the curve.

This discrepancy is attributed to a significantly higher concentration of I, in this specific capacity
range. During the charging process, the charge transfer reaction generates iodine, which typically
recombines with iodide to form triiodide, keeping the iodine concentration relatively low. However,
ata certain point, the equilibrium constant of the triiodide recombination reaction (Kp,-) necessitates
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a substantial increase in iodine concentration, normally in the range of I x 102 m. This dramatic
increase in concentration, spanning several orders of magnitude, alters the equilibrium potential
governed by the Nernst equation (eq. (3.17)), leading to the observed deviation in the voltage
curve.

To address the observed discrepancy in the voltage curve, one might consider revising the
assumption that polyiodide formation is primarily limited to triiodide (I5"). The detailed reaction
mechanisms within iodine/iodide aqueous solutions remain a subject of ongoing debate across
various applications. A comprehensive review of this topic was recently published by Pesek
and Silaghi-Dumitrescu [156]. It is plausible that higher polyiodides, such as pentaiodide (I5),
heptaiodide (I7), and nonaiodide (Ig), could play a significant role in the catholyte solution of the
sodium-iodine battery system under investigation.

As afirst step, the potential formation of pentaiodide (I5) is examined, governed by the equilibrium:

Ki- = (3.47)

Adjusting the equilibrium constant of the pentaiodide recombination reaction (Ky;) reported
by Haddock et al. to the operating temperature of the sodium iodine battery yields a value of
K- =2.78 mol m~> [157]. Maintaining equilibrium is achieved by assigning a sufficiently high
value to the reaction rate constant (k¢y-), while ensuring numerical stability throughout the
simulations. Therefore, incorporating I5 as an additional species alters the source terms in the
electrolyte transport equation (eq. (3.4)) as follows:

k —

iy = —ke (1] 0]+ 2 [15] = keag o] [15] + = 5] (3.48)
k

= ke [I] [I7] + == [13] (3.48b)
I3

ke () (1] = 5 (15 — kepe (L] [15] + 2 [15] 3.48
ry = ke llp _53_1%5234'[{1{5 (3.48¢)
ke
ri; = kepo [I] [157] - [15] (3.48d)

Simulating the model with this revised mechanism and the alternative solubility relation produces
the cell voltage curve indicated by the solid red line in the graph. Notably, within the specific
capacity range of 0—150 AhL~!, the inclusion of pentaiodide (I5) in the model yields results
consistent with the previous simulation. This is likely due to the dominance of triiodide (I3)
formation over pentaiodide formation, as indicated by the ratio Ki-/Ki- ~ 44. Therefore,
pentaiodide formation becomes significant only at higher iodine concentrations, which occur
closer to the fully charged state, corresponding to specific capacities above 150 AhL .
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In this high-capacity region, the revised simulation with pentaiodide formation shows a less
pronounced increase in iodine concentration compared to the previous model. This behavior can
be explained by the introduction of a secondary iodine storage mechanism through pentaiodide
formation, which activates when the triiodide formation mechanism is saturated. Consequently,
the previously observed inflection point in the voltage curve is less pronounced and occurs later
in the charging process.

However, it is important to note that even with the adjusted reaction mechanism, the iodine
concentration (I,) near the fully charged state remains significantly higher when using the
alternative solubility relation compared to the solubility limits reported by Goldstein. This raises
intriguing questions about the physical plausibility of such high iodine concentrations in an aqueous
solution, particularly given iodine’s well-known low solubility in water. Further experimental
validation and investigation into the solubility behavior of iodine under these conditions are
warranted to confirm the accuracy of the model predictions.

3.7 Conclusion

The application of the microscale simulation model for sodium-iodine batteries presented in this
study has yielded several significant conclusions. The model’s validity is first established through
a comparison with results derived from a one-dimensional model approximation, demonstrating
a strong correlation that reinforces the model’s reliability and accuracy.

In examining the two-dimensional electrodes , represented by a centrally placed titanium plate,
the study reveals substantial diffusion limitations that critically undermine the efficiency of
batteries designed with such a cell architecture. Specifically, it is determined that a cell thickness
exceeding 1 cm is not feasible, highlighting the impracticality of using bulky electrodes in this
design framework.

Among the tested configurations, an elemental iodine concentration of 8 M emerged as the
most effective, offering an optimal balance between theoretical capacity and practical utilization.
Notably, charge transport within the solid phase does not pose a significant limitation, provided that
materials with appropriate conductivity are selected, allowing these two factors to be dismissed
as a potential bottleneck in future research efforts.

The investigation into the spatial distribution of species concentrations further identifies that the
primary mechanism leading to the termination of the battery’s operation in the two-dimensional
electrode design is local precipitation or depletion of charge-carrying species. In this context, the
transport processes from the anode to the reactive surfaces within the cathode compartment are
identified as the critical bottleneck in this design.
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Moreover, the overpotentials observed are relatively modest, attributed to the rapid charge-transfer
kinetics associated with iodide oxidation. This finding suggests that the surface area of the
electrode is not a limiting factor to a significant extent. However, the study identifies a key issue
in the distribution of available surface area across the positive electrode in the two-dimensional
design, which emerges as a major challenge to be addressed in future developments.

The subsequent analysis of three-dimensional electrodes for sodium-iodine batteries shifted focus
to the use of glassy carbon foams as electrode materials. Preliminary comparative simulations
between the traditional two-dimensional cathode electrode design and the novel foam electrode
structures demonstrated a significant enhancement in the achievable depth of discharge with the
latter.

The glassy carbon foam structure was mathematically modeled using the packing of Kelvin unit
cells, with additional virtual smoothing algorithms applied to closely replicate imaging data
from actual glassy carbon foams. This approach was validated, confirming the accuracy of these
techniques for future applications in modeling complex electrode architectures.

From a mathematical perspective, the analysis of computational foam creation revealed that
efforts to maximize specific surface area inherently lead to a reduction in porosity. However,
performance simulations indicated that prioritizing surface area at the cost of porosity is ultimately
counterproductive for battery performance.

Crucially, the study found that larger pores relative to the foam cell size, which correlate with
higher porosity, are essential for facilitating smooth sodium-ion transit between foam cells, thereby
significantly enhancing battery efficiency. Conversely, reducing the cell size, which increases the
surface area, produced only a modest improvement in performance, except in cases where the
foam porosity was extremely high (approximately 97.4 %) and the cell sizes were smaller than
2mm. This trend was consistent across different C-rates, during both charging and discharging
processes.

These findings align with the results from studies on two-dimensional electrodes, reinforcing the
conclusion that effective charge and species transport across the cathode half-cell is critical for
achieving high utilizable capacities in sodium-iodine batteries.

The comparison between the initial, limited experimental data and the numerical solver results,
using the same prototype geometry, raises questions about the current assumptions regarding the
iodine/iodide aqueous solution. Notably, the specific capacity observed experimentally exceeds
theoretical predictions by an impressive 70 %. By adjusting the model’s solubility limits for
the involved species, it was possible to approximate the experimentally observed capacity more
accurately.

However, the inclusion of pentaiodide (I5) as a catholyte species, which plays a role in the
recombination reactions in the bulk electrolyte, proved necessary to reproduce the shape of the
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polarization curve computationally. The formation of pentaiodide serves as an additional storage
mechanism for elemental iodine, particularly near the fully charged state. This suggests that
limiting the model to only I, I", and I3 may oversimplify the complex interactions within a highly
concentrated iodine/iodide solution.

Despite this improvement, the I, concentration remains exceptionally high, even when accounting
for pentaiodide formation, at specific capacities as elevated as 200 AhL !, This raises doubts
about whether iodine can remain dissolved at such concentrations. One plausible explanation is
that the reaction mechanisms in solution are even more complex, possibly involving the formation
of higher polyiodides. However, this is unlikely, as the equilibrium constant (equilibrium constant
of the pentaiodide recombination reaction (Kp-)) for pentaiodide is already 44 times lower than
that for triiodide (equilibrium constant of the triiodide recombination reaction (Kp,")).

Another possibility is that iodine precipitates in significant quantities. While the model prohibits
iodine precipitation due to concerns over potential damage to the battery, particularly the separator,
it is conceivable that the materials may withstand some level of precipitation over multiple cycles,
leading to the observed higher capacity. To test this hypothesis, long-term experiments will be
required once the battery system progresses beyond the early laboratory prototype stage.

Such findings underscore the critical role of electrochemical models in predicting the catholyte
composition and ensuring safe operating conditions for the overall battery system. Long-term
performance and material resilience must be investigated to validate these assumptions and
optimize the system for practical use.
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In the quest for advancing next-generation sodium-ion batteries, all-solid-state sodium-ion batteries
have emerged as leading contenders due to their inherent safety, long cycle life, and the potential
to employ sodium metal anodes. Although an increasing number of studies are experimentally
examining materials and designs for all-solid-state sodium-ion batteries (ASSSIBs) (refer to
section 2.1.2), theoretical methods have predominantly aimed at investigating active materials and
electrolytes at the nanoscale [158, 159].

In recent years, simulation studies on sodium-ion batteries (SIBs) have primarily focused
on traditional systems that utilize liquid electrolytes. For example, Xiang et al. employed
equivalent circuit models to estimate the state-of-charge (SOC) and state-of-health (SOH) in
SIBs, providing valuable insights into battery diagnostics and performance management [160].
Similarly, Chayambuka et al. explored the use of pseudo-two-dimensional (P2D) models in SIBs,
specifically utilizing fluorinated sodium vanadium phosphate as the positive electrode material
and hard carbon as the negative electrode [161]. Building on these developments, Garapati et
al. introduced a reduced-order single-particle model that offers quick computation times and low
computational cost while maintaining the accuracy of the more complex P2D models [162]. Jagad
et al. recently introduced a one-dimensional, physics-based model for SIBs, leveraging machine
learning techniques for parameter fitting, and incorporating Na,/3[Ni;sFe;;;,Mn7,1,]0, (NNFMO)
as the active material [163].

However, as the focus of SIB technology shifts from liquid electrolytes to solid or hybrid systems,
a new frontier of research is emerging. Solid-state and hybrid electrolytes present a different set
of challenges and opportunities, particularly in the context of modeling and simulation studies
[61]. Unlike liquid electrolytes, solid-state electrolytes promise enhanced safety, stability, and
potentially higher energy densities. However, these benefits come with complexities that require
novel simulation approaches. Accurate modeling of solid-state electrolytes involves capturing the
intricate electrochemical interactions at the interfaces between the electrolyte and the electrode
materials, as well as understanding the transport phenomena within the solid electrolyte itself
[164].
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Despite extensive research efforts, as detailed in section 2.2.1, the discovery of a single-phase solid
electrolyte that meets all the necessary criteria for the realization of ASSSIBs remains elusive.
A promising alternative approach involves combining two types of solid electrolytes to create a
composite material, as discussed in section 2.2.2. Consequently, this work centers on a composite
electrolyte composed of a polyethylene oxide (PEO) polymer matrix integrated with NaSICON
inorganic active fillers, chosen for their exceptional properties and potential to enhance the overall
performance of ASSSIBs.

To address emerging challenges associated with the application of CSEs for sodium ion batteries,
this chapter delves into the effects of cell composition on the overall performance of ASSSIBs
at the particle level. For the first time, a physics-based microstructure model is employed to
resolve phenomena at the particle scale, enabling a detailed investigation of how various material
properties and design parameters influence the electrochemical behavior of ASSSIBs. This
approach allows for the simulation of complex interactions and transport processes that occur
within the battery, providing comprehensive insights into the factors that affect battery efficiency,
durability, and overall performance.

Theoretically, the design possibilities for the morphology of a composite solid electrolyte (CSE)
are virtually limitless. For instance, Wang et al. proposed a CSE configuration featuring a
nanostructured three-dimensional NaSICON framework embedded within a PEO matrix [165].
While this approach offers the potential for enhanced ionic conductivity, it appears impractical
for current battery manufacturing processes, which predominantly rely on mixing and drying
techniques. In this study, both the active filler and the active material are designed as particle
systems, aligning with the more feasible manufacturing practices of today.

The overall goal is to contribute to the advancement of more efficient and reliable ASSSIBs
by guiding the development of materials and designs that optimize battery performance at the
microscopic level.

4.1 Working principle

The working principle of the all-solid-state sodium-ion battery with a polymer-ceramic composite
electrolyte, as illustrated in fig. 4.1, mirrors the operation of other intercalation-based battery
technologies, such as lithium-ion batteries. This battery features a sodium metal anode, where the
discharge process initiates at the anode—separator interface. During discharge, elemental sodium
is consumed, leading to a decrease in sodium content within the anode compartment. Sodium
ions are generated at the anode—separator interface in the molten sodium anode, then migrate
through the separator, and finally enter the cathode domain.
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Figure 4.1: Working principle of an all-solid-state sodium-ion battery featuring a sodium metal anode and a hybrid
polymer-ceramic electrolyte

In this study, the active cathode material is sodium vanadium phosphate (NVP), a polyanion-type
material known for its stability, capacity, and cyclability, making it a prominent choice for SIBs
[49, 50]. Notably, a recent study Park et al. reported a novel NVP material with a 15 % higher
energy capacity than standard NVP, highlighting the ongoing potential for future improvements
in this material [166]. The overall reaction within the sodium-ion battery is represented by:

Na;V,"(PO), == NaV,"(PO), + 2Na® + 2¢” 4.1)

At the cathode, the insertion process involves the reaction where sodium ions intercalate into the
NVP, as shown by:
Na®, == Na" + O, + €~ 4.2)

Here, ®, symbolizes a site within the active material, with a typical potential of approximately
3.4V versus Na*/Na, involving the oxidation of vanadium from V>* to V#*.

The electrolyte in this battery is a composite system comprising a flexible polymer host embedded
with brittle active-filler particles. The ceramic material NaSICON serves two purposes: as the
active filler material within the composite electrolyte and as a separator. NaSICON is a well-known
pure sodium ion conductor with high ionic conductivity, adding significant mechanical stability
when used as a separator in the battery. While the solid composite electrolyte could potentially
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function as a separator, the inclusion of a pure NaSICON separator is preferred to enhance the
structural integrity of the battery system.

4.2 Three-dimensional model for all-solid-state sodium
ion batteries

In this study, the three-dimensional simulations were conducted using the OpenFOAM software
package, which operates on the finite-volume method. Although OpenFOAM was originally
developed for computational fluid dynamics, its inherent versatility and open-source nature
allowed for extensive customization. This customization was essential for implementing the
governing equations and boundary conditions required by the electrochemical model central to
our research.

The numerical solver employed in these simulations was developed by integrating elements from
two distinct solvers: one designed for the sodium-iodine battery, as discussed in chapter 3, and
another designed for lithium-ion batteries as described by Kespe and Nirschl [167]. This hybrid
approach was carefully adapted to accurately model sodium-ion batteries with hybrid electrolytes,
ensuring that the unique characteristics of these systems were effectively captured.

A key difference between the sodium-iodine battery solver and the ASSSIB model developed for
this research lies in the incorporation of intercalation processes. Specifically, the ASSSIB model
includes sodium (Na) transport within the active material, a critical aspect of battery operation.
Additionally, the model employs concentrated solution theory to describe the potential and species
distribution within a binary electrolyte system [23]. This theoretical framework allows for a more
nuanced and accurate representation of the electrochemical processes occurring within the battery.

Furthermore, the model’s implementation is designed with flexibility in mind, enabling it to
accommodate a wide range of active materials and electrolytes. By adjusting the physical
parameters, the model can be tailored to simulate different battery chemistries, making it a robust
tool for studying various configurations of sodium-ion batteries.

