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Abstract

This work investigates potential cathode and anode materials for lithium-ion batteries
with respect to their physical and electrochemical properties. The focus lies on novel
triphenylamine-based polymers (FTN-Pol) as cathode materials, as well as photo-enhanced
charging using the spinel LiMn,O,4 as cathode. Additionally, the suitability of hybrid or-
ganic-inorganic perovskites (HOIPs), particularly MAPbBrj3, as anode materials is stud-
ied. Physical characterization is conducted using X-ray diffraction and scanning electron
microscopy, while electrochemical properties are assessed via cyclic voltammetry, galvano-
static cycling, and chronoamperometry. Electrochemical analysis of the FTN-Pol system
demonstrates that N-heterotriangulenes provide a redox-active and electrochemically sta-
ble backbone for polymeric cathodes. The rigid spirocyclic structure promotes high redox
site accessibility while minimizing side reactions. While FTN-Pol exhibit limited specific
capacity due to the high molecular weight of the redox unit, it achieves 87 % utilization
of its theoretical capacity, a Coulombic efficiency of 99.6 %, and stable long-term cycling
performance. Studies on the LiMn,O, spinel reveal that light exposure enhances electro-
chemical performance by increasing charge extraction and accelerating reaction kinetics.
Controlled experiments confirm that these effects are primarily attributable to photonic
interactions with the electronic structure of the material, such as improved charge carrier
mobility, rather than solely to thermal effects. The investigation of HOIP-based anodes
indicates current limitations in terms of chemical stability, electrolyte compatibility, and
long-term cycling durability. Nevertheless, under controlled conditions, redox activity and
photoinduced effects can be observed, suggesting potential for niche applications or further

research.






Zusammenfassung

In der vorliegenden Arbeit werden potenzielle Kathoden- und Anodenmaterialien fiir
Lithium-Ionen-Batterien hinsichtlich ihrer physikalischen und elektrochemischen Eigen-
schaften untersucht. Im Fokus stehen neuartige, triphenylaminbasierte Polymere (FTN-
Pol) als Kathodenmaterialien sowie das photobeschleunigte Laden mit dem Spinell
LiMn,0O, als Kathode. Dariiber hinaus wird die Eignung hybrider organisch-anorganischer
Perowskite (HOIPs), insbesondere MAPbBr3, als Anodenmaterialien analysiert. Die
physikalische Charakterisierung erfolgt mittels Rontgendiffraktometrie und Rasterelek-
tronenmikroskopie, wihrend elektrochemische Eigenschaften durch zyklische Voltamme-
trie, galvanostatisches Zyklieren und Chronoamperometrie untersucht werden. Die elek-
trochemische Analyse des F'TN-Pol-Systems zeigt, dass N-Heterotriangulene ein elektro-
chemisch stabiles und redoxaktives Riickgrat fiir polymere Kathoden darstellen. Die starre
spirozyklische Struktur begiinstigt eine hohe Redoxstellenzugénglichkeit bei gleichzeitig
geringen Nebenreaktionen. Trotz der durch die hohe Molekiilmasse limitierten spezifis-
chen Kapazitdt erreicht FTN-Pol eine Kapazititsauslastung von 87 %, eine coulombis-
che Effizienz von 99,6 % und stabile Langzeitzyklen. Die Untersuchungen am LiMnyOy-
Spinell zeigen, dass Lichtbestrahlung die elektrochemische Leistungsfahigkeit durch er-
hohte Ladungsentnahme und beschleunigte Reaktionskinetik verbessert. Kontrollierte
Experimente belegen, dass diese Effekte primér auf photonische Wechselwirkungen mit
der elektronischen Struktur, etwa eine erhohte Ladungstragermobilitit, und nicht aus-
schlieflich auf thermische Einfliisse zuriickzufiihren sind. Fiir die untersuchten HOIPs
deuten die Ergebnisse auf derzeit bestehende Einschriankungen hinsichtlich chemischer
Stabilitat, Elektrolytkompatibilitdt und Zyklenfestigkeit im Langzeiteinsatz hin. Unter
kontrollierten Bedingungen lassen sich jedoch Redoxaktivitat und photoinduzierte Effekte
beobachten, was auf Potenzial fiir spezifische Anwendungen oder weiterfiihrende Studien

schlieBen lasst.
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1 Introduction

Global energy demand has been steadily increasing, with global primary energy consump-
tion growing at an average rate of approximately 2 % annually, except in 2020 due to the
peak of the COVID-19 pandemic [1]. Currently, 81.5% of the world’s primary energy
supply still originates from fossil fuels |1], whose combustion releases significant amounts
of carbon dioxide (CO3) into the atmosphere. The long-term trend in atmospheric COq
concentration, visualized in the Keeling Curve (Figure , shows a relatively stable con-
centration around 265 ppm for much of the last 10,000 years, with a modest increase to
approximately 275 ppm until around 1800. However, since the onset of the Industrial Rev-
olution, anthropogenic emissions have driven CO, concentrations to unprecedented levels,
reaching 427 ppm as of 2024 |2, 3|.

While natural fluctuations in CO, levels, ranging between 180 ppm and 300 ppm, have
occurred over the past 800,000 years, the sharp increase in recent centuries is undeniably
human-induced [2]. According to the 2023 IPCC report, neither atmospheric CO, concen-
trations nor net global greenhouse gas (GHG) emissions are expected to decline signifi-
cantly in the coming years [5|. Elevated GHG concentrations contribute to the greenhouse
effect [6], wherein CO4 absorbs infrared radiation emitted by the Earth’s surface, prevent-
ing heat loss to space and thereby warming the planet |7]. Furthermore, increased CO,
uptake by oceans leads to acidification, which lowers pH levels and calcium carbonate
saturation, adversely affecting marine ecosystems [8|. This climatic shift is evidenced by
the increase in global surface temperatures from 13.67°C in 1924 to 15.19°C in 2024 [9],
resulting in severe environmental impacts such as glacial melting and sea-level rise |10, [11],
more frequent extreme weather events |5, |12, loss of biodiversity |13} |14], and growing
numbers of environmental refugees |15]. Mitigating these drastic outcomes necessitates a
rapid reduction in anthropogenic GHG emissions, particularly CO,, by transitioning to
renewable energy (RE) sources like hydropower, solar, and wind |16]. These technologies
are among the most effective and scalable strategies for addressing both climate change
and the growing global energy demand |17, [18]. As of 2024, RE accounts for approxi-
mately 15 % of global energy production, with hydropower contributing 6 % [1]. Due to

economies of scale and technological advances, the market costs of solar photovoltaics have
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Figure 1.1: The Keeling Curve: Atmospheric COy concentration over the past 10,000
years. Reproduced from the Keeling Curve archives [4].

fallen from 600§ to 70 $ per megawatt-hour (MW h), while onshore and offshore wind en-
ergy costs have decreased from 1508$ and 140$ to 60$ and 80$ per MW h, respectively,
between 2000 and 2020 [5]. For comparison, fossil fuel-derived electricity typically costs
between 80 % and 1503 per MW h [5]. Despite these advantages, integrating RE into the
electrical grid poses two key challenges: (1) Instability and intermittency - since RE out-
put is weather-dependent, it introduces variability that can compromise grid stability [19],
and (2) Grid accommodation - as exemplified by the "duck curve", increased solar output
may cause midday overgeneration and steep ramping needs during morning and evening

hours, leading to energy restriction and reduced overall efficiency |20}, 21].