4.2.1 Governing equations

In comparison to the all-liquid battery model outlined in section 3.2, the mathematical framework
for this study introduces an additional equation that accounts for species transport within the active
material. As a result, the model comprises a system of five coupled equations that collectively
describe mass and charge conservation within both the insertion electrode and the electrolyte.
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Similar to the equation presented in eq. (3.13), the transport of charge within the active material is
governed by Ohm’s law. This law defines the current density within a homogeneous, crystalline
solid, where electrons are the primary charge carriers. The relationship is mathematically
expressed in terms of the electrical active material conductivity (o-) and its corresponding active
material potential (®y):

is = -0 Vdq 4.3)

Although all materials in this battery setup are solid, the properties of the active materials are
indicated by the subscript "s" and referred to as the solid phase to align with the nomenclature
used in existing battery modeling literature. For the active material, sodium vanadium phosphate
(NVP), the intrinsic electrical conductivity is quite low, approximately 3 x 10°8Scm ! as
reported by [168]. To account for the enhanced conductivity typically achieved through carbon
coating, the model incorporates this effect by assuming a constant, effective electrical conductivity

throughout the material.

Given the assumption that electron transport occurs significantly faster than other processes within

, %" = 0. This leads to a

simplified equation of continuity for the solid-phase potential, which is a fundamental component

the electrode, the charge density can be considered constant over time, i.e.

of the model’s charge conservation equations.

V.ig=0 (4.4)

In the solid phase, sodium ion transport is governed by Fick’s first law, which states that the molar
flux density of sodium is proportional to the concentration gradient. This relationship is captured
by the continuity equation, which, in the context of solid diffusion, is represented by Fick’s second
law: 5

% =V DVe, (4.5)
This equation accounts for the time-dependent change in active material sodium ion concentra-
tion (cg) depending on active material sodium diffusion coefficient (Ds), influenced by spatial

concentration gradients.

The transport of sodium ions (Na*) within the electrolyte is modeled using the concentrated
solution theory, which provides a more accurate representation compared to the dilute solution
theory, especially for high-concentration scenarios. The sodium ion flux in a binary electrolyte,
considering both diffusion and migration, and depending on the electrolyte sodium ion diffusion
coeflicient (D¢)), the transference number of sodium ions in the electrolyte (tg), the electrolyte
sodium ion concentration (ce)), the F and the i is expressed as:

dlnc iet?
—el’o) a+ (4.6)

=—Dq|1-
Jea e‘( dln ce
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dInCel 0
The term 1 — T ol

ideality in the concentration dependence of the chemical potential.

is known as the thermodynamic factor, which accounts for deviations from

Given that the solvent velocity in solid electrolytes is typically negligible, the convection

contribution is disregarded in this analysis. A more detailed derivation of this equation based

on the Maxwell-Stefan relationship can be found in Plett [93]. In this study, the thermodynamic

factor is set to 1, simplifying the mass-balance equation for the electrolyte to:
dcel V- (iar))

ot =V :DeVce — F

4.7)

Charge conservation in the electrolyte is enforced by the condition V - ig = 0, indicating that the
electric current density field is divergence-free. This condition is consistent with the assumption

that the macroscopic model does not resolve double layer formation, expressed as 6%’;1 =0.Ina
binary electrolyte, the electrolyte current density is given by
VkRT [ s 19 soC
i) = —kV Dy — = ) Yiney (4.8)

F nvy  Z4Vs nco

with signed stoichiometric coefficient (s;), moles of ion i produced when a mole of its salt
dissociates (v;), number of moles of ions into which a mole of electrolyte dissociates (v) and the
number of electrons produced by the reaction (n) [112]. This equation includes an additional
diffusion term on the right-hand side, representing ion movement due to concentration gradients,
which is not present in simpler formulations like Ohm’s law [93]. The concentration dependence
of the « of a polymer is is modeled using a semi-empirical equation inspired by the work of
Mongcopa et al. [169]:

K (Cel) = KKNaTFSI(T)Cel

Cel
exp (_—Cel’Kmax ) )] 4.9)

The derivation of the equation used in this work, along with the evaluation of the ionic conductivity
prefactor for the PEO-NaTFSI system (Kn,trsy) from experimental data reported in [170], is
thoroughly explained in appendix A.1.

There are no negatively charged species involved in the reaction (s- = 0), NaTFSI completely
dissociates in PEO, and the solvent does not take part in the reaction (so = 0). Also, the coefficient
for Na" is —1 (sy = —1), and one electron is generated in the reaction (n = 1). Furthermore,
vy = v_ = z4 = | for most salts. With these assumptions and defining the electrolyte diffusional

conductivity (kq) as:
_ 2RT«k

= (1-19) (4.10)

Kd
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eq. (4.8) simplifies to

i = KV Dy + L Vey @.11)
Cel

This final equation highlights the dual influence of electric potential and concentration gradients
on ion transport in the electrolyte, reflecting the complex interplay of these factors in all-solid-state
sodium-ion batteries.

4.2.2 Electrochemical reaction kinetics

To accurately model the behavior of an all-solid-state sodium-ion battery, it is essential to couple
the four previously introduced partial differential equations (PDEs)—namely, those governing
charge conservation in the cathode eq. (4.4), sodium transport in the active material eq. (4.5),
sodium transport in the electrolyte eq. (4.7), and the charge conservation in the electrolyte
(V -ig = 0). This coupling is achieved by introducing a fifth equation that captures the kinetics of
the electrochemical reaction at the electrolyte-electrode interface.

This additional equation calculates the rate at which sodium ions are generated or consumed by
the electrochemical surface reaction, a process fundamentally governed by charge transfer kinetics.
These kinetics, which occur at the interface between the active material and the electrolyte, are
typically described by the well-established Butler—Volmer equation [23, 171]. It takes the identical
form as eq. (3.15) and is explained in detail in section 3.2:

a.F

RT

RT (D5 — D¢l — Ueq(cs)))] (4.12)

. . aq.F
IBV =10 [eXp (L (q)s - @ — Ueq(cs))) — eXp (

In the absence of detailed information about the specific reaction mechanisms, it is common
practice to assume that the charge transfer reaction is symmetric. This assumption simplifies the
model by setting the anodic and cathodic transfer coeflicients «,, @, to 0.5. With this assumption,
ip can be expressed as follows [112]:

io = Fk/Csmax — CsVesveel (4.13)

In this equation, k is the Butler-Volmer reaction constant, ¢s max 1S the maximum concentration of
sodium in the solid phase. The iy reflects the dynamic equilibrium of the charge transfer reaction
and quantifies the rate at which electrons are exchanged at the interface when the electrode
is in equilibrium. Determining the Butler-Volmer reaction constant (k) and the equilibrium
potential (Ueq) requires experimental data, as these parameters are highly dependent on the specific
materials and conditions of the battery system. The accuracy of the reaction kinetics model is
crucial for predicting battery performance, especially under varying operational conditions.
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4.2.3 Boundary conditions

Selecting appropriate boundary conditions is critical for solving the electrochemical model of
an all-solid-state sodium-ion battery. These conditions define how the different variables—such
as potentials and concentrations—behave at the interfaces and boundaries of the computational
domain. The correct implementation of these conditions ensures that the model accurately
represents the physical processes occurring within the battery.

Separator

Electrolyte === Cathode
particles

Figure 4.2: Depiction of the boundary and interface conditions used in the computational model for the cathode
half-cell of a solid-state sodium-ion battery. The notation V,¢ indicates the surface normal gradient, representing
the dot product n - V.

Figure 4.2 provides an illustration of the boundary and interface conditions implemented in the
model. The normal gradient of a scalar quantity ¢ at a surface is denoted by V¢, which represents
the dot product of the surface unit normal vector pointing outside the computational domain (7)
with the gradient of ¢, i.e., Vo = n - V.

At the cathode-to-electrolyte (cte) interface, the Neumann boundary condition is applied to the
active material potential, which can be mathematically expressed as:
n-vo| =-BY (4.14)

o
cte

The active material sodium ion concentration boundary gradient at the cte is calculated similarly,
while the gradient at the separator equals zero:

n-Veg| =0, n-Veg| =- (4.15)

sep cte
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4.2 Three-dimensional model for all-solid-state sodium ion batteries

Here, the zero gradient condition at the separator interface ensures no flux of sodium ions across
this boundary, reflecting a physical barrier. In the electrolyte, the flux of anions is balanced by
migration and diffusion, which leads to the following boundary conditions for the electrolyte
concentration electrolyte sodium ion concentration:

n-ill—to til—to
n-Veg| = _%’ n-Veg| = M (4.16)
sep etc

Substituting eq. (4.16) into the flux-density equation enables the derivation of the boundary
condition for the electrolyte potential:

; 1-7
novo,| -, LBk

4.17
K FcelDe ( )

etc

This boundary condition ensures that the potential gradient in the electrolyte is consistent with
both the ionic and electronic currents at the cte interface.

Additionally, the periodic setup of the computational domain demands specific boundary con-
ditions to maintain consistency across the boundaries. The periodic patches refer to those
perpendicular to the separator and the cathode current collector. These periodic conditions
ensure that the flux densities, potential, and concentration values are continuous across the
periodic boundaries. Standard Neumann or Dirichlet boundary conditions do not suffice for
these requirements; hence, Robin-type boundary conditions are employed. In the OpenFOAM
environment, such a boundary condition is calculated using the following equation:

Or = Worer + (1 - W)(¢C + Av¢ref) (418)

In this context, (¢.) denotes the value at the center of the boundary cell, while the reference
values (¢rer), reference gradients (Véyer), and value fractions (w) calculated to ensure charge
conservation (i, = i) and mass conservation (J, = J,) across the periodic boundaries.

Table 4.1: Boundary conditions applied in the OpenFOAM simulation environment for a periodic setup, ensuring
uniform flux densities, potentials, and concentrations across the computational domain’s periodic boundaries.

Quantity Reference value (¢f) Reference gradient (Vi) Value fraction (w)
2RT Kd.n KnlAp
(OS] (I)el,n Fcel,o (t+ - 1) VCel,o - Cel,nkvcel’n m
Cel Cel,n 0 Detnln
' Del,nAn + Del,vo
@, @, 0 0.5
Cs Csn 0 0.5

77



4 All-Solid-State Polymer-Ceramic Sodium-Ion Batteries

Proceeding from the conservation equations and comparing the coefficients with those in equation
eq. (4.18) leads directly to the expressions for the periodic boundary conditions as outlined in
table 4.1. The subscripts n and o refer to the neighboring and own cells, respectively, while f
indicates the value at the shared face. The term A accounts for the distance between the face and
the cell center, with a correction for non-orthogonal cells.

4.2.4 Model parameterization

The physics-based model requires a comprehensive set of parameters, ideally obtained from direct
measurements or derived from measured quantities. The parameters with constant values used in
the model are detailed in table 4.2.

Table 4.2: Modeling parameters for the hybrid sodium-ion battery cathode half-cell, featuring a polymer-ceramic
hybrid electrolyte, evaluated at room temperature.

Parameter Value Reference
Symmetry factors (@, @) 0.5 +
NVP particle diameter (dnvp) 8 pm T
NaSICON particle diameter (dnas) 4 um +
Separator thickness (Lsep) 20 pm +
Sodium max concentration (g max) 14.2mol L ! t
Sodium min concentration (¢ min) OmolL ! ¥
Butler-Volmer reaction constant (k) 3 x 102 m23mol®s ! [172]
NVP/C conductivity (o) 7.14Scm™! [173]
NaSICON conductivity (knas) 1.5 x 103Sem™! [174]
Polymer conductivity (kpol) 6 x 10°Scm ™! [175]
PEO-NaTFSI conductivity prefactor (KNaTFsT) M1 [170]
Peak polymer conductivity concentration (ce k,,,) 1.085 x 10 3Scem ! [170]
NaSICON diffusion coefficient (D¢ nas) 4 x 10 2m2s! [176]
Polymer diffusion coefficient (D pol) 47 x 10 ¥ m2s! [177]
Sodium ion transference number (%) 0.39 [175]

1 geometric parameters used for simulation
I calculated based on gravimetric capacity reported in [178]

One critical parameter is the equilibrium potential, which significantly influences the shape of the
polarization curves and reflects the characteristics of the active material used. However, a robust
theoretical framework for the sodium ion intercalation process remains elusive. The equilibrium
potential of sodium ion intercalation electrodes often deviates from predictions based on the
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4.2 Three-dimensional model for all-solid-state sodium ion batteries

Nernst equation due to complex solid-state redox reactions. This deviation results in distinctive
and anomalous voltage behavior, a subject that has been extensively explored and debated in the
literature [49].

Given the current limitations in understanding solid-state redox reactions, researchers typically
match experimental equilibrium potential profiles to empirical models for subsequent predictions
[179]. Karthikeyan et al. proposed a method for modeling the equilibrium potential of insertion
electrodes using excess functions derived from the thermodynamics of non-ideal solutions [180].
This method expresses the equilibrium potential (Ueq) as a function of the mole fraction (), the
interaction parameters of the intercalating species, and other thermodynamic contributions.

1_

IPM  FUey = FU.’+ RTIn [—2X | + RT [-A 2y - 1)] (4.19)
X
- 3

2PM  FUeq = FUe" + RT In S X)L RT —A+2AX—B+3B)(—§B)(2] (4.20)
X
1- A(By?-1+2y—x?

V.L  FUeq = FUs + RTIn[—2 | + RT (Bx XZX) 4.21)
X (1-x+Bx)

N

1 - 2ky (1 -

RK  FUsyq = FUe + RT In | —2 £ A l(zX—l)"“—Ll)_‘Z] (4.22)
X k=0 2x —-1)

To identify the most suitable thermodynamic model for this study, we compared several thermo-
dynamic equations: the one-parameter Margules (1P M), two-parameter Margules (2P M), van
Laar (v. L.), and Redlich-Kister (R-K) equations [181, 182]. The model equations are given in
eqs. (4.19) to (4.22). Additionally, fig. 4.3 illustrates cell voltage measurements for carbon-coated
NVP samples at low C-rates, extracted from Si et al. [183], along with the corresponding fits to
the thermodynamic equations.

Table 4.3: Fit parameters and quality metrics for thermodynamic models applied to NVP.

Parameter Ug? A B R?

1P Mar 0.3781 2.1698 O 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 ¥ 0 0.9860

T coefficients are listed in appendix A.2.

A non-linear least squares algorithm was employed to fit the data to the various thermodynamic
equations. The quality of these fits was assessed for monotonicity and overall accuracy. Table 4.3
presents the fitting parameters used for evaluating the fit quality.
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Figure 4.3: Cell voltage measurements of carbon-coated NVP samples at low C-rates, as reported by Si et al. [183],
with corresponding fits to thermodynamic equations. The fits were derived using a nonlinear least squares algorithm.

o

The Redlich-Kister and one-parameter Margules models demonstrated high fit quality; however,
they did not adequately capture the elongated flat plateau and exhibited non-monotonic behavior,
which is physically unrealistic. Conversely, while the two-parameter Margules model showed
slightly lower fit quality, it was preferred for its ability to maintain monotonicity and its simpler
formulation, which facilitates easier interpretation and application in subsequent analyses.

4.3 Solver implementation and computational solution

The implementation of the electrochemical model for the all-solid-state sodium-ion battery shares
several similarities with the solver designed for the sodium-iodine battery discussed in section 3.3.
However, there are key differences that necessitate a specialized approach for the sodium-ion
system.

A key distinction is that in the current model, the electrolyte concentration is represented by a
single scalar, whereas in the sodium-iodine battery model, the electrolyte contained multiple
species, each described by its own scalar and corresponding equation. Additionally, the solver for
the sodium-ion battery is developed to accommodate periodic boundary conditions due to the use
of periodic, non-symmetrical meshes (table 4.1). This feature introduces complexity in ensuring
the convergence of all scalar fields within each time step.

During discharge, the movement of sodium ions (Na) from the anode, through the electrolyte
as Na™, and their subsequent intercalation into the cathode active material is governed by the
transport equations (eq. (4.5) through eq. (4.7)). Simultaneously, the solver addresses charge
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conservation in the cathode and ionic conservation in the electrolyte through their respective
electric and ionic potentials. In this three-dimensional model, sodium mass is represented by a
single scalar: Na* in the electrolyte and Na in the electrode. Similarly, a second scalar represents
the potentials in both the electrolyte and cathode phases.

The numerical solution of these equations involves discretizing the two scalar fields using
unstructured tetrahedral cells, employing a second-order finite-volume spatial scheme and an
implicit first-order temporal scheme. The equations are solved in a segregated manner, with
a conjugate gradient linear solver and a geometric-algebraic multigrid solver used for matrix
preconditioning. Each scalar is implicitly solved across the entire cathode and electrolyte domain.

While solving uncoupled linear diffusion equations, such as eq. (4.5), is relatively straightforward
and computationally efficient, even on large and complex three-dimensional mesh networks, the
situation becomes significantly more challenging when non-linearities introduced by electrochem-
ical reactions (eqs. (4.12) and (4.13)) and ion transport mechanisms (e.g., migration terms in
eq. (4.8)) are considered.

The segregated solver tackles the partial differential equations for each computational domain
separately, as illustrated in fig. 4.4. Within the cathode domain, multiple inner and outer
iterations are conducted to ensure the consistency of the external current (I$*), the current at the
cathode—electrolyte interface (I$'), and the current at the cathode current collector (I$€) during
galvanostatic cycling.

The iterative coupling between the electrolyte and cathode domains is facilitated by the But-
ler—Volmer charge transfer equation. To ensure computational stability, under-relaxation tech-

niques are applied during the coupling process. Convergence is monitored by calculating the
etc

el
and i$°. These values must fall below a predefined convergence criterion to guarantee current

normalized root mean square deviation (NRMSD) of the currents at the coupled patches, i

consistency across the interface.

Moreover, the concentration changes between successive iterations must be minimal to ensure
solution stability. In most simulation scenarios, a convergence criterion d; of 1 x 103 was found
to be sufficient for achieving reliable results.
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RMSD(z’ng, z'gte
<
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Figure 4.4: Schematic flowchart illustrating the iterative solution algorithm used in the segregated solver. The
algorithm is designed to maintain current consistency during galvanostatic cycling. To ensure stability, under-
relaxation techniques are applied. Convergence between the electrode and electrolyte currents at the coupled
interfaces is evaluated using the normalized root mean square deviation (NRMSD).
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4.4 3D Simulation: Impact of Cathode Electrode
Properties on Battery Performance?

This section presents the effects of polymer-ceramic cathode electrode characteristics on the
performance of the all-solid-state sodium-ion battery, as predicted by our computational model.
A series of simulations systematically investigates how variations in key properties of the cathode
electrode—such as the electrolyte active filler volume fraction, cathode thickness, and active
material content—impact overall battery performance. This parametric study explores the effect of
each parameter individually while holding the others constant. Examining these model predictions
provides insights into the fundamental mechanisms that dictate battery behavior. Ultimately, these
findings offer valuable guidance for the optimization and design of next-generation battery systems
aimed at achieving superior performance.

4.4.1 Cathode microstructure generation and computational mesh

The cathode microstructures analyzed in this study consist of a randomly arranged stack of dense,
smooth, spherical particles. These microstructures were generated using the discrete element
method (DEM) through the open-source LIGGGHTS® software. This approach is adapted from a
lithium-ion battery (LIB) microstructure generation algorithm described by Chauhan et al. [185].
Originally, this technique was employed to create computational meshes for investigating the
influence of the carbon-binder domain on battery performance using a two-phase computational
cathode domain (NMC and CBD) and a single-phase computational electrolyte domain.

In the present work, this microstructure generation workflow has been modified to produce a single-
phase computational cathode domain (NVP) and a two-phase computational electrolyte domain,
consisting of NaSICON particles embedded within a polymer host matrix. The simulations aimed
to replicate the spatial distribution of the cathode half-cell components, with a focus on the
geometric arrangement rather than detailed particle interactions.

The particle stack, representing the active material and NaSICON fillers, was generated within a
simulation box. During this procedure, particles were allowed to settle and roll under periodic
boundary conditions, with collisions modeled using the Hertz-Mindlin contact model. The
dimensions of the simulation box were selected based on structural property studies [127], and
uniaxial compression was applied to fix the cathode dimension, thereby adjusting the volume
fractions.

This section includes results and findings that were previously reported in Gerbig, F., Chauhan, A., Gietl, S., and
Nirschl, H.: Performance Investigations on All-Solid-State Polymer-Ceramic Sodium-Ion Batteries through a
Spatially Resolved Electrochemical Model. Journal of The Electrochemical Society, 2024, 171(9), 090515. por:
10.1149/1945-7111/ad7763
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In this work, electrodes were modeled at specific thicknesses for various studies, and the particle
stacks were extended and trimmed along the simulation box dimensions to ensure the formation of
periodic cathode geometries and half-cells. The electrolyte domain was formed by including the
pore volume within the cathode and adding a separator thickness. To regulate the initial particle
insertion, pseudo-random number generation was employed, and multiple microstructures with
different seeds were generated for each study to maintain constant volume fractions and porosity,

which ensures comparability of the results.
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Figure 4.5: Visualization of the computational mesh and cathode microstructure created with LIGGGHTS software
using the discrete element method (DEM). The image depicts a randomly packed arrangement of dense, smooth
spherical particles, capturing the spatial distribution of the cathode components under periodic boundary conditions.

Figure 4.5 illustrates a virtual cathode structure resulting from the described microstructure
generation workflow. Following this, the meshing of computational regions was carried out using
Simcenter. An example of the resulting unstructured tetrahedral mesh is also shown in fig. 4.5. The
mesh generated by Simcenter maintains a nonorthogonality within 65°. To ensure accurate flux
approximation and address any potential issues arising from non-orthogonality, a non-orthogonal
correction was applied to the surface normal gradient schemes and the Laplacian schemes within
OpenFOAM. These adjustments help preserve the accuracy of the spatial discretization used in

the second-order finite volume method.

84



4.4 3D simulation: Impact of cathode electrode properties on battery berformance

4.4.2 Effect of filler content on battery performance

Figure 4.6 depicts the influence of varying active filler content on the discharge performance of
a sodium-ion battery equipped with a hybrid composite solid electrolyte during C/5 discharging.
The simulation examines how different levels of active filler content in the electrolyte affect the
battery’s discharge characteristics. The cathode, with a fixed length of 100 pm and an NVP content
of 54 %, is analyzed. This configuration yields a theoretical specific capacity of 204 AhL !,

3.30t
g X
Z 315
<]
= A
= 3.00f
>
% A
O 2.85}
2.70F . . . .
0 50 100 150 200

Specific capacity (AhL™1)

—#—Disch., o =100 % ——Disch., ¢ =31%
—e—Disch., o5 =80% -4-Disch., o5 =15%
—8-Disch., o5 =59% —e—Disch., o5 =0%
—v-Disch., o5 =45%

Figure 4.6: The figure shows the polarization curves of a sodium-ion battery during C/5 discharging, using a hybrid
composite solid electrolyte with varying electrolyte active filler volume fractions (ge1.f1) values. The solid lines
illustrate these curves at a cathode length of 100 pm, with different colors and markers indicating distinct electrolyte
active filler volume fractions levels as functions of the specific capacity.

During these simulations, the the electrolyte active filler volume fraction (¢, 1) was systematically
varied from 0—100 %. The results reveal a substantial range in capacity utilization, from21 AhL !
for an electrolyte composed entirely of PEO to 202 AhL ! for an electrolyte composed entirely
of NaSICON. This variation highlights the critical role of filler content in determining battery
performance.

In this situation, the observed reduction in capacity for electrolytes with a lower NaSICON content
is primarily due to slower sodium ion transport within these electrolytes. Under galvanostatic
cycling, the external current creates a significant potential gradient across the electrolyte to drive
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ion transport and satisfy the charge transfer reaction demands. Consequently, electrolytes with
insufficient NaSICON content fail to support adequate sodium ion movement, leading to premature
termination of discharge in these configurations.

Specifically, an electrode with ¢, 51 of 80 % demonstrated lower capacity utilization compared
to an electrode with pure NaSICON electrolyte, reflecting the limitations imposed by high filler
content. Achieving such high ¢, 1 values in practice necessitates non-spherical filler particles
to effectively occupy void spaces and enhance packing density. For instance, an electrode with
@el fil of 59 Y%, achievable with near-spherical filler particles and minimal compression, provided
a capacity utilization of 138 AhL !, or approximately 67 % of the theoretical capacity.

Figure 4.7 illustrates the charging behavior of a sodium-ion battery with a hybrid composite solid
electrolyte, varying in ¢ f1 during a C/5 charging process.
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Figure 4.7: The figure shows the polarization curves of a sodium-ion battery during C/5 charging, using a hybrid
composite solid electrolyte with varying electrolyte active filler volume fractions (¢e1.a1) values. The solid lines
illustrate these curves at a cathode length of 100 pm, with different colors and markers indicating distinct electrolyte
active filler volume fractions levels as functions of the specific capacity.

The charging analysis reveals a pattern similar to the discharging process: a pure NaSICON
electrolyte enables nearly complete utilization of the theoretical capacity, while the capacity
utilization decreases with decreasing NaSICON content. This trend is particularly pronounced
during the charging phase. For example, an electrode with an ¢ 51 of 80 % only achieves less than
50 % of the theoretical capacity, while electrodes with lower NaSICON content exhibit almost
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negligible capacity utilization. Furthermore, simulations for configurations with ¢ 51 less than
31 % did not converge, indicating computational limitations at these filler levels.

To understand the observed performance disparities, we examined the electrolyte’s sodium ion
concentration distribution. Figure 4.8 shows c¢] averaged along the axis from the separator to the
cathode current collector throughout the charging process, from the start (r = 0) to near the end
of the charging period (¢ = 19—0Tend).
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Figure 4.8: The solid lines depict the sodium ion concentration (electrolyte sodium ion concentration) during C/5
charging. The concentration values are averaged along the axis from the separator (Sep.) to the cathode current
collector (CC).

During charging, the sodium ion concentration near the separator declines sharply from 1.3 m to
nearly O M. This decrease results from sodium ions migrating from the cathode half-cell at the
separator and entering the anode. Similar to the discharging process, most of the charge transfer
reaction occurs near the separator. However, during charging, the reaction produces sodium ions
in the electrolyte, which then exit the half-cell at the separator. The Butler—Volmer reaction alone
cannot compensate for the loss of sodium ions near the separator, as ions must travel from the
current collector to the separator. This transport is impeded by slow sodium ion movement across
the electrolyte. Additionally, as the electrolyte concentration drops below a certain threshold, the
polymer’s conductivity significantly declines, reinforcing the problem and further hindering ion
transport.

4.4.3 Impact of the cathode thickness

Increasing the cathode thickness offers several advantages, especially in bipolar configurations
of sodium-ion batteries. Thicker cathodes reduce the need for multiple separators and current
collectors, leading to a decrease in inactive material and a reduction in overall system costs.
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Figure 4.9 illustrates the simulated cell voltage as a function of the capacity for cathode half-
cells with thicknesses ranging from 70-250 pm. To facilitate a more effective comparison of
performance, capacity is provided per unit area of the current collector, since the electrode volume
varies with changes in the thickness of the half-cell.

w o«
DO w

:'
—_
T

Cell voltage (V)

w
o

0.0 0.5 1.0 1.5 2.0
Specific capacity (mAhcm™?)

—#—Disch., L=70 ym -®-Disch., L =150 um
——Disch., L =100 um —¥-Disch., L =250 um

Figure 4.9: The solid lines display the polarization curves of a sodium-ion battery featuring a hybrid composite solid
electrolyte, with an active material content of 55 + 3 % and an electrolyte active filler volume fraction of 56 + 3 %.
The curves illustrate the impact of varying cathode thicknesses on cell performance.

In these simulations, both the active material content and the electrolyte active filler volume
fraction were consistently maintained at 55 + 3 % and 56 + 3 %, respectively, taking into account
the uncertainties inherent in the microstructure generation and meshing processes. The cells were
initially discharged at a rate of 0.2 C.

As expected, increasing the cathode thickness results in higher capacity values. For instance, the
thickest cathode (250 1m) achieved a capacity of approximately 2 mA h cm 2, while the thinnest
cathode (70 im) reached only 0.8 mA h cm 2. However, it is important to note that as the cathode
thickness increases, the depth of discharge (DoD) decreases—from 60 % for the thinnest cathode
to 40 % for the thickest. This trend suggests that a significant portion of the theoretical capacity
remains unutilized in thicker cathodes, potentially due to limitations in ion transport and increased
polarization within the electrode.
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4.4.4 Analysis of active material content variations

Figure 4.10 illustrates the relationship between cell voltage and specific capacity for cathode
electrodes with varying NVP content. In these simulations, the electrolyte active filler volume
fraction is maintained at 50 %, and the cathode thickness is fixed at 100 pm. The charging process
is conducted under galvanostatic conditions at a C-rate of 0.2.
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Figure 4.10: Cell polarization curves for a sodium-ion battery utilizing a hybrid composite solid electrolyte with
a cathode length of 100 pm and an electrolyte active filler volume fraction of 50 % under C/5 discharge conditions.
The curves depict the cell voltage as a function of state of charge, with different colors and markers indicating various
active material contents.

Discharge termination occurs significantly earlier for cathodes with lower NVP content. For
example, the electrode with 80 % NVP content achieves a state of charge (SOC) of 0.9, while the
electrode with only 39 % NVP content ceases discharge at an SOC below 0.1. This discrepancy
is primarily due to the limitations in Na* transport within the electrolyte.

Figure 4.11a shows a cross-sectional view of the cathode electrode, extending from the separator
to the current collector, with two distinct color maps representing electrolyte sodium ion
concentration (cey) and active material sodium ion concentration (cg). The ionic conductivity of
the electrolyte is lower than the electronic conductivity of the cathode. As a result, current tends
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to minimize its path through the electrolyte, causing the charge transfer reaction to predominantly
occur near the separator.
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(a) Cross-sectional view of a sodium-ion battery cathode featuringa  (b) Cross-sectional view of a sodium-ion battery cathode with a
hybrid composite solid electrolyte, extending from the separator hybrid composite solid electrolyte, spanning from the separator
(left) to the current collector (right). The color maps depict the (left) to the current collector (right). The color maps represent
electrolyte sodium ion concentration (ce) and the active material the electrolyte potential (D) and the Butler-Volmer current
sodium ion concentration (cg). density (igy) at the cathode—electrolyte interface.

Figure 4.11: ASSSIB electrochemical potential and species distribution

During discharge, as the active material particles adjacent to the separator reach their maximum
sodium ion concentration, the charge transfer reaction progressively shifts toward the current
collector. To facilitate this shift, the electrolyte potential must increase, allowing ionic current
to penetrate deeper into the cathode. This process is non-linear, leading to a substantial drop in
electrolyte potential, which in turn reduces the overall cell potential.

Figure 4.11b provides detailed insights into the electrolyte potential (®.]) and the Butler-Volmer
current density (igy) at the cathode-electrolyte interface toward the end of the discharge process.
According to standard convention, Butler-Volmer current density is negative during discharging.
Notably, regions with a high magnitude of Butler-Volmer current density migrate away from
the separator, where the exchange current density decreases as the sodium ion concentration in
the active material approaches its maximum of 14.2m. To drive ionic current deeper into the
electrode, the electrolyte potential must drop by more than 250 mV.