A promising solution to these challenges is the deployment of efficient energy storage
systems (ESS), which can store excess RE generated during low-demand periods and
release it during peak demand |22, 23|. The efficient storage and utilization of renewable

energy thus forms the central motivation of this thesis.
A Brief Summary of the History of Lithium Ion Batteries

The development of batteries has a rich history, beginning in the late 18th century with
pioneering discoveries in electrochemistry. Luigi Galvani’s experiments at the University of
Bologna and Alessandro Volta’s subsequent invention of the voltaic pile at the University
of Pavia marked the inception of the electrochemical cell [24]. Volta’s discovery laid the

foundation for electrochemical energy storage, making batteries widely known to human-
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ity. The progress continued through the 19th century; in 1866, Georges-Lionel Leclanché
introduced a practical primary battery using a zinc anode and a manganese dioxide-carbon
cathode immersed in an aqueous ammonium chloride solution [25]. This “Leclanché cell”
became the forerunner to modern dry cells. Shortly before, in 1859, Gaston Planté devel-
oped the first rechargeable lead—acid battery, an innovation that remains relevant today in
applications like automotive starter batteries. Later, in 1901, Swedish engineer Waldmar
Jungner invented the nickel-cadmium (NiCd) rechargeable battery, another milestone in
secondary battery technology [26]. These foundational works in electrochemical energy
storage highlighted both the potential and limitations of early batteries. Zinc- and lead-
based systems were relatively low in energy density, prompting researchers to explore
alternative materials. It was intuitive to consider lithium, being the lightest metal with
the highest electrochemical potential, as a promising candidate to increase energy density
dramatically |26]. Research into lithium-based batteries began during the mid-20th cen-
tury. Initial efforts focused on primary lithium batteries, but the quest for a stable and
safe rechargeable lithium system became a central challenge. In the 1960s and 1970s, early
studies demonstrated the promise of lithium in battery chemistry. Selis et al. [27] and
Casey et al. [28] examined the behavior of lithium in electrochemical cells, including its
effects on battery energy at elevated temperatures. In 1978, a key milestone was achieved
when M.S. Whittingham introduced the concept of lithium intercalation into transition
metal dichalcogenides, particularly titanium disulfide (TiSs), leading to the first prototype
lithium-ion battery with a TiS, cathode and lithium metal anode [29]. While Whitting-
ham’s system demonstrated electrochemical reversibility, its use of metallic lithium posed
severe safety risks. Lithium’s high reactivity with both air and electrolyte caused forma-
tion of a passivating layer known as the solid electrolyte interface (SEI). While partially
protective, irregularities in the SEI could lead to lithium dendrite formation, short circuits,
and even fires or explosions [30} 31|. These hazards were tragically demonstrated in early
devices like the MOLICEL, which resulted in serious incidents including battery fires [32].

To address safety issues, researchers sought safer electrode materials.

In 1980, John B. Goodenough identified lithium cobalt oxide (LiCoOs) as a cathode ma-
terial with a layered structure analogous to TiSs but with superior stability in ambient
conditions [33]. Around the same time, graphite was investigated as a potential interca-
lation anode. The so-called "rocking-chair" battery concept, where lithium ions shuttle
between intercalating cathode and anode materials during charge and discharge, was pro-
posed and experimentally validated throughout the 1980s. Significant contributions came
from Besenhard, Yazami and Touzain |34} 35|, who demonstrated lithium intercalation

into graphite and evaluated its reversibility using solid polymer electrolytes.
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One of the most essential development came in 1985 when Akira Yoshino built a prototype
LIB using LiCoOs as the cathode, polyacetylene (later replaced by more stable carbona-
ceous materials) as the anode, and a non-aqueous electrolyte. Yoshino’s design eliminated
reactive metallic lithium, dramatically improving battery safety. His LIB passed critical
safety tests, including collision tests, without igniting, unlike earlier lithium-metal-based
designs [36]. In 1991, Sony commercialized Yoshino’s design, ushering in the modern era of
lithium-ion batteries. The initial LIBs featured graphite anodes, LiCoOs cathodes, and lig-
uid electrolytes. Subsequent safety concerns, especially involving dendritic lithium growth
and thermal runaway, led to further refinements [37]. These included the development of
polymer electrolytes and replacement of LiCoO, with safer, lower-cost cathodes such as
lithium iron phosphate (LiFePO,, or LFP), now dominat in many applications. In 2000
Shirakawa, Alan J. Heeger and Alan G. MacDiarmid were the recipients of the prestigious
Nobel Prize in Chemistry "for the discovery and development of conductive polymers"
[38] and in 2019 the Nobel Prize in Chemistry was awarded to John B. Goodenough, M.
Stanley Whittingham and Akira Yoshino "for their contributions to the development of
the lithium-ion battery" [39].

Today, LIBs are the backbone of portable electronics, electric vehicles, and grid-scale en-
ergy storage. Their high energy density, cycle life, and declining production costs have
made them indispensable in modern energy infrastructure. Nevertheless, ongoing chal-
lenges, such as resource shortage, safety at high capacities, and environmental concerns,
continue to drive research toward next-generation battery technologies. Understanding
the evolution from early electrochemical cells to today’s LIBs not only contextualizes their

significance but also motivates continued innovation in electrochemical energy storage.

To develop more powerful lithium-ion batteries, understanding the interplay between stor-
age mechanisms, transport processes as well as their relationship to the electrode morphol-
ogy and structure is essential. This thesis investigates novel organic, inorganic and hybrid
substances as anode and cathode materials in LIBs. The focus here is on the electro-
chemical properties of the materials. Furthermore, the influence of light on batteries is
being investigated, similar to the idea of a photobattery - battery that uses light to either

increase the energy storage performance or to be charged solely with light.

The following chapters explore the development and characterization of advanced elec-
trode materials for lithium-based energy storage systems, with a particular focus on or-
ganic, inorganic, and hybrid materials. Chapter [2| outlines the theoretical foundations
and experimental methods employed, including physical and electrochemical characteri-

zation techniques. Chapter [3| investigates triphenylamine-based redox polymers and their
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structural modifications to enhance electrochemical performance. Chapter {4| examines
photothermal effects in LiMn;O,4-based cathodes under illuminated conditions, aiming
to decouple light-induced contributions from thermal effects. Chapter [f shifts to hybrid
organic-inorganic perovskites as emerging anode materials, analyzing their synthesis, reac-
tion mechanisms, and electrochemical behavior. The work concludes with a comprehensive
summary Chapter [6]of the findings and an outlook on future research directions in battery

material development.
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2 Theoretical Background and Experimental
Methods

2.1 Working Principle of Lithium lon Batteries

In lithium-ion batteries, chemical energy is converted into electrical energy through redox
(reduction—oxidation) reactions. Throughout this energy conversion process, one chemical
species undergoes oxidation, releasing electrons that are conducted through an external
circuit to a second redox-active species, which is subsequently reduced. This fundamental
mechanism forms the basis of electrochemical energy storage. The galvanic cell is one
of the most well-known electrochemical systems. In such a configuration, two electrode
materials with different redox potentials are immersed in separate electrolyte solutions,
which are connected by a porous separator that permits ionic transport while prevent-
ing the direct mixing of the electrolytes. The general structural design and operational
principle are similar across all electrochemical cells. These cells are typically composed
of three main components: the anode, the cathode, and the electrolyte. The electrolyte
serves to transport ions between the electrodes and is essential for maintaining electrical
neutrality within the cells. As such, high ionic conductivity of the electrolyte is crucial to
ensure efficient operation. In contrast, significant electronic conductivity within the elec-
trolyte is undesirable, as it would facilitate internal short-circuiting, thereby compromising
cells efficiency and safety. The output voltage of an electrochemical cell is determined by
the redox potential difference between the electrodes and typically ranges from 1 to 3V,
rarely exceeding 5V. Electrochemical cells are broadly classified as either primary or
secondary, depending on the reversibility of the redox reactions involved. Primary cells
are designed for single-use applications and are not rechargeable, as their electrochemical
reactions are thermodynamically or kinetically irreversible. As a consequence, these cells
must be disposed after the stored chemical energy has been fully converted. The lack of
constraints on reversibility allows for a wider range of materials and typically results in
higher energy densities in primary cells compared to secondary ones. In contrast, sec-
ondary cells are designed to be rechargeable and require that the redox reactions at both

electrodes be chemically reversible. During the charging process, an external electrical
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current is applied to drive the redox reactions in the opposite direction, thereby restoring
the electrodes to their original charged states. The ability of a secondary cell to undergo
repeated charge—discharge cycles depends on the reversibility of the redox reactions and
the structural stability of the electrode materials. High-performance secondary batter-
ies can typically endure thousands of such cycles. A more detailed description of the
fundamentals of electrochemical cells and their classification can be found in [40-42].

a) Discharging b) Charging
KR 0w
l °
o 1
NS INDSTS
~@
® lithium cation @ @ @
CoO,
@ ® ~® 1)
© electron / 3
cathode cathode

Figure 2.1: Schematic illustration of the working principle of a lithium-ion battery based
on a Li;_,CoOy*~ cathode and a graphite anode. (a) Discharge process: lithium atoms in
the graphite anode are oxidized to Li", releasing electrons that travel throu@;h the external
circuit to the cathode, where they are consumed in the reduction of CoOy'~. Simultane-
ously, Li*™ ions migrate through the electrolyte to the cathode, ensuring charge balance.
(b) Charge process: application of an external voltage reverses the redox reactions, re-

ducing Lit ions at the graphite anode and oxidizing the cathode material, effectively
reintercalating lithium into the anode. Adapted from Muench et al. .