4.5 Pseudo two-dimensional model

4.5.1 Introduction to P2D models

This section aims to extend the analysis of all-solid-state sodium-ion batteries (ASSSIBs) with
hybrid polymer-ceramic electrolytes by addressing the limitations inherent in the microstructure
model discussed in sections 4.2 and 4.4. Although the microstructure model offers detailed
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insight into the behavior of the battery, it is restricted by its high computational demand and
time-consuming simulations, which significantly limits the range of parameters that can be feasibly
investigated.

Optimizing multiple parameters often requires hundreds to thousands of simulations, a task that
remains impractical even with access to high-performance computing resources. In this context,
homogenized models, as introduced in section 2.3, offer a promising alternative due to their ability
to significantly reduce computation times and simplify both pre- and post-processing.

To balance computational efficiency with the need for accurate simulation of complex battery
behaviors, this study employs a pseudo-two-dimensional (P2D) model. The P2D model retains
the ability to replicate key effects captured by the microstructure model while allowing for
faster computation on standard workstation computers. Thus, this model represents an optimal
compromise between computational effort and accuracy, making it a suitable choice for further
investigations.

The following sections details the physical principles underlying the P2D model, describe the
computational approach used to solve the model, and presents the simulation results obtained
from this method.

The simulations conducted in this study utilized the Python Battery Mathematical Modelling
(PyBaMM) software package, which implements the finite volume method as described by [186].
PyBaMM is an open-source Python framework designed for solving differential equations, with
a comprehensive library of battery models and parameters. It also provides specialized tools
for conducting and visualizing battery-specific experiments, facilitating efficient exploration of
different battery designs and operational scenarios.

The numerical solver employed is adapted from the PyBAMM base solver implementation of
the Doyle-Fuller-Newman (DFN) model [152], originally developed for lithium-ion batteries,
and modified to simulate sodium-ion batteries with hybrid electrolytes. The model employs
concentrated solution theory to describe the potential and species distribution within the binary
electrolyte [112].

In the P2D model, the battery’s electrode and separator are represented using a one-dimensional
planar geometry, simplifying the governing equations to a one-dimensional form. The model also
incorporates sodium ion (Na) diffusion within the active material particles, modeled along the
radial dimension r under the assumption of spherical electrode particles. The full coupling of
these two dimensions—one for the planar geometry and one for the radial diffusion—gives the
model its designation as a pseudo-two-dimensional (P2D) model.

Figure 4.12 visually demonstrates the working principle and idealized geometry of the P2D model.
This figure contrasts the intricate 3D structure of the battery system (as seen in fig. 4.1) with
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Figure 4.12: Illustration of the P2D model’s working principle and idealized geometry for the battery system. The
figure juxtaposes the detailed 3D representation of the battery system with its simplified 2D planar approximation as
used in the P2D model. This comparison demonstrates the model’s capability to encapsulate the multi-scale aspects
of physics-based battery simulations, showing how the P2D model simplifies intricate 3D interactions into a more
practical 2D framework while retaining key details.

its simplified 2D planar approximation, showcasing how the P2D model effectively captures the
multi-scale physics of battery operation while significantly reducing computational complexity.

4.5.2 Governing equations
The mathematical framework of this study is anchored in five coupled equations that govern

mass and charge conservation within both the solid insertion electrode and the electrolyte. This
framework is derived from the microstructure model detailed in section 4.2 and extends to a
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continuum-scale cell model. The derivation process involves applying volume averaging theorems
to the microscale equations, as outlined by [187].

In these equations, the overline operator, denoted a g, represents the intrinsic phase average of
q for phase a. This intrinsic phase average differs from the general phase average by focusing
exclusively on the property of phase a averaged over the volume it occupies. This distinction
ensures that the averaged property accurately reflects the phase-specific characteristics within the
context of the broader continuum model.

The equation for active material current density (i) is expressed as:
is = —0er VO (4.23)

To derive the continuity equation for the active material potential, we apply volume-averaging
theorems to the respective microscale equation (eq. (4.4)). This approach involves evaluating the
surface integral across the boundary between active material particles and the electrolyte phase.
Substituting this term with the expression derived from the Butler-Volmer equation, which serves
as a boundary condition in the microstructure model (see eq. (4.14)), yields:

V- (—oarV®,) = —asjnv (4.24)

In this formulation, the Butler-Volmer flux density (jgyv) appears as a source term on the right-hand
side of the equation, with specific interfacial surface area (ag) acting as a scaling factor. This
approach contrasts with microstructure models, where jpy is typically incorporated into the
boundary conditions at the electrolyte-electrode interface. The term ag quantifies the interface
area between the cathode and the electrolyte per unit volume.

In the continuum-scale model, sodium transport across the half-cell is neglected, while local
diffusion within the active material particles is considered. According to Fick’s first law, the molar
flux density of sodium is proportional to the concentration gradient. The continuity equation,
accounting for the sodium diffusion within a symmetrical spherical particle along the radial
coordinate r, is governed by Fick’s second law:

ocy 1 ocy

— =V I”ZD - 4.25

ot r? ( S or (4.23)
This equation describes the time-dependent change in sodium concentration within the particle,
considering the active material sodium diffusion coefficient and the radial symmetry of the
problem.
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As outlined in eq. (4.6), sodium transport within the electrolyte is modeled using concentrated
solution theory for a binary electrolyte. In its volume-averaged form along the direction
perpendicular to the current collector (x), the surface flux density (J) is represented as:

dIn Cel,O) dca  ial) (4.26)

Jcel=—De1(1 Ox + F

B dlncy
By applying the same approach used for the charge transport equation in the active material
(eq. (4.24)), the volume-averaged approximation for charge conservation in the electrolyte is
derived. This involves using volume-averaging theorems, assuming uniform flux across the
electrolyte-cathode interface, and substituting the relevant boundary condition for c.; (eq. (4.16)):

[poc'ar

0 (&4Cq 0 )
9 (escel) = Del,eﬂg) +as (1-19) jey (4.27)

ot 0x

In this equation, the jgy term appears as a source on the right-hand side, with a sign opposite to
that in eq. (4.25).

By similar means, the volume-averaged approximation for charge transport in the electrolyte is

obtained:

) 0
asFjgy = o

0D
ox

Keff (4.28)

+i 0lncy
ox

In transitioning from a microscale model to a more simplified continuum-scale model, such as
the P2D model, it is essential to account for the effects of tortuosity and porosity on the effective
properties of the electrolyte. These factors alter the diffusivity and conductivity of the ionic
species within the electrolyte, necessitating a modification of these parameters to reflect the
reduced transport efficiency in the practical electrode configuration. The presence of porous
structures and the tortuous pathways for ion transport lead to effective diffusivity and conductivity
values that are lower than their intrinsic counterparts. The effective values of electrolyte sodium
ion diffusion coefficient and electrolyte ionic conductivity are adjusted by porosity and tortuosity

as follows:
>N
Del,eﬂ = Del? (4.29a)
Koip = K22 (4.29b)
T

The effective electrolyte diffusional conductivity is defined as

- (1-129) (4.30)

Kdeff =
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As previously discussed, the variable jpy is integral to linking the partial differential equations
(PDEs) with the ordinary differential equations (ODEs) in the model. This term represents the
rate of sodium ion production or consumption due to the electrochemical surface reaction. It
encapsulates the critical kinetics of charge transfer occurring at the interface between the active
material and the electrolyte. To provide a comprehensive overview, the Butler-Volmer equation
[23, 171] is revisited here in its volume-averaged form:

JBV = Fosmh (m ((Ds — @1 — Uegq (Cs))) (4.31)

The exchange current density (ip) yields the following expression:

io = FkA/Cs max — CsV TV Cal (4.32)

4.5.3 Boundary conditions

Choosing suitable boundary conditions is essential for accurately solving the model. At the
boundary between the current collector and the electrode, located at (x = Lgep + Lpos) » €lectronic
current is transferred. However, no charge transfer occurs between the current collector and the
electrolyte. To ensure charge conservation, the current flowing through the current collector must
be equal to the total current in the system.

Similarly, at the boundary between the electrode and the separator, situated (x = Lgp) , the
electronic current is zero. This is because, at this boundary, charge transport occurs exclusively
through ionic movement within the electrolyte, not through electronic conduction.

The boundary conditions for the active material potential are specified as follows:

0D, O, —i
o -0, and o _ Zleel (4.33)
X X g

X:Lsep x:Lsep+LpOS eﬂ:

In this context, the i can be represented through the utilization of the current collector plate

area (A¢c) as follows:
I
lcell = Aﬂ = CLposgsF (Cs,max - Cs,min) (4.34)

CcC
At the boundary between the current collector and the electrolyte, the ionic current density must
be zero. Additionally, a reference potential is established at the separator-electrolyte interface.
This reference potential is typically set to zero and is defined as follows:

_ OD
D = D refs and o =0 (4.35)
ox
x=0 x:Lsep"'Lpos
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The ¢ gradient at the particle surface (r = Rawm) is directly proportional to the flux density, as
described by the Butler-Volmer equation. In the context of radially symmetrical particles, the
assumption of no net flux at the particle center implies that the total flux through the center of the
particles must be zero.

acS acs jBV

— = —_— = — 4

P 0, and Ep : (4.36)
r=0 rsz

The flux of anions into both the separator and the active material is zero. Instead, their diffusion is
balanced by migration processes, which determine the boundary conditions for electrolyte sodium
ion concentration. Additionally, there must be no mass flux of ions from the electrolyte into the
current collector, ensuring that the system’s mass conservation principles are upheld.

— 0\ - —
Cel (1 - t+) Leell Cel

Y [ e A d I =0 4.37
ox Del effF an ox ( )
x=0 ’ x=0

4.5.4 Effective transport properties in the P2D model

In the P2D model, the electrolyte is treated as a continuum, meaning that physical parameters such
as the electric potential (D) and diffusivity (D)) are assumed to be uniform within each control
volume. This assumption simplifies the modeling of ion transport and potential distribution across
the electrolyte by neglecting any spatial variations within the control volume. Although this
approach enhances computational efficiency, it requires the derivation of effective parameters that
accurately represent the behavior of heterogeneous materials.

In the context of a composite polymer-ceramic electrolyte, the heterogeneity arises from the
distinct properties of the polymer and ceramic components. To faithfully model the electrolyte
within the P2D framework, these distinct properties must be integrated into effective parameters
that capture the combined behavior of the composite. Effective medium theories are typically
employed to calculate these parameters, offering a means to estimate the macroscopic properties
of a composite material based on the individual properties and volume fractions of its constituents.

For example, the effective ionic conductivity of a composite electrolyte is determined by
considering the conductivities of both the polymer and ceramic phases, alongside their respective
volume fractions. Similarly, the effective diffusivity can be calculated using these theories,
ensuring that the continuum model accurately reflects the composite’s heterogeneous nature. This
approach enables the P2D model to represent complex, multi-phase materials within a simplified
computational framework while maintaining essential details of their physical behavior.
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The Maxwell-Garnett (MG) model is a commonly used theoretical approach for estimating the
effective properties of composite materials made up of two distinct phases. This model has been
effectively applied to the study of composite polymeric electrolytes by Jamnik et al. [188] and
Przyluski et al. [189]. The MG model assumes that the composite material comprises spherical
inclusion particles that are evenly dispersed within a continuous host matrix. A key assumption of
the MG model is that the structural characteristics of each phase remain uniform up to the phase
boundary, with minimal interfacial resistance—meaning that the interface between the phases
does not significantly hinder the transfer of properties such as electrical or thermal conductivity.

The MG model predicts an effective physical quantity (¢) from the properties of the host matrix
dpol and the inclusion phase gnas, along with the electrolyte polymer volume fraction (@ej po1) and
the space dimension (d):

d(qNas — Clpol)()oel,pol

Geft = qpol |1 + (4.38)
¢ ? GNas + (d — 1)C]pol — (GNas — CIpol)‘Pel,pol

In this equation, g.g represents the effective property (such as conductivity or diffusivity) of the
composite material, derived by considering the individual properties of the polymer and ceramic
phases. The model is based on the assumption that the ceramic particles act as the inclusion
phase, with a spherical shape and uniform distribution within the polymer host matrix, without
overlapping. This approach is particularly well-suited for modeling composite polymer-ceramic
electrolytes, as it accounts for the combined influence of the distinct properties of each phase on
the overall behavior of the electrolyte.

An alternative model that has gained traction for analyzing granular materials and packed beds
is the Zehner-Bauer-Schliinder (ZBS) model [190, 191]. This model is particularly applicable to
systems made up of closely packed spherical particles, which are common in various engineering
fields, including battery technology. The ZBS model adopts a unit cell approach, integrating the
properties of individual phases with their microstructural arrangement [192].

The model relies on several crucial parameters: the properties of the individual phases, the
porosity of the electrolyte (which corresponds to ¢eypol), a shape factor (Cy), and a flattening
coeflicient (y), which quantifies the relative contact area between particles. The shape factor Ct,
set to 1.25 for spherical particles, accounts for the geometric characteristics of particle packing.
Meanwhile, the y parameter influences the charge and mass transfer at particle contact points by
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representing the degree of flattening at these interfaces. The ZBS model’s governing equations
are detailed in eqs. (4.39a) to (4.39f):

K
Kool (1 - V1= "Dehpol) + 1 = @elpot [ykp + (1 = y)k] (4.39a)
po
Ac
- 4.39b
4 AfNp ( )
kp = - (4.39¢)
Kpol
2(Bkp—-1_ kp B+1 B-1
ANz In— - —— - —— 4.39d
N (N2 kw B 2 N (4.39d)
B
N=1-2 (4.39)
kp
1— 10/9
B =C (—(’Del’p‘)l) (4.391)
Pel,pol

The flattening coefficient () can be determined experimentally or approximated using the total
contact area of the domain (A.), contact area between two particles (Af), and the number
of particles (Np). The equations introduce two dimensionless parameters: the ratio of ionic
conductivities of dispersed and continuous phase in the ZBS model (kp) and reduced core ionic
conductivity in the ZBS model (k.). Here, kp reflects the ratio between the active filler ionic
conductivity («41) and the polymer ionic conductivity (kpo1), representing the relative transport
properties of the active filler and the polymer matrix, respectively. These parameters balance the
contributions of the particles themselves and their contact points, further modulated by the shape
factor and porosity.

Interestingly, both the ZBS and Maxwell-Garnett models do not depend on particle size. Instead,
they emphasize the volumetric properties and spatial distribution of particles. This characteristic
makes these models versatile, simplifying their application to a wide range of granular and
composite materials.

4.5.5 Model parameterization

The P2D model, being a physics-based approach, requires a comprehensive set of physical
parameters to accurately simulate the battery system. Since the same battery system is studied
here as in the microstructure model, the parameters used for the P2D model are consistent with
those previously established. Detailed values for these parameters remain unchanged and are
provided in section 4.2.4.
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4.5.6 Computational solution

During the discharge process, the transport of sodium ions (Na) is governed by a set of coupled
equations eqs. (4.25) to (4.27). These equations describe the migration of sodium ions from
the anode, through the electrolyte as Na*, and their subsequent intercalation into the cathode’s
active material. Concurrently, charge conservation in the cathode and ionic conservation in the
electrolyte are controlled by their respective electric and ionic potentials.

In the pseudo-2D (P2D) model, the sodium mass is abstracted into a single scalar representation,
with Na® denoting the sodium ions in the electrolyte and Na representing them within the
electrode. This abstraction reduces the complexity of the model while preserving its ability to
capture the critical dynamics of the system. The equations are then discretized into a set of
differential-algebraic equations (DAEs) using the PyBaMM software package [186] and solved
with the CasADi solver [193]. This computational approach allows for an efficient and accurate
simulation of the sodium transport and electrochemical processes occurring within the battery
during discharge.

4.6 Pseudo-two-dimensional simulation results®

This section examines the influence of polymer-ceramic cathode electrode characteristics on
the performance of all-solid-state sodium-ion batteries using the P2D model. Initially, a
comparison is made between the predictions from the P2D model with those obtained from detailed
microstructure simulations (see section 4.4) to validate the model’s accuracy and reliability.

Subsequently, a series of computational simulations investigates how key properties of the cathode
electrode namely—specifically the electrolyte active filler volume fraction, the active material
porosity, the active material particle radius, and the spatial active filler content variation—affect
the battery’s performance metrics, including energy density, capacity retention, and rate capability.
By delving into these results, the objective is to uncover the fundamental mechanisms that dictate
battery behavior, providing valuable insights for optimizing electrode design and enhancing overall
battery performance. This analysis serves as a foundation for the development of advanced cell
design strategies that shall lead to the next generation of high-performance solid-state sodium-ion
batteries.

5 This section includes results and findings that were previously reported in Gerbig, F., Kiihn, J., and Nirschl, H.:

Optimizing all-solid-state sodium-ion batteries: Insights from a P2D Model on NaSICON-based polymer—ceramic
electrolyte. Energy Reports, 2025, 13, 105-116. por: https://doi.org/10.1016/j.egyr.2024.11.077.
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4.6.1 Evaluation of P2D model parameters

Tortuosity estimation

Equation (4.29) introduces tortuosity factors to the P2D model, which are crucial for accurately
modeling ion transport in porous materials. A common approach for estimating tortuosity involves
directly associating it with the material’s porosity. The Bruggeman equation is widely used for
this purpose, where the electrode tortuosity (7), is expressed as:

T = g PBrug (4.40)

For materials composed of spherical particles, a Bruggeman exponent (bprg) of —0.5 is
typically assumed, a standard practice in modeling insertion batteries. To verify the validity
of this assumption for the battery in question, a comparison of the tortuosity values derived
from our microstructure simulations with those predicted by well-established tortuosity-porosity
relationships for porous media is employed. Specifically, the tortuosity from the 3D microstructure
model (74im 3p) Was calculated using the methodology described in eq. (4.29b).

d ® Tsim,3D —1- ln(€0'5>
At —5_1/3 —1—1n(5)

Tortuosity
w

()
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Active material porosity

Figure 4.13: Comparison of various models describing the relationship between tortuosity and porosity for porous
materials. The graph includes analytical relationships based on the Bruggeman equation and effective medium theory,
alongside discrete values obtained from simulations of virtual electrodes using the microstructure model.

Figure 4.13 illustrates a comparison between several theoretical tortuosity-porosity relationships,
including those derived from effective medium theory [195], and the tortuosity values obtained
from the microstructure simulations. The data clearly show that the Bruggeman relation,
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specifically the expression €'/ with an exponent of —0.5, provides the most accurate fit.
Therefore, the study incorporates this relationship into the P2D model.

Flattening coefficient estimation

As highlighted in equations eqs. (4.39a) to (4.39f), accurately determining the flattening coeffi-
cient () is crucial for fully parameterizing the Zehner-Bauer-Schliinder (ZBS) model. To achieve
this, a comparative analysis is performed between the results of a particle-resolved model and the
predictions of the proposed P2D model, with the intention of determining the optimal value for 7y.

Polarization curves from the particle-resolved microstructure model, as detailed in section 4.4.4
[184], serve as the benchmark for this comparison. The intent is to align the continuum-scale
P2D model as closely as possible with the more detailed microstructure model, thereby retaining
the latter’s accuracy while leveraging the computational efficiency of the P2D approach.

To find the best fit value for vy, this parameter is systematically varied from O to 1 in 1 % increments.
The least squares algorithm is then applied to evaluate the quality of the fit for each y value,
ensuring the most accurate representation of microstructural effects in the continuum model.

Figure 4.14 shows the voltage curves obtained from the microstructure simulations and the P2D
simulations with the optimal flattening coefficient for different active material porosity values. By
tuning the flattening coefficients within the P2D model, the 3D simulation results are effectively
reproduced for active material porosity (&s) values ranging from 0.39-0.64, However, when &
falls within the range of 0.69-0.83, the P2D simulations struggle to match the 3D simulations, as
the simulated cell voltage remains elevated even when y = 0. In particular, as &; decreases from
0.64-0.39, the y values reduce from 0.16-0.03, an outcome that challenges expectations.

The flattening coeflicient is generally understood to denote the proportion of the contact area to the
entire surface area of the particles. Thus, reducing the void volume of a cathode—either virtual or
real—and consequently its porosity, generally necessitates increased compression. For porosities
below the close-packing threshold of equal spheres, significant deviations from the ideal spherical
shape and even overlapping of particles become necessary. Theoretically, this should result in a
higher flattening coefficient; however, the data show an opposite trend.

One possible explanation lies in the fact that the ZBS model was originally formulated for heat
conduction in fixed beds, considering two phases: a heterogeneous phase and a homogeneous
conducting phase. In contrast, the proposed battery model introduces a third phase, with the
active material acting as an inert component from the perspective of the electrolyte. Although
the ZBS model accounts for the lengthened transport paths and the reduced conductive volume
via electrode tortuosity and active material porosity, additional effects may arise at lower &s.
For instance, the distribution of the electrolyte filler particles could become increasingly uneven,
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Figure 4.14: Estimation of the flattening coefficient () for ZBS model calibration. This figure presents a comparison
between voltage curves derived from particle-resolved microstructure simulations and those from the P2D model,
across a range of y values. The plot highlights voltage curves for varying active material porosities, illustrating
the influence of y on model fidelity and the P2D model’s effectiveness in replicating the microstructure simulation
outcomes.

leading to interruptions in the conductive pathways because of inadequate particle contact. Under
high compression, the gaps between the active material particles may become too narrow to be
effectively filled with the active material particles. In extreme cases, this could result in isolated,
highly conductive islands of filler particles connected by a low-conductivity polymer, a scenario
that is not adequately captured by the assumptions underlying the ZBS model.

Within the g range of 0.31-0.61, the y parameter obtained from fitting the cell voltage curves
demonstrates a nearly linear relationship with active material porosity, with a high correlation
coefficient of R? = 0.9988:

v =-0.5579¢, — 0.1593 (4.41)

Finally, table 4.4 compares the effective electrolyte ionic conductivity values derived from the
microstructure simulations (keg 3p) with those calculated using both the ZBS and MG models
across various &g values. In the ZBS model, vy is adjusted to achieve the best fit for the cell voltage
curves. The difference in k between the P2D and 3D simulations remains under 15.2 % for the
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ZBS model within the & interval of 0.36-0.61, but exceeds 23.9 % for the MG model. For lower
active material porosity values, the ZBS model predicts an electrolyte ionic conductivity deviation
greater than 27.8 % from kg 3p, whereas the MG model offers a more accurate prediction, with
deviations below 9.1 %.

Table 4.4: Fit parameters and quality metrics for the flattening coefficient estimation.

g  Kegsp MSmM D)y kzgs(mMSm ) dev (%) kmg(mMSm ) dev (%)

0.61 15.9 0.18 13.8 15.2 9.75 63.1
0.46 8.7 0.10 9.2 —4.5 6.45 34.9
0.36 54 0.04 5.7 -53 4.36 23.9
0.31 3.7 0 4.5 —27.8 3.5 5.7
0.17 1.1 0 1.5 —36.7 1.21 —9.1

These findings align with the cell voltage curve fits (fig. 4.14) and suggest that the ZBS model,
with y as determined by equation eq. (4.41), is most suitable for medium to high active material
porosities. For batteries with low &g values, however, the MG model provides a more accurate
representation of the effective electrolyte ionic conductivity. This indicates that such an electrode
operates in a regime where the electrolyte filler particles are not densely packed. For subsequent
simulations, the appropriate model for calculating « is selected based on &, with a sigmoid
function employed to ensure a smooth transition between the MG and ZBS models at &5 = 0.31.

4.6.2 Impact of active filler content in the electrolyte

The ratio of host to inclusion material in a composite electrolyte is a critical factor influencing
battery performance. In particular, the ¢ 5 parameter represents the proportion of polymer
within the electrolyte, which consists of both active filler particles and the encompassing polymer.

Figure 4.15 illustrates the effects of varying the NaSICON-type active filler content in the
electrolyte on the battery’s discharge performance. In this study, the NVP content is consistently
maintained at 50 %, with a cathode length of 100 pm, yielding a theoretical specific capacity of
204 AhL~!. The simulations were conducted by varying the @ g1 from 0-100 % across different
C-rates, ranging from 0.05 C to 10 C. The resulting Depth of Discharge (DoD) was then analyzed.

For low C-rates, such as 0.05 C, electrodes with a ¢, 1 exceeding 0.3 achieve full utilization,
reaching 100 % DoD. However, at C-rates of 0.5 C and higher, full capacity utilization is not
achieved, even with a pure NaSICON electrolyte. Overall, the capacity utilization increases with
higher e 51, particularly at lower C-rates. However, at C-rates of 1.0 C and higher, the addition
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Figure 4.15: Influence of electrolyte electrolyte active filler volume fraction (ge] fi1) on battery discharge performance.
This figure illustrates how varying the NaSICON-type active filler content within the composite electrolyte affects
battery behavior, with a constant NVP content of 50 % and a cathode thickness of 100 pym. The simulations, conducted
across C-rates from 0.05-10 C, demonstrate the resulting Depth of Discharge (DoD) relative to a theoretical specific
capacity of 204 AhL !,

of NaSICON fillers does not result in satisfactory utilization, as the DoD remains below 50 % in
all scenarios.
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Figure 4.16: Influence of electrolyte electrolyte active filler volume fraction (gel f1) on battery charge performance.
This figure illustrates how varying the NaSICON-type active filler content within the composite electrolyte affects
battery behavior, with a constant NVP content of 50 % and a cathode thickness of 100 nm. The simulations, conducted
across C-rates from 0.05-5 C, demonstrate the resulting State of Charge (SOC) relative to a theoretical specific
capacity of 204 AhL ™!,

Figure 4.16 displays the influence of electrolyte active filler content on the charging performance
of the battery system. In contrast to the discharge process, the charging efficiency significantly
diminishes as C-rates increase. For example, when charging at 0.5 C, the electrode utilizes only
10 % of its capacity across most ¢ 51 values, compared to approximately 50 % during discharging.
This distinct behavior is due to transport limitations within the electrolyte. At the initial stages
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of charging or discharging, the majority of charge transfer reactions occur near the separator.
As charging progresses, the consumption of Na* depletes the charge-carrying species in the

electrolyte, potentially leading to an abrupt halt in the charging process if ionic transport is
inadequate.

4.6.3 Influence of electrode porosity

The volume fraction of active material within the electrode is a pivotal factor in the design and
optimization of battery systems. Increasing active material content (¢anm) 1s generally beneficial,
as it boosts the theoretical capacity of the battery, thereby enhancing its energy storage potential.
However, surpassing a certain ¢y threshold can lead to diminishing returns in resource utilization
efficiency due to transport limitations within the electrode and electrolyte. These limitations
arise from hindered ion and electron transport, which negatively impact the battery’s overall
performance and longevity. The degree to which these limitations affect the system is highly
dependent on the specific materials employed. The following section delves into how these
transport constraints influence the performance of the battery system under study.
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Figure 4.17: Utilized capacity in relation to active material content (¢anm) throughout the discharge process at varying
C-rates from 0.05-5 C, maintaining a consistent electrolyte active filler volume fraction of 50 %.

Figure 4.17 shows how the utilized capacity varies with ¢y across different C-rates during the
discharge process. The simulations are based on a cathode electrode with a cross-sectional area
of 0.028 m? and a fixed electrolyte active filler volume fraction of 50 %. For all tested C-rates,
capacity utilization exhibits a characteristic trend: it remains low at minimal ¢\ values, gradually
increases as @awm rises, and subsequently declines at higher pan levels. At low ¢an, the capacity
is constrained by the theoretical limit, whereas at elevated @, transport limitations within the
electrolyte—resulting from reduced electrolyte volume, increased tortuosity, and higher current
demands—become the dominant restricting factors. The optimal ¢awm is strongly dependent on

105



4 All-Solid-State Polymer-Ceramic Sodium-Ion Batteries

the C-rate: a pam of 0.5 proves ideal for a 0.05 C discharge, while a ¢ anm of 0.30 is more effective

for a 5 C discharge.
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Figure 4.18: Utilized capacity in relation to active material content (¢an) throughout the charge process at varying
C-rates from 0.05-5 C, maintaining a consistent electrolyte active filler volume fraction of 50 %.

Figure 4.18 illustrates the relationship between ¢an, C-rate, and capacity utilization during the
charge process. When pan exceeds its optimal value, the decline in utilized capacity is more
pronounced during charging than during discharging. Additionally, for C-rates above 0.2 C, the
utilized capacity remains subpar, a trend consistent with findings from the investigation of ¢ f
variation in section 4.6.2.

4.6.4 Effect of active material particle size

The size of the active material particles is a critical morphological parameter in battery design and
optimization, notable for its relative ease of control and measurement compared to more complex
characteristics such as surface roughness, particle shape, and internal porosity. Consequently,
particle size has garnered significant attention in the field of battery research and development.
In practical battery applications, active material particles typically exhibit a distribution of sizes;
however, this study focuses on monodisperse particles to isolate and precisely evaluate the effects
of particle size on battery performance.

Figure 4.19 depicts the depth of discharge achieved at the end of the discharge process for
electrodes with ¢ap = 50 % and a cathode length of 100 jum, across various particle sizes (Ran)
ranging from 0.25-100 pm. For particle sizes smaller than 2 pm, the depth of discharge remains
almost constant. However, it declines sharply for particle sizes larger than 10 pm. This trend
is consistent across all C-rates, with the depth of discharge values plateauing at low C-rates, a
phenomenon attributed to transport limitations in the electrolyte that remain unaffected by changes
in R AM-
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Figure 4.19: Variation in depth of discharge (DoD) with respect to (active material particle radius (Rap)) during the
discharge process. This graph highlights the influence of particle size on battery performance, using an electrode with
50 % active material content and a cathode length of 100 pum. The data reveal how particle size impacts discharge
efficiency across different scales.

Figure 4.20 shows the state of charge (SoC) for different R values during the charging process.
Similar to the discharge process, the capacity utilization during charging is reduced for C-rates
exceeding 0.2 C. The SoC remains almost constant for particle sizes less than 2 pm contrasting a
significant decrease in SoC for particle sizes greater than 10 pm.
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Figure 4.20: Variation in state of charge (SoC) with respect to (active material particle radius (Ram)) during the
charging process. This graph highlights the influence of particle size on battery performance, using an electrode with
50 % active material content and a cathode length of 100 pnm. The data reveal how particle size impacts discharge
efficiency across different scales.

The findings suggest that a particle size of 4 pm is optimal for achieving the best performance.
Reducing the particle size further does not provide a substantial improvement and may introduce
practical challenges in manufacturing and handling. Moreover, smaller particles can lead to
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decreased electrical conductivity within the electrode due to an increased number of particle-to-
particle contacts.

4.6.5 Variation of spatial active filler content

In previous sections, the distribution of active material and active filler within the positive electrode
was considered uniform. However, results from the present work suggest that battery processes,
such as charge transfer reactions, are not evenly distributed and tend to concentrate in specific
regions of the electrode. This suggests the potential for a non-uniform distribution of materials to
enhance battery performance.