Among secondary batteries, lithium-ion systems have become dominant due to their high
energy density and reversible redox chemistry. Figure [2.1] illustrates the fundamental
processes occurring during the operation of a lithium-ion battery comprising a graphite
anode and a layered lithium metal oxide cathode, specifically Li;_,CoOsx—. Both elec-
trodes are immersed in an electrolyte containing lithium salts (e.g. LiPFg), enabling ionic
conductivity. Under open-circuit conditions, each electrode establishes an electrochemi-
cal equilibrium with the electrolyte, resulting in the accumulation of surface charges and
the development of the cells potential. Upon connecting the electrodes via an external
circuit, the potential difference between them provides the driving force for electron flow
from the graphite anode to the CoOy~ cathode. At the same time, lithium atoms inter-
calated within the graphite structure are oxidized to Li* ions, which migrate through the

electrolyte toward the cathode. The arriving Lit ions are then inserted into the layered
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structure of the CoOy~ cathode material while the electrons are consumed in the reduction
of Co** to Co®*, completing the redox cycle. In an idealized cell system, the rate-limiting
step for battery performance is often the ionic mobility within the electrolyte. There-
fore, minimizing the resistance of the electrolyte is a key consideration in battery design.
During the charging process, as shown in Figure ), an external current is applied in
the opposite direction, driving the reduction/intercalation of Li* into the graphite anode
and the oxidation of the cathode material, thereby restoring the initial lithium distribu-
tion. The use of intercalation materials such as graphite has been a major advancement
in lithium-ion battery technology, as it prevents the deposition of metallic lithium and
mitigates the formation of dendritic structures that could lead to internal short-circuits.
The immobilization of lithium within the graphite lattice thus enhances both the safety
and cyclability of the battery. For comprehensive discussions of the working principles of
lithium-ion batteries, the reader is referred to |30, |37} 42].

The development of advanced electrode materials remains a central objective in contem-
porary battery research. Since the commercial introduction of the first lithium-ion battery
by Sony in 1991, graphite has become the standard anode material, while transition metal
oxides, particularly those with layered or rock-salt structures, have dominated as cathode
materials [43]. These materials enable lithium storage through highly reversible interca-
lation reactions (Figure a)), wherein Li" ions diffuse into interstitial sites of the host
crystal lattice. Ideally, this process induces only minor expansion of the lattice and avoids
significant structural degradation, thereby preserving the crystallographic integrity of the

host material.

While intercalation reactions in conventional cathode materials offer excellent reversibility,
their theoretical capacity is typically limited by the maximum number of Li" ions that
can be reversibly inserted per formular unit, which is often close to one Li" but depends
on the material system [45]. To meet the increasing energy density demands of applica-
tions such as electric vehicles, where driving range remains a critical metric, alternative
lithium storage mechanisms are being actively pursued. In this context, conversion and
alloying-type reactions (Figure b), ¢)) have garnered significant attention due to their
potential to accommodate multiple Li* ions per formula unit, resulting in markedly higher
gravimetric and volumetric energy densities. Alloying mechanisms involve the formation
of intermetallic compounds between lithium and low-mass elements such as Mg, Al Si,
Ge, Sn, Ag, and Zn [46-48|. Conversely, conversion reactions occur in transition metal
compounds of general formula MX (M = Fe, Co, Ni, etc.; X = O, N, F, S, P), wherein
the metal species is fully reduced and, in the case of oxides, Li;O is concurrently formed

[49]. This mechanism was first reported by Poizot et al.in 2000 for transition metal oxides
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Intercalation

a)

R NS

LA E DL )
o

C) Alloying \®‘

Discharge

Figure 2.2: Schematic illustration of the three principal lithium storage mechanisms in
electrode materials: a) Intercalation — Lithium ions are reversibly inserted into the host
crystal lattice without significant structural changes, typically enabling one Li" ion per
formula unit. b) Conversion — Lithium reacts with transition metal compounds, leading
to the complete reduction of the metal and formation of Li;O; this mechanism offers
higher capacity but involves major structural transformations. c¢) Alloying — Lithium
forms intermetallic compounds with low-mass elements such as Si or Sn, providing high
specific capacities at the expense of substantial volume changes and mechanical stress.

Adapted from [44] |45].
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[50]. The reversibility of the conversion reaction is critically dependent on the morphology
of the resulting metal nanoparticles, which must be sufficiently small and catalytically
active to facilitate the decomposition of Li;O [51]. Although both alloying and conversion
reactions enable higher capacities compared to traditional intercalation, they are accom-
panied by substantial structural and volumetric changes. These mechanical stresses can
cause pulverization of the electrode material, leading to the formation of electrochemically

inactive regions and consequent capacity fading [51].

2.2 Physical Characterization Techniques

In order to investigate the electrochemical performance of novel battery materials, prior
physical characterization is essential. The physical properties of the materials investigated
in this thesis were characterized using methods of X-ray diffraction (Section and
scanning electron microscopy (Section. Their theoretical principles and experimental

implementation are described below.

2.2.1 X-Ray Diffraction

All of the diffraction measurements presented in this study were performed by Ilse Glass
using a Bruker D8 ADVANCE ECO diffractometer equipped with copper K, radiation
(AMKa,) = 0.15406 nm, A(K,,) = 0.15444nm) at the Institute of Geosciences, Heidel-
berg University. Sample preparation was carried out in a two-step process: the powdered
material was manually dispersed in isopropanol using a mortar to ensure a homogeneous
distribution, which is essential for obtaining reproducible and representative diffraction
patterns. The resulting suspension was then uniformly applied to a silicon sample holder.
Data acquisition was conducted in continuous scanning mode, with the diffracted intensity
recorded as a function of the scattering angle (typically at a step size of 260 =0.02°). The
primary objective of the data analysis was phase identification and assignment of crys-
talline components in the samples. For this purpose, the observed Bragg reflections were
compared against reference patterns from the Inorganic Crystal Structure Database [52].
The lower limit of quantification (LOQ) in laboratory-based powder XRD is inherently
sample-dependent and influenced by factors such as peak overlap, preferred orientation of
crystallites, and the presence of amorphous phases. Nevertheless, a commonly accepted
guideline suggests a LOQ of ~ 1-5wt% [53-55]. Similarly, the visibility of nanocrystalline
domains in diffractograms depends on these factors, with the lower limit of detection for

crystallite size generally accepted to be in the range of 2-4nm |53, |56} 57].
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2.2.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a crucial technique for investigating the morphol-
ogy and surface topography of solid specimens. Unlike a transmission electron microscope,
SEM analysis does not require the sample to be electron-transparent |58]. In SEM, the
sample surface is raster-scanned with a finely focused, high-energy electron beam (typically
ranging from 100V to 100kV) [59]. These electrons are generated under high vacuum con-
ditions via thermionic or field emission, then accelerated by an applied voltage and focused
using electromagnetic lenses [60]. Upon interaction with the sample surface, the primary
electron beam induces the emission of both secondary electrons (SEs) and backscattered
electrons (BSEs). The number and spatial distribution of these emitted electrons depend
on the local surface structure and chemical composition of the sample. SEs are low-energy
electrons (a few eV) emitted due to inelastic scattering events, primarily from within a
few nanometers of the sample surface. They are particularly sensitive to surface features,

making them well-suited for topographic and morphological characterization [61].

In contrast, BSEs result from elastic scattering processes and retain a higher fraction of
their initial energy, allowing them to originate from deeper regions of the sample. The BSE
yield is strongly dependent on the atomic number (Z) of the constituent elements, thereby
providing compositional contrast in the resulting images [62]. The emitted electrons are
detected by specific detectors (SE and BSE), and the image is generated by mapping the
signal intensity as a function of the beam position. While SEM is applicable to a broad
range of sample types, its spatial resolution (typically < 1nm) is lower than that of TEM,

which can reach resolutions < 0.1nm [59].