To explore this, the ratios of active material and active filler were systematically varied, while
maintaining their average values constant at gapm = 0.5 and @5 = 0.25. The polymer volume
fraction (¢por) remained fixed at 0.25 throughout the entire half-cell. Consequently, the sole
variable was the distribution ratio between active material and active filler across the cathode.
Three distribution functions were employed to model the spatial variation of the active material
content: hyperbolic tangent (tanh), linear, and hyperbolic sine (sinh) functions, each with distinct
slope characteristics.

The tanh distribution function, described by eq. (4.42), is defined by a parameter a, which
modulates the slope:

i for a=0
e . (4.42)
¢ %ﬁfl‘m) tanh (a szxp) + QAM for a#0
2

Here, a determines whether the distribution approximates a step function for large values or a
linear function for small values.

The linear distribution function, specified in Equation eq. (4.43), maintains physical validity with
a ranging from —1 to 1:

. — — x — —
@AM = —2a min (a1, PaM) L—p + Q@AM + apnl -1<a<l1 (4.43)
p

The sinh distribution function employed in this work is described by eq. (4.44). For large a values,
the function approximates a nearly constant distribution with steep gradients at the separator and
current collector. When a approaches zero, the function closely resembles a linear distribution:

. - Lp
_ i (i1, Pam) inh (a*—L p) + OAM with a* =sgn(a) (amax— | a|)

(4.44)

<)DIAle . |a* |
sinh =
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To compute the effective transport properties in the electrolyte, the solver additionally requires
the distribution of e yo1, Which is calculated as:

Ppol

_— (4.45)
I —pam

Pel,pol =

The distributions of &5 and @e| o1 are depicted in the middle column of fig. 4.21 (figs. 4.21b, 4.21e
and 4.21h).
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Figure 4.21: This multi-panel figure presents a comparative analysis of different distributions of active material
porosity (&) and active filler volume fraction (¢g) within the positive electrode, focusing on both charging and
discharging performance. The figure is organized into three distinct columns and three rows as follows:

Left Column (figs. 4.21a, 4.21d and 4.21g) Displays the State of Charge (SOC) achieved at the end of the
charging process for electrodes with tanh, linear, and sinh distributions of the active material. The SOC is
plotted against the slope parameter of each distribution function, illustrating how different distribution profiles
impact charging efficiency

Middle Column (figs. 4.21b, 4.21e and 4.21h) Illustrates the spatial distribution of the polymer volume
fraction (¢po1) within the half-cell for each distribution type (tanh, linear, and sinh). This column demonstrates
the variations in ¢p,| as influenced by different distribution slope parameters.

Right Column (figs. 4.21c, 4.21f and 4.21i) Shows the Depth of Discharge (DoD) at the end of the discharging
process for electrodes with the same distributions of the active material. This column compares how different
distribution profiles affect the discharge performance of the battery.
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The left column (figs. 4.21a, 4.21d and 4.21g) illustrates the state of charge (SoC) at the end of
the charging process for electrodes with tanh, linear, and sinh distributions of @am. The SoC is
plotted against the slope of the respective distribution, with the length of the positive half cell
kept constant at 100 pm. Similarly, the right column (figs. 4.21c, 4.21f and 4.211) shows the depth
of discharge (DoD) upon completion of the discharge process. Different colors in the SoC and
DoD plots represent charging and discharging at various C-rates.

In evaluating the spatial distribution of active filler content, it is observed that a negative slope
in the active material distribution function (&) consistently results in a higher achievable SoC at
the end of the charging process compared to a positive slope. Specifically, a negative &4 slope
implies that the active material content is higher near the separator (normalized cathode position =
0), which provides additional space for active filler particles and thus reduces @e| poi. Conversely,
the & value decreases towards the cathode current collector (normalized cathode position = 1),
leading to an increase in e pol due to reduced space for active filler particles.

In greater detail, during the charging process at C-rates of 0.05 C and 0.1 C, every distribution
evaluated achieves a depth of discharge (DoD) of 100 %, signifying complete capacity utilization.
Among these, the sinh distribution with a large negative slope performs comparably to the linear
distribution, suggesting that the sinh distribution does not offer a significant advantage over the
linear distribution for charging purposes. In contrast, a battery with a tanh distribution reaches
an SoC exceeding 75 % at the end of the charging process with moderately negative slopes and a
0.2 C charge rate, yielding a 15 % improvement over the linear & distribution. For C-rates greater
than 0.2 C, none of the distributions achieve satisfactory SoC levels.

At a 0.05 C discharging rate, batteries with tanh, linear, and sinh & distributions (figs. 4.21c,
4.21f and 4.211) achieve the highest DoD when a constant & (i.e., a = 0) is employed, indicating
that a uniform & distribution is advantageous under these conditions. In contrast, for C-rates
exceeding 0.05 C, a negative slope in the active material distribution function (&) benefits the DoD
across all distribution types. Nonetheless, the enhancement in DoD is less significant compared
to charging, with improvements typically ranging from 0—10 %. The more complex sinh and
tanh distributions do not offer advantages over the simpler linear distribution. Simulation results
indicate that the most effective distribution has a normalized linear slope of —1, characterized by
high porosity near the separator that decreases uniformly toward the current collector.

4.6.6 Global optimization of the cell-design
Preceding sections focused on varying individual parameters to improve battery performance.

While this approach enhances understanding and enables predictions for parameter optimization,
it is unlikely to yield a globally optimal battery design due to the complexity of the battery system.
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A battery operates as a highly interconnected and non-linear system, where numerous input
parameters interact with each other. Achieving an optimal design necessitates considering these
interactions collectively rather than in isolation.

The P2D battery model, with its relatively low computational cost and short run time, serves
as an ideal candidate for use in global optimization processes. For this purpose, a differential
evolution algorithm was employed, as described by Storn and Price [196]. Differential evolution
is particularly suitable for this type of optimization because it is capable of exploring extensive
candidate spaces and circumvent local minima due to its stochastic nature, despite requiring more
function evaluations compared to traditional gradient-based methods.

The Python package scipy, version 1.12.0, was used to implement the optimization. The P2D
model of an all-solid-state sodium-ion battery featuring a hybrid electrolyte—developed in this
work—serves as the objective function for the optimization routine. Specifically, the function
evaluates the utilized gravimetric capacity of the battery.

The parameters subject to optimization include the active material content (¢an), the linear slope
of the spatial active material distribution (@), and the length of the positive half cell (Lpos). In
contrast, the particle size of the active material (Ran) was excluded from the optimization process.
As previously discussed in section 4.6.4, Ram shows a monotonic relationship with capacity
utilization, which would lead the optimizer to consistently favor the lower limit. Moreover, a
very small Ray is impractical due to challenges in manufacturing and processing, as well as
the increased grain boundary surface area. Although Ran could theoretically be included in the
optimization as an additional objective, a simpler approach is to constrain Ran to a user-defined
value using the e-constraint method [197]. This method is justified by the observation that values
of Ranm smaller than 4 pm do not enhance battery performance.

Although advancements in technology may make it feasible to produce thinner NaSICON separa-
tors in the future, a thickness of 5 x 103 pm is currently used for length of the separator (Lsep)
due to the fragility of thinner separators.

Table 4.5: Gravimetric properties of the all-solid-state sodium-ion battery.

Parameter Value Reference
OPEO 1250kgm—3 [198]
o1l 3170kgm 3 [199]
ONVP.C 3200kgm 3 [200]
occ 0.012kgm 2 [201]
N/P 1 [202]
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Table 4.5 provides the densities of the battery materials, including the separator and current
collector. These components, whose thicknesses are independent of L., must be included in
the optimization to prevent the algorithm from selecting excessively thin electrodes. The overall
gravimetric capacity can be straightforwardly calculated using material densities, volume fractions,
and utilized capacity. Ultimately,the optimization results for C-rates ranging from 0.05-0.5 C are
summarized in table 4.6.

Table 4.6: Results of global optimization for the all-solid-state sodium-ion battery across different C-rates ranging
from 0.05 C to 0.5 C. This table summarizes the optimal design parameters, including the volume fraction of active
material (¢am), electrode thickness (Lpos), and the linear slope of the spatial active material distribution (a), for
both charging and discharging processes. The table also highlights the achieved capacity utilization for each C-rate,
illustrating the variations and trade-offs in battery performance. For each C-rate, the optimized design parameters
are compared to those derived from separate optimizations for charging and discharging, providing insights into the
performance limitations and the effectiveness of the global optimization approach.

C OAM a Lpos (nm) Used capacity
(Ahkg )
Discharging
0.05 0.477 -0.00 97.2 37.8
0.1 0.448 -0.01 79.9 324
0.2 0.429 -0.22 66.2 27.3
0.5 0.370 -0.28 56.1 20.6
Charging
0.05 0.566 -0.62 117.3 47.8
0.1 0.543 -0.71 101.5 43.2
0.2 0.547 -0.72 79.6 38.5
0.5 0.525 -0.77 61.6 31.1

Charging and Discharging

0.05 0.478 -0.03 97.34 37.83
0.1 0.445 -0.20 85.6 323
0.2 0.401 -0.18 75.6 27.2
0.5 0.372 -0.30 56.5 20.5

Contrary to earlier predictions suggesting higher capacity utilization during discharge, the
optimization reveals that charging processes achieve higher capacity than discharging for optimally
selected cell design parameters. Specifically, the charging capacity is 10.5 Ahkg ! (51 %) higher
at 0.5C and 10 Ahkg ! (26.5 %) higher at 0.05 C compared to discharging. This improvement
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is attributed to the increase in the thickness of the electrode during charging —by 5.4 pm at 0.5 C
and 19.9 nm at 0.05 C—and a higher ¢ anm during charging (0.155 for 0.5 C and 0.089 for 0.05 C).

For elevated C-rates, both L, and pam decrease: Lyos ranges from 61.6-117.3 um and ¢am
from 0.525-0.566 for charging, while for discharging, Ly, ranges from 56.1-97.2 pnm and ¢am
from 0.370-0.477. The slope of the active material and filler particle distribution (a) increases
with C-rate, ranging from —0.77——0.62 for charging and —0.28-0 for discharging.

The final row of table 4.6 presents the combined optimization results for both charging and
discharging processes. For each parameter set, simulations were performed for both charge and
discharge cycles, with the lower utilized capacity being reported as the limiting factor. Simulations
predict that the capacity utilization for the combined charging and discharging cycle is nearly
equivalent to that for discharging alone. Although this finding may seem intuitive given the lower
utilization observed during discharge in previous optimization studies, a more nuanced analysis
reveals several insights.

Firstly, parameter studies indicate that the charging process is highly sensitive to input parameters,
often terminating prematurely if parameters are suboptimal. Secondly, the optimization for
combined charging and discharging yields different parameter sets for some C-rates compared
to those electrodes optimized solely for discharging. For example, batteries optimized for both
charging and discharging are thicker and have lower ¢\ values at C-rates of 0.1 and 0.2.

The global optimization of cell design offers the following key insights:
e The optimal cell design is highly dependent on the C-rate, with higher C-rates requiring

lower ¢am, reduced Lpos, and a more uneven particle distribution with increased porosity
near the separator.

e Optimizing the design separately for charging and discharging results in distinct
configurations.

4.7 Superionic interphases and their role in ionic
transport®

Asdiscussed in section 2.2.2, a variety of hypotheses have been proposed regarding the mechanisms
governing ionic transport in polymer-ceramic composite electrolytes. Despite extensive research
spanning decades, the exact nature of these transport processes remains a subject of ongoing debate

This section includes results and findings that were previously reported in Gerbig, F., Rottgen, N., Holzapfel, M.,
Diick, G., Finsterbusch, M., and Nirschl, H.: Unraveling ionic transport in polymer-ceramic electrolytes: Insights
into superionic interphases. Electrochemistry Communications, 2025, 107960. por: 10.1016/j.elecom.
2025.107960
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within the scientific community. This section contributes to the broader effort by investigating
the transport mechanisms within polymer-ceramic composite electrolytes, specifically focusing
on the superionic interphase that is hypothesized to form between the two materials.

The primary goal of this study is to compare experimental measurements of ionic conductivity
with those predicted by the numerical solver developed and employed throughout this work. By
simulating the effective conductivities, this analysis seeks to provide insights into the role that
interactions between polymers and ceramics play in enhancing ionic transport. To ensure the study
focuses on the inherent properties of the composite electrolyte, all simulations and experiments
were conducted using a pure electrolyte material, without any active electrode materials present,
thereby isolating the composite effects.
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Figure 4.22: Measured particle size distribution of NaSICON particles used in the microstructure simulations,
showing both the density distribution and the cumulative sum distribution of particle sizes, based on number. The
distribution is monomodal with a median particle size (d5p) of 3.5 pm.

To accurately model the composite, it is essential to consider the individual conductivities
of each phase: the polymer electrolyte (PEO) and the ceramic filler (NaSICON). For this
study, conductivity measurements were available for two composite electrolyte samples, each
consisting of a 50 % PEO matrix and 50 % of either Nas 4Zr,Si, 4Py 6012 or Na3Zr,Si; 3Py 701 gs.
Determining these phase-specific conductivities along with the composite conductivity allows for
a more precise understanding of how ionic transport occurs within the heterogeneous system.

Additionally, the particle size distribution of the ceramic phase plays a critical role in influencing
transport properties and must be carefully incorporated into the model. For this purpose,
experimental measurements of the particle size distribution were used to faithfully represent the
microstructure of the composite in the simulations. The particle size distribution of the sample,
depicted in fig. 4.22, was characterized by a monomodal distribution with a median particle size
(dso) of 3.5 pm. Particles smaller than 1 pm were excluded from the computational analysis to
maintain consistency with the resolution of the computational mesh. The contribution of these
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smaller particles to the total particle surface area was ensured to be less than 0.25 %, minimizing
any impact on the overall simulation accuracy. The experimental data used for this analysis are
shown in table 4.7 [203].

Table 4.7: Measured conductivity of solid electrolytes employed in this study [203].

k(25°C) (Sm™ 1) «(80°C) (Sm™ 1)

PEO 55 x 1074 89 x 102
Na;3Zr,Sip 3P 701185 1.7 x 107! 7.9 x 10!
Na3,4ZrZSi2.4PO.6012 34 X 1071 17

These experimental results serve as the benchmark for validating the numerical predictions.
To represent the system’s geometry accurately, the methodology outlined in section 4.4.1 was
adapted to incorporate the particle size distributions measured experimentally. This ensures that
the simulated microstructure closely reflects the real composite material.

Simulations were subsequently performed using the ASSSIB microstructure solver, enabling
a comprehensive analysis of ionic transport within the composite electrolyte. The solver was
employed to numerically solve the charge conservation equation in the electrolyte phase. To
determine the effective ionic conductivity (k.g), boundary conditions were imposed by setting
fixed potentials at the opposing ends of the electrolyte domain (D¢ x=1, and D¢ x=0), commonly
assigning a reference potential difference of 1V. Utilizing the known length L and current
collector area A, the ionic current at one boundary (icx=1,) Was used to compute the effective
conductivity based on the following relation:

L |iel X=L|
o , 4.46)
eff A (q)el,sz - cI)el,x=0) (

By comparing the simulated effective conductivities with experimental results, this study aims to
shed light on the mechanisms responsible for the enhanced ionic transport observed in polymer-
ceramic composite electrolytes.