In this study, SEM analyses were performed using a Zeiss SEM (LEO 1530) and a JEOL
SEM (JSM-7610F), both equipped with BSE and energy-dispersive X-ray spectroscopy
(EDS) detectors. All measurements were carried out at the Institute for Physical Chem-
istry of the Heidelberg University. The primary aim was to investigate the morphology
and particle size distribution of powdered electrode materials. Sample preparation in-
volved attaching a layer of self-adhesive conductive carbon tape (Plano) to the respective
SEM specimen holder. A small quantity of the powder was dispersed onto the tape using
tweezers. Excess, non-adherent particles were removed by gentle mechanical tapping fol-
lowed by a light stream of compressed air. For samples with low electrical conductivity, a
conductive gold coating of ~ 10 nm thickness was applied using a Blazers sputtering device
(Union SCD 004), operated at 25 mA for 25s. This conductive layer mitigates charging
effects and improves image quality by enhancing the emission and collection of SEs and
BSEs [58].
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2.3 Electrochemical Studies

A concise overview of the fundamental principles of electrochemistry is presented be-
low. Furthermore, the electrochemical characterization techniques employed in this study
namely cyclic voltammetry (CV), galvanostatic cycling (GCPL), and electrochemical impe-

dance spectroscopy (EIS) are systematically described.

2.3.1 Theoretical Bachground

Electrochemistry primarily addresses the principles governing the conversion between elec-
trical and chemical energy. For comprehensive explanations, the reader is referred to stan-
dard textbooks [63-65]. The following concise summary of battery-related fundamentals

is derived from these sources.

A secondary battery operates based on the reversible conversion of chemical energy into
electrical energy. Its basic architecture comprises one or more galvanic cells. Each galvanic
cell consists of two electronically conductive electrodes, physically divided by a separator
that allows ionic but not electronic conduction. These electrodes are immersed in an ioni-
cally conductive medium, the electrolyte. Ion transport within the electrolyte between the
electrodes completes the internal circuit, while the external circuit enables the performance

of electrical work. Energy conversion occurs primarily through redox reactions:

Ox+2z e <————>Redu0tion Red. (2.1)
Oxidation

In electrochemical systems, Ox and Red denote the oxidized and reduced forms of a chem-
ical species, respectively. The parameter z represents the number of electrons transferred
during the redox reaction and is referred to as the equivalence number. According to
conventional terminology in electrochemistry, during battery discharge, the electrode at
which oxidation occurs is defined as the anode, whereas the electrode where reduction
takes place is referred to as the cathode. The fundamental thermodynamic expression

governing a reversible electrochemical transformation is given by:

AG = AH — TAS, (2.2)

In this context, AG denotes the change in Gibbs free energy, representing the maxi-
mum reversible work obtainable from a chemical reaction under constant temperature and

pressure. AH corresponds to the enthalpy change, which reflects the energy released or
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absorbed during the reaction. AS signifies the change in entropy, and 7T is the absolute
temperature. The term TAS corresponds to the thermal energy, i.e., heat generated as
a result of the electrochemical transformation of the reactants. The Gibbs free energy
change, AG, associated with a chemical reaction is directly related to the electrical work
that can be obtained from the reaction when it occurs in an electrochemical cell, as de-

scribed by the following equation:

AG = —zFE. (2.3)

In this equation, z represents the number of electrons transferred per mole of reactant, F' is
the Faraday constant, and F denotes the cell potential associated with the specific redox
reaction. The cell voltage for a given redox couple is determined by the corresponding
electrochemical potentials. The total quantity of electrical charge produced (zF') depends

on the amount of reactive material available.

In practical systems, not all species, meaning the different types of ions, molecules, or
atoms present in the solution, actively participate in the reaction. Therefore, the concept
of activity (a) is more appropriate than concentration for accurately describing electro-
chemical processes. Activity refers to the effective concentration of reactive species, that
is, the portion of species per unit volume that is thermodynamically active in the reaction.
At equilibrium, AG as a function of the activity of the reacting species is expressed by

the following relationship:

AG = AGy + RTIn (aRed) , (2.4)
A0y

where AG( denotes the standard Gibbs free energy change, and R represents the universal
gas constant. When combined with the earlier relationship between Gibbs free energy and
the electrochemical potential (formular [2.3)), this leads to the formulation of the Nernst
equation. It relates the actual cell potential E to the standard electrode potential E°

under non-standard conditions.

RT QA Red
E=EFE"4+"—"—.1
+ zF n( A0z

). (2.5)

The open-circuit voltage (OCV, also known as the electromotive force, EMF) of a galvanic
cell is determined by the difference in electrochemical potentials between the cathode and

the anode:
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¢cell = ¢anode - ¢cathode~ (26)

2.3.2 Cyclic Voltammetry

Cyclic voltammetry (CV) is one of the most widely employed electrochemical techniques
due to its ability to provide comprehensive insights into redox processes [66]. During
the measurement, an external potential is applied to the working electrode relative to a
reference electrode, here, a lithium metal electrode (see Figure a)). The measurement
begins at an initial potential E;, is linearly swept to a reversal potential Es, and then
returned to E;, forming a triangular potential waveform. This sequence corresponds to
one cycle, although typically multiple cycles are recorded to observe the evolution of the
electrochemical behavior. In the context of this work, a typical scan rate v of 0.1mV s™!

is used. The resulting current is continuously recorded and can be visualized as a function
of time (see Figure [2.3|b)).
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Figure 2.3: Schematic representation of a standard cyclic voltammetry (CV) experiment.
a) Application of a linearly swept potential in a triangular waveform between E; and E,
at a defined scan rate v. b) Resulting current response as a function of time. ¢) The
corresponding cyclic voltammogram, indicating the anodic (E,4 ) and cathodic (E,¢) peak
potentials. Adapted from [67].

The graphical representation of current as a function of applied potential constitutes the
cyclic voltammogram (Figure ¢)). In accordance with ITUPAC convention, this work
adopts the sign convention in which anodic (oxidation) currents (I,) are represented as
positive, while cathodic (reduction) currents (I,c) are shown as negative [68]. Charac-
teristic peaks observed in a CV correspond to electrochemically active redox processes.
The potentials at which these peaks occur, denoted E, 5 (anodic peak potential) and E,¢
(cathodic peak potential) can be compared with literature values to identify the under-
lying redox reactions. Furthermore, the peak shape and width at half maximum provide

insight into the kinetics of the redox process and the degree of crystallinity of the electrode
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material |63, [69]. CV can also be employed to isolate and analyze individual electrochem-
ical processes, provided that the redox peaks are sufficiently separated. By selectively
adjusting the potential window to encompass specific reactions, additional processes can
be introduced and analyzed sequentially. A more detailed introduction to the technique

can be found in [66].

Another important parameter in electrochemical analysis is the overpotential, 77, commonly
defined in cyclic voltammetry as the difference between the anodic and cathodic peak po-
tentials, 7 = Epa - Epc. This quantity reflects the kinetic barriers that must be overcome
for the electrochemical reaction to proceed, including charge transfer resistance and mass
transport limitations. Elevated overpotentials typically indicate poor electron transfer or
hindered diffusion of reactants, which can degrade reaction efficiency. As such, overpo-
tential analysis provides critical insight into the mechanistic and transport properties of
electrode processes, supporting the development and optimization of high-performance

electrochemical systems [63].

2.3.3 Chronoamperometry

Chronoamperometry (CA) is a powerful electrochemical technique widely employed in the
characterization of lithium-ion batteries (LIBs). It involves applying a sudden potential
step that shifts the system away from its OCV, thereby perturbing the electrochemical
equilibrium. The resulting current response is recorded as a function of time, providing
insight into charge transfer kinetics, ion diffusion, and electrode stability [70]. These

parameters are critical for evaluating the performance and reliability of LIB materials.
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Figure 2.4: Schematic representation of a standard chronoamperometry (CA) experi-
ment. a) Application of a potential step between OCV and E,. b) Resulting current
response as a function of time.
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At the beginning of a typical CA experiment, the working electrode is at its equilibrium
potential (OCV), as illustrated in Figure a). At time t =0, the potential is instanta-
neously stepped to a defined level E;. This sudden change induces a transient current,
which is continuously recorded, as shown in Figure b). The resulting current-time
(I-t) profile often follows the Cottrell equation for diffusion-limited systems:

2FAc\/D
Vvt

where z is the number of electrons, F' is the Faraday constant, A is the electrode area,

I(t) = (2.7)

¢ the analyte concentration, and D is the diffusion coefficient |71]. Deviations from this
behavior may indicate kinetic limitations, surface reactions, or other transport phenomena

within the electrode or electrolyte [63].

2.3.4 Galvanostatic Cycling

The classical method for analyzing the charge-discharge behavior of electrode materials
is galvanostatic cycling. In this technique, a constant current is applied during both the
charging and discharging phases, and the resulting change in cell voltage over time is
recorded producing what is known as a potential profile or voltage curve. The magnitude
of the applied current is often referred to as the cycling rate or current density. In this
study, galvanostatic cycling with potential limitation (GCPL) is employed to prevent deep

discharge and overcharge, thereby preserving the integrity of the electrode materials.

GCPL measurements provide rich insights into the electrochemical behavior of the system.
First, the shape of the voltage profile can reveal the nature of the electrochemical processes.
For instance, in systems governed by Nernstian behavior, plateaus appear in the potential
curve at voltages close to the equilibrium potential of the redox couple. These plateaus

are analogous to the peak features observed in cyclic voltammograms.

Second, the total charge transferred during cycling, obtained by integrating the current
over time, allows quantitative assessment of the extent of electrochemical reactions and the
lithium content in the electrode material. This value is commonly expressed as the specific
capacity (Cgpec), which reflects the amount of charge per unit mass of active material. For

a constant current I applied over a time interval ¢, the specific capacity is calculated via:

1 t
Cspec == E/O [(t) dt (28)
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The theoretical, material-specific capacity of an electrode material can be calculated using
Faraday’s law, which relates the quantity of charge to the amount of substance undergoing

electrochemical transformation:

z-F
My

Ctheo — (29)
This calculation incorporates the molar mass (My,) of the active material and the Faraday
constant (F'). In practical measurements, both the current and the resulting capacity are

normalized to the mass of the electrochemically active components of the electrode.

For anode materials, which are typically cycled within a voltage range of 0.01 to 3.00V,
the total electrochemically active mass includes not only the active material itself but also
the conductive carbon black additive. This additive exhibits electrochemical activity in
the 0 to 1.5V range, as demonstrated by a reference measurement shown in Figure [2.4.5]
Therefore, the current is reported as current density in units of mA g=!, and the resulting

capacity is expressed as specific capacity in mAhg.

In contrast, within the operational voltage range of cathode materials (usually 1.5 to 4.5V),
conductive carbon black does not participate in redox processes and can thus be excluded
from capacity calculations (see Figure . For cathode materials, the cycling rate is
often reported using C-rates, where a C/x rate indicates the current required to fully
charge or discharge the theoretical capacity of the material in x hours. In these cases,
the reported capacity refers exclusively to the mass of the active material and is again

expressed in mAhg=!,

An important parameter used to evaluate the reversibility of electrochemical processes
is the coulomb efficiency (CE). It is defined as the ratio of the charge extracted during
discharge to the charge input during charge, and is mathematically expressed as follows
[72]:

CE = (M> x 100%, (2.10)
Qcharge

where Qaischarge and Qcharge represent the discharged and charged capacities, usually ex-

pressed in mA h g™, respectively. A CE close to 100 % indicates highly reversible electro-

chemical reactions with minimal parasitic or side reactions.

Another critical indicator of battery material performance is cycling stability, which quan-

tifies the retention of capacity over repeated charge—discharge cycles. It reflects the long-
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term durability of the material and its resistance to degradation [22, |73]. The combined
assessment of specific capacity and cycle stability constitutes the overall electrochemi-
cal performance, a central metric for evaluating the viability and potential of electrode

materials in practical energy storage applications.

2.3.5 Electrochemical Impedance Spectroscopy

Electrochemical Impedance Spectroscopy (EIS) is a powerful, non-destructive technique
widely used to investigate the kinetic processes and interfacial properties of electrochemical
systems [74]. The method involves the application of a small-amplitude sinusoidal voltage

perturbation in potentiostatic mode (PEIS), typically of the form:

U(t) = Upsin(wt), (2.11)

where Uy is the voltage amplitude and w is the angular frequency. The system’s response

is recorded as a sinusoidal current:

I(t) = Ipsin(wt + ¢), (2.12)

where I is the current amplitude and ¢ is the phase shift between voltage and current.

For the impedance measurement to yield meaningful and physically interpretable results,

three fundamental conditions must be satisfied:

1. Linearity: The system must respond linearly to the perturbation. Although electro-
chemical systems are inherently non-linear, linearity can be approximated by using
a sufficiently small excitation amplitude, commonly around 10 mV which keeps the

system within a pseudolinear regime.

2. Causality: The system’s output (current) must be fully determined by the input

(voltage), implying no influence from future inputs.

3. Stationarity (Stability): The system must remain time-invariant during the mea-
surement. It should maintain a stable baseline state until perturbed, and must be

capable of returning to this state after the perturbation has ceased.

Under these conditions, the EIS technique enables the extraction of information related to
charge transfer resistance, double-layer capacitance, diffusion processes, and other electro-

chemical parameters [75]. Under the aforementioned boundary conditions, the frequency-
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dependent impedance (also referred to as AC resistance) of an electrochemical system can

be calculated using Ohm’s law in the frequency domain [76|:

_Hum}

T Fawy

(2.13)

where F{U(t)} and F{I(t)} denote the Fourier transforms of the applied voltage and
the resulting current, respectively. This procedure is repeated across a broad frequency
spectrum typically from a few (Hz) up to (MHz) to obtain a comprehensive impedance
spectrum. The wide frequency range enables the selective excitation of processes with
varying characteristic time constants, thereby allowing a detailed analysis of different
electrochemical phenomena within the cell. The resulting impedance data are commonly
represented in a Nyquist plot, where the imaginary part of the impedance (Im(Z)) is
plotted against the real part (Re(Z)). This representation facilitates the deconvolution
of overlapping electrochemical processes by associating them with their respective time
constants. Specifically, high-frequency (fast) processes appear on the left side of the plot
(low Re(Z)), while low-frequency (slow) processes manifest toward the right (high Re(Z)),
as illustrated in Figure [2.5a).
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Figure 2.5: a) Schematic depiction of a representative electrochemical impedance spec-
trum (EIS) for a battery material in the Nyquist plot format, adapted from . b) Ilus-
tration of an equivalent electrical circuit model commonly used to simulate the impedance
response of battery materials, along with the corresponding Nyquist plot of the simulated
impedance spectrum, adapted from .

The acquired impedance spectra are typically interpreted using equivalent circuit models
(see Figure b), in which the electrochemical behavior of the system is represented by a
combination of resistive, capacitive, and, in some cases, inductive elements. These circuit

elements are used to simulate various physical and interfacial processes occurring within
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the electrochemical cell. For a comprehensive discussion of impedance modeling and inter-
pretation, the reader is referred to |76], which also forms the basis for the methodological

approach adopted in this work.

In the present study, Potentiostatic Electrochemical Impedance Spectroscopy (PEIS) was
performed using a small perturbation amplitude of 10 mV, applied over a frequency range
spanning from 200kHz to 1mHz. To ensure measurement reproducibility and a well-
defined electrochemical state, each cell was allowed to equilibrate at its OCV for several
hours prior to the impedance measurement. Additionally, a second PEIS measurement

was conducted post-analysis to verify system stability and repeatability.

2.4 Electrochemical Setup

All electrochemical measurements were conducted using a multi-channel VMP3 [79], a
VSP potentiostat/galvanostat [80], and a Battery Cycler System (BCS) [81], all manufac-
tured by BioLogic GmbH. The VMP3 system offers two operational modes for performing
Electrochemical Impedance Spectroscopy (EIS). Both the VMP3 and VSP instruments
are equipped with three terminals for potential sensing and two terminals for current ap-
plication, enabling accurate control and measurement of electrochemical responses. The
experiments were controlled using EC-Lab software [82], also provided by BioLogic, which
allows for the customization of all electrochemical techniques applied in this study, in-
cluding cyclic voltammetry (CV), chronoamperometry (CA), galvanostatic cycling with
potential limitation (GCPL), and EIS. Once configured, the software performs measure-
ments autonomously according to the predefined protocols. To ensure electrochemical
equilibrium prior to measurement, a 12-hour open-circuit voltage (OCV) stabilization pe-
riod was implemented before each experiment. All measurements were carried out in a
controlled laboratory environment maintained at a temperature of 254+ 1°C, with the
VSP, VMP3, and BCS systems set in the same thermally regulated space.