In this study, conductivity measurements of Nas 47r,Si, 4P O, revealed no noticeable improve-
ment compared to the conductivity of pure PEO. At 80 °C, the conductivity of the composite solid
electrolyte (CSE) dropped to 5.4 x 10~2Sm !, whereas the conductivity of PEO alone remained
higher at 8.9 x 10 2Sm !, This indicates that the NaSICON phase does not significantly
contribute to Na™ transport, likely resulting in a reduced effective conductivity due to longer ion
transport pathways and increased porosity. At room temperature (25 °C), below the melting point
of the quasicrystalline phase, the CSE conductivity (6.4 x 10~*Sm™!) is comparable to that of
the solid polymer electrolyte (SPE) (5.5 x 10~*Sm™!). This behavior could be attributed to
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partial amorphization of the PEO, which offsets the negative impact of the filler particles at this
lower temperature.
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Figure 4.23: Comparison of total ionic conductivity as a function of interphase conductivity between experimental
data and simulations for NaSICON-PEO composite electrolytes. Experimental data for NaSICON (gray dotted line),
PEO (black dotted line), and the composite (green dashed line) are shown alongside simulation results for full ion
transport (yellow solid line) and different interphase thicknesses: 500 nm (green crosses), 250 nm (red circles), and
125 nm (blue squares) at 25 °C.

Figure 4.23 presents a comparison between the experimentally measured and simulated conductiv-
ities for this polymer-ceramic composite electrolyte at 25 °C. The green dashed line represents the
experimental conductivity value for the composite, measured at 1.13 x 103 Sm™!, positioned
between the conductivities of pure PEO and NaSICON, shown by the dotted lines. In contrast,
the orange solid line represents the simulated conductivity (7.78 x 107> S m™!), which assumes
that full ionic transport occurs through both the polymer matrix (PEO) and the ceramic filler
phase (NaSICON). The notable difference between these values suggests that the assumption of
complete ionic transport through all phases may be an oversimplification.

To explore alternative mechanisms, a hypothesis was tested wherein ionic transport occurs
primarily in a superionic interphase surrounding the ceramic filler particles, rather than through
the ceramic phase itself. In this scenario, the conductivity of the ceramic particles was set to zero,
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and enhanced ionic conductivity was introduced within the PEO matrix in close proximity to the
ceramic particles. The simulations shown in fig. 4.23 were performed with varying thicknesses
for this superionic interphase, representing regions with improved ionic transport properties.

Solid lines with markers in fig. 4.23 show the resulting simulated conductivities for interphase
thicknesses of 125 nm, 250 nm, and 500 nm, with varying conductivities, as precise interphase
properties remain uncertain. A linear relationship between total composite conductivity and the
interphase conductivity is observed on a double logarithmic scale.

Total conductivity (Sm™1)

10-1 i
100 10!
Interphase conductivity (Sm™!)
Experiment Simulation
Composite Composite
----- NaSICON ——500 nm interphase
----- PEO —e—250 nm interphase
—8—-125nm interphase

Figure 4.24: Comparison of total ionic conductivity as a function of interphase conductivity between experimental
data and simulations for NaSICON-PEO composite electrolytes. Experimental data for NaSICON (gray dotted line),
PEO (black dotted line), and the composite (green dashed line) are shown alongside simulation results for full ion
transport (yellow solid line) and different interphase thicknesses: 500 nm (green crosses), 250 nm (red circles), and
125 nm (blue squares) at 80 °C.

The intersection of these lines with the experimentally measured conductivity suggests that
potential combinations of interphase thickness and conductivity, such as 125 nm with a conduc-
tivity of 5.5 x 1072Sm !, 250 nm with a conductivity of 2.15 x 10~2Sm™!, or 500 nm with a
conductivity of 8.6 x 1073 Sm™!, could help explain the measured performance. These results
suggest that—in the investigated sample—ionic transport is confined to a superionic interphase,
rather than occurring uniformly throughout the ceramic filler particles.
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To explore the hypothesis that fillers improve conductivity by creating amorphous regions within
the PEO matrix, which remain stable at ambient conditions, a comparable experiment was
performed at 80 °C—a temperature above PEQO’s glass transition point, where the polymer exists
primarily in an amorphous state. The outcomes of this comparative study at elevated temperature
(80°C) are presented in fig. 4.24. At this higher temperature, the conductivities of both the
single phase electrolytes and the composite increase. Notably, the conductivity of the composite
remains an order of magnitude higher than that of pure PEO. This observation challenges the
theory that fillers enhance conductivity solely by inducing structural changes in the PEO bulk,
as the polymer is already in an amorphous phase at 80 °C. Nevertheless, similar to observations
at 25 °C, the simulation overestimates the effective conductivity of the composite electrolyte,
though this overestimation is less pronounced at 80 °C. By neglecting the intrinsic conductivity
of the filler particles and introducing superionic interphases, the measured conductivity at 80 °C
can be explained with interphase thickness and conductivity combinations such as 125 nm with
a conductivity of 4.84Sm~!, 250 nm with a conductivity of 2.06Sm !, or 500nm with a
conductivity of 0.88 Sm !,

Notably, the interphase conductivity relative to the PEO conductivity is approximately halved
at 80 °C compared to 25 °C. This reduction may be attributed to the relatively low conductivity
of PEO at ambient temperature or could indicate an upper limit for the interphase conductivity.
These findings emphasize the need for further investigation into the temperature dependence of
ionic transport in polymer-ceramic composite electrolytes.

While these simulations offer a preliminary insight into possible transport mechanisms, it is
important to emphasize that these results are exploratory and should be seen as an initial step
toward understanding the complex behavior of polymer-ceramic composite electrolytes. Further
research and more detailed experimental investigations will be required to validate these findings
and refine the transport models.

4.8 Conclusion

The comprehensive application of the microscale simulation model and the pseudo-two-dimensional
(P2D) simulation model for all-solid-state sodium-ion batteries (ASSIBs) featuring polymer-
ceramic composite electrolytes has yielded several key conclusions.

The microscale simulation model proved to be highly effective in representing the particle
structure within real cathode half-cells. The results of this model identified that slow sodium ion
transport throughout the electrolyte is a major bottleneck affecting overall cell performance. This
sluggish transport is mainly due to three critical factors: low porosity in the half-cell caused by a
high active material content, the considerable distance between the separator and current collector
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due to the thick half-cell, and the inherently low ionic conductivity of the electrolyte resulting from
low active filler content. These factors collectively generate steep Na* concentration gradients,
particularly near the separator, even at moderate C rates.

Given computational limitations, the study employed a one-factor-at-a-time approach to investigate
the specific influence of crucial battery design parameters. The findings suggest that, at room
temperature, cathodes with a electrolyte active filler volume fraction of approximately 80 %
and electrode thicknesses of 100 pm or less are necessary to achieve adequate utilization of
the theoretical battery capacity. These results underscore the critical need for the continued
development of fast-ion-conducting solid electrolytes to enhance the performance of ASSSIBs.
Furthermore, during the charging process, sodium ions are consumed primarily near the separator,
significantly limiting utilization unless extremely high ¢, f1 values are achieved.

The pseudo-two-dimensional (P2D) model, which accounts for electrolyte transport throughout
the half-cell while also considering diffusion within active material particles, allowed for the
exploration of a broader parameter space. The microstructure simulation results were instrumental
in informing the P2D model, thereby ensuring consistency and accuracy. A practical approach
involved comparing the P2D model with results from the particle-resolved microstructure model to
parameterize mixing rules for defining effective transport parameters in the electrolyte, reflecting
the composition of a hybrid polymer-ceramic electrolyte in a tortuous active material matrix.
The results suggest that the Zehner-Bauer-Schliinder model effectively represents low to medium
active material content, while the Maxwell-Garnett model is more suitable for low active material
porosity.

During discharging, cells with an electrolyte active filler volume fraction greater than 0.3 can
achieve full utilization at low C-rates (around 0.05 C). However, at higher C-rates (0.5 C and
above), even pure NaSICON electrolytes do not reach full utilization, suggesting that capacity
utilization increases with ¢, 41 more significantly at lower C-rates. In contrast, the charging
process exhibits drastically reduced utilization as C-rates increase. This disparity is due to
transport limitations within the electrolyte, where the consumption of sodium ions near the
separator during charging leads to the depletion of charge-carrying species and a premature end
to the process if transport capabilities are inadequate.

Further analysis indicated that the depth of discharge remains consistent for active material particle
radii below 2 pm and decreases sharply for values above 10 nm, regardless of the C-rate. This
decline is attributed to transport limitations in the electrolyte. The simulations recommend Ram
of 4 um, as smaller sizes do not significantly enhance performance and present manufacturing
and handling challenges. Moreover, smaller particles can reduce electrical conductivity within
the electrode due to increased particle-particle contacts.

A more sophisticated battery cell design, incorporating an uneven spatial distribution of active
material and active filler particles, has the potential to enhance overall battery performance, as
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suggested by the P2D simulation results. The study explored the impact of spatial variation in
active material content by varying the ratios of active material particles and active filler particles
while maintaining constant average values. The findings indicate that a negative slope in the
& distribution leads to higher achievable states of charge and depths of discharge. Specifically,
electrodes with high porosity near the separator that gradually decreases towards the current
collector exhibit superior performance. The more complex hyperbolic tangent and hyperbolic
sine distributions did not show significant improvement over a linear spatial distribution. The
linear distribution with a normalized slope of —1 was found to be optimal, describing a positive
half-cell with high porosity at the separator that linearly decreases towards the current collector.

In contrast to previous studies, the optimization efforts highlight the inherent complexities in
achieving a globally optimal battery design, given the highly interconnected and non-linear nature
of battery systems. The P2D model demonstrated its capability to be integrated into a differential
evolution global optimization algorithm, proving effective despite the high number of model
solution evaluations required.

The optimization results, encompassing a range of C-rates from 0.05-0.5 C, bring to light several
crucial findings. It becomes evident that the selection of optimal cell design parameters allows
the charging process to exploit considerably more capacity than the discharge process, with this
difference being notably pronounced at both high and low C-rates. This is primarily due to
the design’s capability to accommodate thicker electrodes and increased active material volume
fractions during charging. Furthermore, the investigation highlights that for low to moderate
C-rates, the optimal design parameters are intricately tied to the specific C-rate being employed.
This often requires a reduction in active material volume fractions, thinner electrode layers, and a
more uneven distribution of particles, which emphasizes higher porosity near the separator.

Additionally, the analysis indicates that distinct cell configurations are necessary to optimize the
performance for charging and discharging separately. Interestingly, when a battery is optimized to
perform adequately for both processes, its performance during discharge is comparable to that of a
design optimized solely for discharging. This finding underscores the importance of the discharge
process as the critical factor limiting the full utilization of the battery’s capacity. Therefore,
these insights provide essential guidance for fine-tuning the design parameters of all-solid-state
sodium-ion batteries with hybrid electrolytes, with a specific focus on overcoming the challenges
posed by the discharging phase.

The comparison between the initial, limited experimental data on transport phenomena in polymer-
ceramic electrolytes raises important considerations about the role of active fillers in facilitating
charge transport. Specifically, the addition of Naj 4Zr,Si, 4P ¢O;, into a PEO matrix did not
exhibit any significant improvement in conductivity compared to the single-phase polymer
electrolyte. Conversely, a composite solid electrolyte incorporating NasZr,Si, 3Py 701 g5 active
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fillers demonstrated enhanced conductivity, although the measured values remained below those
predicted by the model, which assumes ideal charge transport through both phases.

These results suggest that the assumption of full charge transport through the ceramic fillers may
be overly optimistic. Furthermore, our findings challenge the theory suggesting that enhanced
conductivity in the PEO bulk is due to structural changes induced by active fillers, which stabilize
amorphous regions at ambient temperatures. Notably, a significant increase in conductivity
was observed at 80 °C, where PEO is already in an amorphous state. An alternative, plausible
explanation for the discrepancy is the existence of a superionic interphase between the polymer
and ceramic phases. Simulations attributing the observed conductivity enhancement solely to this
interphase produced reasonable values for interphase thicknesses in the submicrometer range and
interphase conductivities that could account for the experimental results.

However, in certain cases, such as at elevated temperatures (80 °C) with an interphase thickness
of 125 nm, the required interphase conductivity would need to be as high as 4.84 Sm~!. This
raises questions about the feasibility of a polymer-based interphase achieving such high ionic
conductivities. Furthermore, it remains unclear why such an interphase—if present in one
composite—appears absent in the composite using Nas 4Zr,Si, 4P O, fillers.

An alternative explanation is that charge transport does occur within the ceramic filler particles but
is hindered by a charge transfer resistance at the particle surface. The magnitude of this resistance
could vary across different compositions, potentially explaining the reduced or even inhibited
charge transport observed in the NaSICON phases. These insights call for further experimental
and theoretical investigation to fully understand the interfacial dynamics and the role of active
fillers in composite electrolytes.
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5.1  Summary

The presented work is on the cell-design of novel sodium-based battery systems focusing on
the positive half-cell. The main contributions lie in the development of detailed models and
simulations that capture charge and mass transport, as well as electrochemical reactions, while
accounting for the specific geometry of the electrodes.

Through physics-based electrochemical simulations, the study quantified how different cell design
parameters influence the overall performance of next-generation sodium-ion batteries. These
simulations were applied to investigate two promising battery systems, each representing a novel
chemistry within the two main categories of sodium-based batteries: the sodium-iodine battery
for molten sodium systems and the all-solid-state sodium-ion battery with a polymer-ceramic
composite electrolyte for sodium-ion systems.

Sodium iodine batteries The sodium-iodine battery is a unique energy storage system
that integrates a molten sodium anode with a multi-component aqueous catholyte. This study
advances the modeling of such batteries by developing a spatially resolved, three-dimensional
cathode half-cell model, which extends beyond the traditional one-dimensional homogenized
approaches employed in previous research. This enhanced model accounts for the complex
three-dimensional effects that are critical to accurately simulating the battery’s behavior.

Computational modeling A key aspect of this modeling effort involved the precise
formulation of boundary conditions at the electrolyte-cathode interface. A detailed analysis
determined that a more accurate representation of these boundary conditions significantly
influences the overall fidelity of the simulation results. Specifically, it is advantageous to
approximate the iodine surface flux, derived from the heterogeneous charge-transfer reaction at
the electrode, as being equivalent to the iodine surface flux resulting from the homogeneous
triiodide recombination reaction occurring within the bulk of the catholyte. This approach
provides a balance between computational stability and accuracy, ensuring that the derived
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boundary conditions for species concentrations within the catholyte enabled robust and reliable
simulations.

The numerical solver developed in this work, designed to tackle the resulting system of coupled
partial differential equations, is implemented with a focus on reusability and accessibility, making
it a valuable tool for ongoing and future research within the scientific community. The segregated
nature of the solver requires the introduction of significant under-relaxation techniques to stabilize
the coupling between the two distinct computational regions representing the cathode and the
electrolyte. This stabilization is essential for achieving convergence in the simulations, which
was meticulously monitored using the normalized root mean square deviation (NRSMD) of the
related currents.

One of the critical challenges identified in this study is the determination of the correct electrode
potential at the cathode current collector. The accuracy of this potential setting directly impacts
the computation time and overall efficiency of the simulations. To enhance this aspect of the
modeling process, the study suggests integrating the damped secant method, which optimizes the
determination of the electrode potential and thereby reduce the computational burden associated
with these simulations.

Two dimensional electrodes for sodium iodine batteries Following the validation of
the spatially resolved sodium iodine battery model against established one-dimensional simulation
results from the literature, an in-depth exploration of cell design parameters was undertaken. This
study systematically investigated the influence of key design parameters on battery performance,
particularly focusing on variations in C-rate during both charging and discharging cycles. The
parameters under consideration included cathode length, catholyte concentration, and electrode
conductivity. These were evaluated through a combination of macroscopic performance metrics,
such as cell voltage, and microscopic insights, such as local concentration distributions, to
comprehensively assess their impact on the overall efficiency and functionality of the battery.

The study highlights significant diffusion limitations of the electrolyte species as a primary
constraint on the performance of sodium iodine batteries when employing a two-dimensional
electrode architecture. These limitations critically impair the efficiency of the battery, particularly
as the cell thickness approaches or exceeds 1 cm. This finding underscores the impracticality of
incorporating bulky electrodes within this design framework, as the diffusion constraints severely
restrict the attainable battery performance.

Among the various configurations examined, an elemental iodine concentration of 8 mol L'
emerged as the most effective, offering an optimal compromise between theoretical capacity and
practical utilization. This concentration level balances the demands of maintaining sufficient
reactant availability while avoiding excessive transport limitations. Furthermore, charge transport
within the solid phase of the electrode does not constitute a significant bottleneck, provided

124



5.1 Summary

that materials with suitable conductivity are employed. This insight allows researchers to focus
on other limiting factors, as the solid-phase transport does not appear to impede the battery’s
performance under these conditions.

The study also provides critical insights into the spatial distribution of species concentrations within
the cathode compartment. In this context, the local precipitation or depletion of charge-carrying
species in the electrolyte emerges as the primary mechanism responsible for the cessation of
battery operation in this two-dimensional electrode configuration. This phenomenon is closely
linked to the transport processes that facilitate the movement of these species from the anode
to the reactive surfaces within the cathode. The study reveals that these transport processes are
a critical bottleneck, significantly influencing the overall battery performance and necessitating
further optimization.

Moreover, the overpotentials associated with iodide oxidation are relatively modest, owing to
the rapid kinetics of the charge-transfer reactions involved. This observation suggests that the
surface area of the electrode, while important, is not a primary limiting factor within the studied
design framework. However, according to the results of the study, a critical issue is related
to the distribution of the available surface area in the positive electrode. In the context of the
two-dimensional electrode design, the non-uniform distribution of surface area remains as a
significant challenge.

Three-dimensional electrodes for sodium iodine batteries Building on the lim-
itations identified in the two-dimensional electrode designs, this study strategically explored
the use of glassy carbon foams as innovative three-dimensional electrode structures for sodium
iodine batteries. The decision to investigate glassy carbon foams was driven by their distinctive
properties, including chemical inertness, competitive electronic conductivity, and the flexibility
to tailor their morphology. These characteristics makes them particularly attractive for enhancing
battery performance.

Comparative simulations rigorously evaluated the performance of glassy carbon foam electrodes
against traditional two-dimensional cathode designs. The results confirmed that the foam structures
significantly improve the depth of discharge, overcoming the diffusion limitations that hinders
the efficiency of two-dimensional designs. This outcome underscores the potential of three-
dimensional electrodes to advance the overall performance and energy utilization of sodium
iodine batteries.

To accurately model the complex structure of the glassy carbon foam, a mathematical approach
was adopted that involved the packing of Kelvin unit cells—a geometric model frequently used
to represent foam-like structures. The application of virtual smoothing algorithms refines the
modeled geometry and better replicates the actual morphology of glassy carbon foams. This
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methodological approach was validated against imaging data from real foams, verifying its
accuracy and reliability for future use in modeling intricate electrode architectures.

From a mathematical perspective, the analysis reveals an inherent trade-off between maximizing
the specific surface area of the foam and maintaining adequate porosity. While increasing the
surface area is often desirable for enhancing reaction kinetics, doing so at the expense of porosity is
often detrimental to battery performance. The reduced porosity restricts the effective migration of
sodium ions across the electrolyte, a fundamental requirement for sustaining optimal performance
during operation.

The study highlights the importance of larger pores relative to the foam cell size, as these larger
pores correlate with higher overall porosity. Such a structure facilitates smoother sodium-ion
transit between the cells of the foam, which in turn significantly boosts the efficiency and
effectiveness of the battery. Conversely, while reducing the foam cell size to increase surface
area did yield improved performance, this observed improvement is minor. In sharp contrast,
foams with extremely high porosity (around 97.4 %) and small cell sizes (less than 2 mm), where
the increase in surface area enhances performance without severely compromising ion transport,
represent an exception to this trend.

These findings are consistent across arange of C-rates, suggesting that the relationship between pore
size, surface area, and porosity is robust and critical for optimizing the design of three-dimensional
electrodes. The insights gained from this study align with those derived from earlier investigations
into two-dimensional electrodes, reinforcing the conclusion that efficient charge and species
transport across the cathode half-cell is paramount for achieving high utilizable capacities in
sodium iodine batteries. The results of this study provide a foundation for further exploration and
optimization of three-dimensional electrode designs in advanced battery systems.

Comparison of Nal battery model predictions with preliminary experimental data
In this work, a comparison between early-stage experimental data and model predictions led to
a reevaluation of several assumptions related to the behavior of iodine/iodide aqueous solutions
in sodium iodine batteries. The initial experiments report a specific capacity 70 % higher
than predicted by traditional solubility limits, suggesting that the theoretical framework needs
adjustments. Refining the solubility limits in the model better approximates the experimentally
observed capacity, yet it is evident that triiodide (I5") by itself does not entirely account for the
experimental observations. The inclusion of pentaiodide (I5) as an additional catholyte species
provesd necessary to accurately reproduce the shape of the polarization curve, indicating that more
complex polyiodide formation plays a significant role in iodine storage near the fully charged state.
Nevertheless, the modified model similarly anticipated notably elevated iodine concentration
levels when fully charged, prompting questions about the solubility of such concentrations. These
results imply that either supplementary polyiodides or iodine precipitation might play a role in
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the long-term dynamics of the system, highlighting the necessity for further empirical evidence
as the battery prototype progresses.

All-solid-state sodium-ion battery with polymer-ceramic composite electrolyte In
the pursuit of developing next-generation sodium-ion batteries, all-solid-state sodium-ion batteries
(ASSSIBs) have gained prominence due to their superior safety profile, extended cycle life, and
the ability to incorporate sodium metal anodes. This study contributes to the growing body of
research focused on utilizing composite polymer-ceramic electrolytes to advance this innovative
battery technology.

For the first time, this work employs physics-based microscale models to conduct a comprehensive
investigation into how various material properties and design parameters affect the electrochemical
performance of ASSSIBs with composite electrolytes. These models provide a nuanced
understanding of the interactions within the battery, offering valuable insights that can guide the
optimization of future solid-state sodium-ion battery designs.

Computational modeling This study addressed the complex challenges of modeling
ASSSIBs through a dual modeling approach, leveraging both a resolved microstructure model and a
pseudo-two-dimensional (P2D) model. Each model offers unique insights into the electrochemical
behavior and design optimization of ASSSIBs, contributing to a holistic understanding of battery
performance.

The microstructure model builds upon the simulation framework initially developed for sodium-
iodine batteries, with significant adaptations to account for diffusion processes within the active
material particles. This model is finely tuned to represent the intricate details of ASSSIBs,
incorporating a range of critical parameters. These include the equilibrium potential, which is
accurately described using a Gibbs energy (GE) model, and the conductivity of the polymer
electrolyte, which is expressed as a function of concentration. These additions enable the model
to capture the nuanced effects of material properties and structural configurations on battery
performance at the microscale.

In contrast, the P2D model, which lacks the resolved surface structures of the microstructure
model, necessitates the use of effective transport properties to accurately represent the complex
behavior of a two-phase electrolyte system. The results from the particle-resolved microstructure
model help inform and refine the transport properties used in the P2D model. This approach
enables the parameterization of mixing rules that define the effective transport parameters within
the electrolyte, reflecting the composition of a hybrid polymer-ceramic electrolyte in a tortuous
active material matrix.
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Consequently, the optimality of different models varies in accordance with the degree of active
material content and porosity. Specifically, the Zehner-Bauer-Schliinder (ZBS) effectively
represents scenarios with low to medium active material content, providing a reliable estimate of
transport properties under these conditions. Conversely, the Maxwell-Garnett model proved more
suitable for situations involving low porosity within the active material, offering an alternative
approach to capturing the effects of electrolyte composition and structure on overall battery
performance.

Microstructure simulation results The microscale simulation model developed in this
work is a useful tool for representing the complex particle structures found within actual cathode
half-cells of all-solid-state sodium-ion batteries. The microstructure simulation results identify
slow transport of sodium ions throughout the electrolyte as the primary obstacle to optimal cell
performance. This limitation is largely attributed to three interrelated factors: the low porosity of
the half-cell, driven by a high content of active material; the substantial thickness of the half-cell,
which increases the distance between the separator and the current collector; and the inherently
low ionic conductivity of the electrolyte, which results from a limited amount of active filler.
These factors together create steep sodium ion concentration gradients within the electrolyte,
particularly in regions close to the separator, even under moderate C-rate conditions.

A comprehensive parametric study using the microstructure model demonstrates that achieving
sufficient utilization of the theoretical battery capacity at room temperature requires cathodes
with an active filler volume fraction of approximately 80 % and electrode thicknesses of 100 pm
or less. The model indicates that battery performance is particularly constrained during the
charging process, where sodium ion consumption predominantly occurs near the separator. This
localized depletion significantly limits capacity utilization unless the active filler volume fraction
is exceptionally high.

Pseudo-two-dimensional model results The pseudo-two-dimensional (P2D) model
developed in this study enabled the exploration of a broader range of parameters, complementing
the insights gained from the microscale model. Exemplarily, the P2D model illustrates that
electrodes with an active material volume fraction of 50 % can achieve full utilization during
discharge at low C-rates, provided the active filler volume fraction exceeds 0.3. At higher
C-rates, such as those above 0.5 C, full utilization becomes unattainable, even with pure ceramic
electrolytes. During charging, the model emphasizes a more pronounced reduction in utilizable
capacity as the C-rate increases. This behavior arises from transport limitations within the
electrolyte, where sodium ions are rapidly depleted near the separator, leading to a localized
shortage of charge carriers and a consequent decline in performance.
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Further investigations focused on the optimal size of active material particles recommend an
active material radius of 4 pm as reasonable, since further reductions in particle size do not result
in significant performance gains and introduce additional challenges related to manufacturing and
handling.

Additionally, the results of the P2D simulation suggest that a more sophisticated battery cell design,
incorporating a non-uniform spatial distribution of active material and filler particles, significantly
enhances overall battery performance. The findings indicate that a negative gradient in the
distribution of particle volume fraction—with higher porosity near the separator that gradually
decreases toward the current collector—yields superior states of charge and depths of discharge.
More complex spatial distributions, such as those based on hyperbolic tangent or sine functions,
did not show significant improvements compared to a linear gradient. As a result, the linear
distribution with a normalized slope of —1 is the most effective, modeling a positive half-cell
with high porosity near the separator that gradually decreases toward the current collector.

Furthermore, the P2D model demonstrated its effectiveness when integrated into a global
optimization framework utilizing a differential evolution algorithm. This approach enables
the optimization of key parameters, including cathode thickness, active material content, and the
spatial distribution of both active material and filler volume fractions. The global optimization
results emphasize the highly interconnected and non-linear nature of battery systems, showing that
the optimized electrodes achieve superior performance during charging compared to discharging
across all examined C-rates.

Finally, the study indicates that separate optimization for charging and discharging leads to distinct
cell configurations. However, a design optimized for efficient operation during both processes
delivers performance comparable to that of a design tailored exclusively for discharging. This
outcome identifies discharging as the primary bottleneck for achieving high capacity utilization
in all-solid-state sodium-ion batteries.

Reevaluation of ionic transport mechanisms in polymer-ceramic composite elec-
trolytes This work compares early experimental data with microstructure-based model predic-
tions of ionic conductivity in polymer-ceramic composite electrolytes, focusing on composites
composed of NaSICON and PEO. The study challenges previously held assumptions about the
mechanisms governing ionic transport in these materials.

To investigate the role of ceramic fillers, the hypothesis of superionic interphases—regions near
the polymer-ceramic interface with enhanced ionic transport—was systematically tested. For
NaSICONmaterial Na;Zr,Si, 3Py 701 g5, experimental results show no measurable increase in
ionic conductivity beyond the baseline value of the bulk PEO polymer. This outcome suggests
that the fillers do not enhance ionic transport as previously anticipated.
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In contrast, the use of Naj 4Zr,Si, 4Py ¢O;, particles results in a moderate increase in ionic
conductivity, though the observed values remain below those predicted by models assuming ideal
ionic transport through the filler particles. Accounting for charge transport within superionic
interphases at the polymer-ceramic boundary while neglecting charge transport within the ceramic
particles aligns the model closely with experimental observations. The study identifies various
combinations of interphase thickness and conductivity that are consistent with the experimental
data. If future experimental work determines one of these parameters, the model provides valuable
predictions for the other, aiding in the characterization of the superionic interphase.

5.2 Outlook

The research presented in this thesis has centered on microscale modeling and simulation for
predicting performance and optimizing the cell design of sodium batteries, providing valuable
insights into the fundamental mechanisms that influence battery efficiency and capacity. Future
studies could expand on this work by applying these models to explore sodium batteries at
different scales. One potential approach involves using the physics-based models developed here
to investigate nanoscale processes. This could be achieved by extracting and refining macroscopic
transport parameters through fitting the models to experimentally derived data sets.

A significant challenge in this endeavor is the current scarcity of high-quality experimental
data that simultaneously report on electrochemical performance and provide well-characterized
electrode material morphologies in sodium batteries. This paucity of data is largely due to the
relatively low technology readiness level of sodium-based battery systems compared to more
established technologies like lithium-ion batteries (LIBs). As sodium battery research is still in
its formative stages, much of the focus remains on the chemical development of active materials
and electrolytes, often at the expense of detailed studies on cell design and electrode architecture.

As sodium batteries continue to mature and move closer to commercialization, it is anticipated
that research will increasingly shift towards understanding and optimizing electrode morphology
and composition. In this context, future work could play a crucial role by integrating material
science research with the models developed in this thesis. By refitting these models to new
experimental data, it will be possible to evaluate and enhance transport properties within the
battery, thus driving further advancements in cell design. Such efforts will not only contribute to
the refinement of sodium-ion battery technology but also help bridge the gap between theoretical
predictions and practical performance.

An alternative path forward could leverage the findings of this study by integrating them into
battery or pack-level models, ultimately influencing techno-economic analyses. A significant
challenge in this context is the disparity in length and time scales, which necessitates the careful
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incorporation of the presented microscale models into such simulations. Achieving this requires
maintaining a balance between model accuracy and computational efficiency.
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A Appendix

A.1 Derivation and fitting of the electrolyte conductivity
equation

Mongcopa et al. used quasi-elastic neutron scattering (QENS) to study the conductivity of PEO
at different Li*/EO ratios (r,) and derived the following dependence of conductivity on LiTFSI
salt concentration [169]:

o = 0.043r, [exp (— 0.’(";8 5)] (A1)

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.
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Figure A.1: Measured electrolyte conductivity data from Ferry et al. [170] compared with the conductivity function
fitted in this research.

In this work the equation is expressed in terms of ¢ rather than r; to align with the formulation of
the physics-based model. 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
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polymer conductivity (cej k,,, ). In our reformulated equation, a single empirical constant remains,
specific to the materials used and denoted as Knarrsi in this study (see equation eq. (4.9)). The
data fit to evaluate the value, based on data from Ferry et al., is shown in fig. A.1.

A.2 Fit parameters for the Redlich-Kistner
thermodynamic model.

Table A.1: Fit parameters and quality assessments for the Redlich-Kistner thermodynamic model

Parameter  Value

Up (V) 3.3787

Ag 4242

Aj -170.67
Ar -6814.2
Ajz 1406.3
Ay 302201
As -3549.3
Ag -37732
A7 3876.5
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