2.4.1 Electrode Preparation

In this study, electrodes were prepared using distinct protocols tailored to the require-
ments of anode and cathode materials. While the general procedure for EIS measurements
closely followed the respective preparation methods for each electrode type, the diameter
of the current collectors was uniformly adjusted to 18 mm to ensure consistency across EIS

experiments. The reproducibility and reliability of the electrochemical data are strongly
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influenced by the quality of the electrodes, which in turn depends on several critical param-
eters: weighing accuracy, homogeneity of the electrode slurry during mixing, uniformity
in coating onto the current collectors, and mass loading consistency. Given that these
steps were conducted manually, precise control over these variables was inherently limited.
Based on repeated trials and comparative measurements, the typical electrochemical mea-
surement uncertainty due to electrode preparation variability was estimated to lie between
5% and 10 %, which is within the expected range for laboratory-scale experiments of this

nature.

Cathode Material

The fabrication of cathode electrodes was performed in accordance with the group’s es-
tablished internal standard protocol [83]. Initially, the active material (AM), conductive
carbon black (CB; Super C65, Timcal), and polyvinylidene fluoride (PVDEF; Solvay Plas-
tics) binder were accurately weighed in a mass ratio of 50:40:10 wt% (AM:CB:PVDF). In
the first step, PVDF was dissolved in N-methyl-2-pyrrolidone (NMP) under continuous
stirring using a magnetic stirrer and stir bar. Subsequently, the carbon black and active
material were added to the solution, and the resulting dispersion was stirred for an addi-
tional 24 h to ensure homogeneity. To adjust the viscosity of the slurry and enhance its
adhesion properties, partial evaporation of NMP was carried out in a vacuum drying oven
(65°C, 12mbar). Once an appropriate consistency was achieved, the slurry was applied
manually using a spatula onto a aluminum mesh current collector (& = 10 mm for CV and
GCPL measurements; @ =18 mm for PEIS), with the following specifications: wire di-
ameter = 0.1 mm, open area = 27 %, and thickness = 0.25 mm. The coated electrodes were
dried in a vacuum oven for 24 h, followed by mechanical compression using a hydraulic
press at 10 MPa to improve electrode density and adhesion. Finally, the electrodes sub-
jected to an additional drying step before being transferred into an argon-filled glovebox

(O3 < 1ppm, HyO < 1ppm) for subsequent electrochemical cell assembly.

Anode Material

Anode fabrication was performed exclusively under argon atmosphere in a glovebox (O,
< 1ppm, HyO < 1ppm) to prevent degradation of the air-sensitive hybrid organic inor-
ganic perovskite materials. The preparation protocol was adapted based on methodolo-
gies similar to [83]. The active material (AM), Super C65 carbon black (CB; Super C65,
Timcal), and polyvinylidene fluoride (PVDF; Solvay Plastics) binder were weighed in
a mass ratio of 60:30:10wt% (AM:CB:PVDF). These components were dispersed in N-
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methyl-2-pyrrolidone (NMP) and mixed for 2h using a Fisherbrand Model 120 high-shear
disperser, ensuring a uniform and well-integrated slurry. Following mixing, the NMP was
evaporated under vacuum conditions until a paste-like consistency was achieved. The re-
sulting slurry was then manually applied using a spatula onto mesh-type copper current
collectors with a diameter of @ =10mm (for CV and GCPL measurements) or & = 18 mm
(for PEIS). For light-induced measurements a light translucient carbon tape (Sigracet 39
AA, 280 pm thickness and 80 % porosity) punch out with a diameter of @ =10mm was
used. The copper mesh used had a wire diameter of 0.115mm, an open area of 30.3 %,
and thickness of 0.25 mm. The coated electrodes were initially dried overnight under vac-
uum, then mechanically compacted using a hydraulic press (TMAX battery press), and
finally subjected to a second drying step. All steps, including weighing, mixing, coating,
and pressing, were carried out within the inert atmosphere of the glovebox to preserve the

chemical integrity of the anode materials.

2.4.2 Battery Cell Setup

In the following section, the various battery cell configurations employed in this work
are described. The majority of the electrochemical measurements were performed using
standard CR2032-type coin cells. For light-induced electrochemical measurements, two
types of optically accessible cell designs were utilized: the ECC-Opto-10 cell from EL-
Cell [84] and a custom-designed windowed coin cell fabricated by KIT Campus Transfer
GmbH [85]. Additionally, for PEIS, the PAT cell system from EL-Cell [86] was employed
due to its superior electrode alignment and reference electrode placement, allowing for

high-resolution impedance measurements.

Coin Cell

For most of the electrochemical measurements, including GCPL and CV, CR2032-type coin
cells (with a diameter of @ =20 mm, height = 3.2mm) were assembled, as schematically
illustrated in Figure 2.6, These types of cells are the most commonly used format in
battery research due to their convenience and reliability [42]. The cell housing consists
of a stainless steel (SS316) negative case with an integrated Teflon seal and a stainless
steel (SS316) positive case, which together form an airtight enclosure upon crimping. A
stainless steel spring, placed inside the negative case, applies uniform mechanical pressure
to ensure stable electrical contact across all internal components. Positioned on the spring
is a stainless steel (SS316) spacer, serving as the current collector for the counter electrode.
A lithium metal disk (with a diameter of @ =10 mm, (TMAX Battery Equipments), purity
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>99.9 %) is placed atop this spacer and serves as the counter/reference electrode. Next,
two layers of separator (Whatman GF /D, with a diameter of @ = 16 mm) are added, each
saturated with 65 pL of the electrolyte solution (see relevant Section for electrolyte
composition). The final internal component is the working electrode, consisting of a net-
like current collector (Al, Cu or Carbon tape with a diameter of @ =10mm) coated with
the active cathode or anode material. The assembled components are hermetically sealed
using a coin cell crimper to complete the button cell fabrication. For further procedural

details and assembly techniques, refer to the standard protocol outlined in .
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Figure 2.6: Schematic representation of a typical coin cell and its components, adapted

from .

ECC-Opto-10

Light-induced electrochemical measurements were conducted using the ECC-Opto-10 op-
tical electrochemical cell (EL-Cell, [34]) configured in a face-to-face setup. A schematic
representation of the cell assembly is presented in Figure 2.7 The cell is structurally
enclosed by a stainless steel lid featuring a transparent sapphire glass window (with a
diameter of @ =22 mm, 3 mm thickness; component 1) and a stainless steel cell base (com-
ponent 12). To ensure airtight sealing, a polyethylene (PE) window seal (component 2) is
positioned beneath the window. Below this, a stainless steel contact disk with a hole (with
a diameter of @ =4mm; component 3) allows for directed illumination of the underlying
components. The working electrode under investigation (with a diameter of @ = 10 mm;
component 4) is placed directly beneath the contact disk, followed by a separator layer
(Whatman GF/D, with a diameter of @ =10 mm; component 5) and the lithium metal



2 Theoretical Background and Experimental Methods 25

reference electrode (component 6). The lower part of the assembly includes the piston
(component 7), a stainless steel contact ring (component 8), the inner sleeve (component
9), the window thrust ring (component 10), and the window flange (component 11), all

contributing to mechanical stability and electrical contact.

A ;42;; r ---------- Lid (Opto-10) 18 mm (1)
I Window Seal (PE) (2)
______ Perforated Contact Disk (3)
. R
_______ -- AM on Carbon Paper (4)
‘ - Separator (5)
- Lithium Reference Electrode (6)
i‘ J T Lower Piston (7)
- - _Contact Ring (8)
4 ----------- Inner Sleeve (PEEK) (9)
b (R Window Thrust Ring (PEEK) (10)
%y
| RRREEEEE Window Flange (11)

Figure 2.7: Schematic representation of the ECC-Opto-10 cell (EL-Cell) utilized for light-
induced electrochemical measurements, highlighting its key components, adapted from

34

Windowed Coin Cell

For light-induced test measurements, custom designed coin cells were fabricated by KIT
Campus Transfer GmbH to enable light irradiation onto the electrode of the cell [85]. The
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structural design was identical to the standard CR2032-type coin cell described previously
(see Figure , with the exception of a @ =5mm hole drilled into the stainless steel cell
cap. This aperture allowed for controlled illumination of the electrode area. To maintain
the cell’s airtightness and ensure proper sealing, the hole was subsequently EPOXY-sealed

with Kapton window. A photograph of the modified windowed coin cell is shown in

Figure 2.8

Transfer GmbH |

Figure 2.8: Phoraph of a coin cell with an optical window, adapted from KIT Campus
)

PAT Cell

Electrochemical impedance spectroscopy (EIS) measurements were conducted using a
PAT (pouch-type analytical test) cell from EL-Cell, schematically depicted in Figure .
The cell architecture comprises a two-part stainless steel housing (components 1 and 9),
polyethylene sealing elements (2), and upper and lower stainless steel plungers (3 and
8). The configuration includes a lithium metal counter electrode (with a diameter of
@ =18 mm, component 4), the working electrode (with a diameter of @ =18 mm, compo-
nent 7), and the PAT core (component 6), which serves as the electrochemical interface.
At the core of the assembly is the PAT core module, illustrated on the right in Figure [2.9]
This module features an outer retaining ring with a circular inner shoulder (with a di-
ameter of @ =21.6mm) designed to accommodate both the reed contact and the lithium
reference electrode. The separator (with a diameter of @ = 21.6 mm) is placed atop this as-
sembly and secured by an inner clamping ring, ensuring precise electrode alignment. This
design offers a symmetric alignment of the working and counter electrodes and positions

the reference electrode in close proximity to the working electrode, thereby minimizing
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measurement artifacts. This spatial configuration significantly enhances the data quality
and reproducibility of impedance measurements. For a detailed analysis of the influence

of cell geometry on impedance spectra and associated effects, refer to [89).

Inner stick ring
Separator
Reference ring
Reed contact

Outer stick ring

Figure 2.9: Schematic representation of a PAT (pouch-type analytical test) cell and its
components, adapted from [90].

2.4.3 Electrolytes

This section provides an overview of the physical and chemical properties and consider-
ations related to the electrolytes used in this study. Understanding these properties is
essential because the electrolyte significantly influences battery performance, safety, and
longevity [41]. In lithium-ion batteries, the electrolyte facilitates the transport of lithium
ions between the electrodes. An ideal electrolyte must exhibit high ionic conductivity
to support efficient ion transport while maintaining negligible electronic conductivity to
prevent internal short circuits. Furthermore, suitable electrolytes are characterized by
chemical and thermal stability, minimal reactivity with solvents and other cell compo-
nents (e.g., current collectors, separators), and good salt dissociation behavior to ensure

a high concentration of free charge carriers.

Currently, lithium hexafluorophosphate (LiPFg) is the most widely used lithium salt in
commercial lithium-ion battery electrolytes. Although LiPFg does not exhibit peak perfor-
mance in any single property, it offers a balanced compromise across key criteria, including
ionic conductivity, stability, and solubility. In contrast, other lithium salts often exhibit
trade-offs: improvements in one property tend to result in compromises in others. A no-
table advantage of LiPFy is its ability to form a passivating layer on aluminum current
collectors, thereby preventing further corrosion or degradation . However, LiPFg is
highly sensitive to moisture. Even trace amounts of water lead to its decomposition, pro-

ducing hydrofluoric acid (HF), which is corrosive and detrimental to cell performance [92].
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The presence of water also significantly decreases thermal stability: under inert conditions,

decomposition begins at approximately 100 °C.

As an alternative, this work also investigated lithium bis(trifluoromethylsulfonyl)imide
(LiTFSI). Compared to LiPFg, LiTFSI exhibits superior thermal and chemical stability,
as well as higher ionic conductivity [93]. A key limitation of LiTFSI is its corrosive
effect on aluminum current collectors, a common component in lithium-ion batteries [94].
Studies have shown that in 1 M LiTFSI-based electrolytes, aluminum corrosion initiates
around 4.6 V vs. Li/Li", leading to pitting and degradation of the current collector. This
corrosion is exacerbated by the TFSI™ anion, which can form soluble Al(TFSI)3 complexes,

undermining the protective oxide layer on aluminum [95, 96].

To prepare the electrolyte, lithium salts are dissolved in organic solvents. In this work, the
solvents used were ethylene carbonate (EC), dimethyl carbonate (DMC), 1,2-dimethoxy-
ethane (DME), and 1,3-dioxolane (DOL), which were mixed in a 1:1 volume ratio. It is
important that at least one of the solvents has a high dielectric constant to ensure sufficient
dissociation of the lithium salts. Additionally, good solvents must be both chemically
and thermally stable, particularly inert toward other cell components. Stability against
oxidation is a key factor in improving the safety of lithium-ion batteries. Furthermore,
low viscosity facilitates faster transport of lithium ions within the electrolyte system |30,
91]. Carbonate-based solvents such as EC, PC, and DEC are well-known for their high
dielectric constants, which enable efficient salt dissociation, but they also exhibit relatively
high viscosities, which can impede ion mobility [30, |91]. In contrast, ether-based solvent
mixtures, particularly DOL and DME in combination with the salt LiTFSI, have shown
excellent performance in forming stable passivation layers (solid electrolyte interphase,
SEI) on the electrodes, especially in lithium-metal and lithium-sulfur battery systems
[97].

To investigate the effects of lithium insertion into a material, a stable interface between
the material and the electrolyte is essential |91, 98]. Previous approaches, particularly
those adapted from battery technologies, have commonly employed conventional liquid
electrolytes composed of lithium salts dissolved in organic aprotic solvents [40, 91|. How-
ever, such polar solvents can degrade specific materials such as hybrid organic inorganic
perovskites at the electrolyte interface. Increasing the electrolyte concentration to high
molarities (=5 M) has been shown to mitigate this issue to some extent, enabling broader
electrochemical measurements [99]. Nonetheless, for detailed and accurate analysis of these
specific materials, a more inherently stable interface is required. Therefore, a polymer-

based solid-state electrolyte, comprising LiTFSI in polyethylene oxide (PEO), is employed.
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The polyethylene oxide (PEQO) was first dried under vacuum at 80 °C, while the LiTFSI
salt which was used was stored in an argon filled glovebox. Subsequently, 1.26 g of PEO,
816 mg of LiTFSI, and 11 mL of acetonitrile were combined under an argon atmosphere
glovebox (Og < 1ppm, HyO < 1ppm) and stirred for 24h at 400rpm using a magnetic
stirrer resulting in 2.54 M LiTFSI in PEO. To eliminate air bubbles, the solution was
degassed by transferring it in an open container through the small antechamber of the
argon glovebox three times. The degassed solution was then cast onto a parafilm sheet
using a doctor blade coater from TMAX Battery Equipments at room temperature, with
a set film thickness of 400 pm. The resulting film was dried on a hotplate at 70°C for
minimum 48 h under argon atmosphere. This synthesis protocol is adapted from reference
[100].

2.4.4 Light source

For the light-induced battery setup LMO and MAPbBr; composite electrodes were pre-
pared similar to the coin cell configuration. However in this setup carbon paper (Sigracet
39 AA) was used as a light-transparent current collector. The ECC-OPTO-10-cell (EL-
Cell) is equipped with a sapphire glass window (with a diameter of @ = 22 mm, 3 mm thickness)
and was arranged in a face-to-face electrode configuration (see . In contrast to the
coin cell preparation only a single layer of separator was used along with a correspondingly
smaller volume (50 pLb) of electrolyte. A high power tunable xenon lamp (TLS120XeLamp)
was utilized as the light source, positioned at a distance of (25 mm) perpendicular to the
cell window ensuring that the illuminated region of the electrode was fully exposed to
the light. Additionally both a UV filter (Edmund N-WG320) and an IR filter (Edmund
EDSP800) were applied to minimize unwanted heating. Measurements were conducted
at an energy density of ~ 100mW cm~?2 across a wavelength range of 320800 nm. The
temperature of the cell was monitored using an IR thermometer (Fluke 62 MAX [101]),
directed at the window of the cell and validated by a reference measurement. Upon acti-

vation of the light source the temperature inside the cell increased by 6°C.

2.4.5 Carbon Black Reference Measurement

An essential component of the working electrode is conductive carbon black (CB), which
is commonly incorporated into the composite alongside the active material to enhance
the overall electronic conductivity [102]. This improved conductivity facilitates efficient
charge transport, thereby ensuring that a maximal number of electrochemically active sites

are electrically accessible. In addition to its conductive function, CB is also capable of
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lithium-ion intercalation, thereby contributing to the overall specific capacity observed in
galvanostatic charge—discharge profiles (GCPLs) as well as to the redox activity in cyclic

voltammetry (CV) measurements, typically within the potential window of 0V to 1.5 V.

To accurately distinguish the electrochemical features attributable to CB from those of
the active material in subsequent measurements, a reference measurement of CB was con-
ducted. For this purpose, working electrodes were prepared with a mass ratio of 90:10 wt%
CB to polyvinylidene fluoride (PVDF), and cast onto copper current collectors (refer to
Section for fabrication details). These electrodes were assembled into coin cells for

electrochemical characterization.

Figure a) presents the CV results for these reference CB electrodes. The figure displays
the first, second, fifth, and tenth (dis)charge scans, depicted in black, red, blue, and green,
respectively, recorded at a scan rate of 0.1 mV s™!. During the first discharge (black curve),
two distinct reduction peaks are observed at 0.2V and 0.01 V, denoted as Rggr and R¢go,
respectively. In the subsequent charge scan, oxidation peaks appear at 0.2V (O¢pa) and
0.96 V (O¢p1)- In the second, fifth and tenth discharge scans (red, blue and green curves),
the peak at Rcpe persists, and a the reduction feature emerges at 0.87V (Rcpi). The
corresponding charge scans retain the same oxidation features observed during the initial
cycle. The disappearance of the Rgg; peak after the first cycle indicates an irreversible
process, attributed to the formation of the solid electrolyte interphase (SEI) layer [103].
The remaining peaks, identified as redox pairs Rop1/Ocp1 and Repe/Ocge, are ascribed

to the reversible intercalation and deintercalation of Lit ions into the carbon black matrix
[104].

Figure b) displays the results of a GCPL measurement, showing the evolution of spe-
cific capacity over the first 200 charge/discharge cycles at a current density of 100 mA g~
The initial discharge capacity of 438 mA hg~! rapidly decreases following the first cycle
and stabilizes at approximately 230mA hg~!. Interestingly, a gradual increase in capac-
ity is observed with extended cycling, rising from approximately 230mA hg=! at cycle 10
to around 280mA hg~! by cycle 200. The gradual increase in specific capacity can be
attributed to two primary mechanisms. First, progressive electrolyte wetting likely con-
tributes to this behavior, as the porous CB structure may not be fully infiltrated by the
electrolyte during initial cycles. Over time, improved penetration enables more uniform
ionic access to internal surfaces, thereby activating previously electrochemically inactive
regions [105, [106]. Second, electrochemical activation of the carbon matrix may occur,
wherein repeated cycling induces structural rearrangements or exposes new lithium stor-

age sites within the disordered or amorphous domains of CB [107]. Together, these effects
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enhance the electrochemical utilization of CB and contribute to the observed increase in

reversible capacity.
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Figure 2.10: Cyclic voltammetry (CV) and galvanostatic charge-discharge (GCPL) mea-
surements of carbon black (CB). a) CV curves recorded at a scan rate of 0.1 mV s~ for
cycles 1, 2, 5, and 10, shown in black, red, blue, and green, respectively. Distinct reduc-
tion and oxidation peaks are labeled R and O. b) Specific charge and discharge capacities
obtained from GCPL measurements at a constant current of 100 mA g=! within a voltage

window of 0.01V to 3.00V.
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3 Triphenylamine-Based Cathode Material

Triphenylamine (TPA)-based cathode materials have gained considerable attention in the
development of organic lithium-ion batteries (LIBs) due to their high electrochemical tun-
ability and redox-active nitrogen center. Their structural versatility allows for diverse
functionalization, enabling the design of materials with enhanced stability and conduc-
tivity. Within this context, TPA derivatives have emerged as promising candidates for
high-performance organic cathodes. A detailed connection of TPA-based materials to the
broader field of organic electrode research is discussed in the following Section. Building
upon this framework, this chapter investigates a spirofluorene-bridged N-heterotriangulene
polymer (FTN-Pol), designed to combine the electronic benefits of TPA with a robust con-
jugated polymer backbone.

3.1 Organic Cathode Materials: State of the Art

The increasing global energy demand presents significant challenges for efficient energy
storage, particularly in mobile applications. Although Li-ion batteries with inorganic
active materials are widely used for their high power density, they lack flexibility, safety,
and environmental sustainability [42]. To meet evolving requirements, alternative solutions
based on abundant, non-toxic, and renewable materials, such as organic polymers, are
being explored. These polymers benefit from the vast variety of redox-active organic
compounds that enable reversible energy storage through simple redox reactions. Unlike
intercalation-based inorganic materials, organic polymers offer fast charge/discharge rates
and long cycle life [108]. Their redox properties can be tailored by chemical modification,
allowing for customizable battery voltages and the development of both cathode and anode
materials. Additionally, the flexibility of polymer films and the scalability of polymer

manufacturing techniques could make them ideal for modern, flexible electronics [109).

Although most redox-active polymers are still derived from fossil fuels, research into re-
newable synthesis routes is progressing [110]. Historically, interest in organic batteries
began with the discovery of conductive conjugated polymers in 1977 [111], leading to

early commercial attempts with materials like polypyrrole and polyaniline [112]. However,
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these systems suffered from issues like variable voltage due to the dependence on doping
levels, resulting in poor charging behavior and short lifespans [113]. Modern approaches
aim to resolve these challenges using polymers with isolated redox-active units on insu-
lating backbones, which provide stable voltages and improved cycle life while retaining
the environmental and structural advantages of organic materials [108]. For a material
to be used in batteries, it must undergo a reversible redox reaction. Organic compounds
offer structural diversity and tunable redox properties, enabling higher capacities and ad-
justable voltages, though synthesis complexity and cost must be balanced. A key challenge
is solubility into the electrolyte, which can cause self-discharge. This can be mitigated by
embedding redox-active units into polymers. Organic materials are classified as p-type, n-
type, or b-type, based on their redox behavior.They can serve as either cathodes or anodes
depending on potential. n-type materials, when neutral, are meant to receive electrons
and become negatively charged (n~) during the redox process, while p-type materials,
when neutral, are meant to release electrons and become positively charged (p™) during
the redox process. Their redox mechanisms differ significantly from inorganic materials,

with kinetics and performance varying based on molecular structure and reaction type.

3.1.1 Conjugated Polymers

Conjugated polymers have been studied for battery applications since the 1980s due to
their intrinsic conductivity and mw-conjugated structures, which enable charge delocaliza-
tion [114]. These polymers feature alternating single and double bonds along their back-
bone, allowing electrons to move more freely and thus providing semiconducting or con-
ducting properties that are advantageous for energy storage. Their electrical conductivity
is highly dependent on the doping level that modulates the charge carrier density within
the polymer backbone. However, practical limitations such as sloping voltage profiles, re-
stricted doping capacities, and structural degradation at high charge densities hinder their
broader application [108, |115, [116]. Despite early commercial failures, research continues
due to their potential in flexible, lightweight, and high-power devices like supercapacitors

and paper-based batteries [117].

Poly(pyrrole) (PPy)

Poly(pyrrole) (PPy) is among the most investigated conjugated polymers for use in elec-
trochemical energy storage systems. Traditionally used as a cathode material, PPy has
also demonstrated functionality as an anode, depending on cell configuration [118]. Inno-

vative applications include a “paper-based” battery architecture, where PPy is deposited
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on cellulose nanofibers to yield a flexible electrode capable of both battery and superca-
pacitor behavior [117]. In aqueous Li-ion systems, PPy has achieved improved cycling
stability and moderate capacities as anode (47mAhg™!) at an average operating voltage
of 0.85V [119, [120]. Free-standing PPy films further enhance mechanical stability and
enable stretchable devices for biomedical use. While some PPy composites are better
suited for supercapacitors, significant gains in battery performance have been realized by
doping with redox-active species such as Fe(CN)g?~, leading to improved capacity and
rate capability [121]. Covalent anchoring of ferrocene to the PPy backbone also flattens
discharge profiles and more than triples the specific capacity [122].

Poly(thiophene) (PT)

Poly(thiophene) (PT) and its derivatives represent a classes of conducting polymers in-
vestigated for battery electrodes, with reports dating back to 1983 [123|. Substituted
thiophenes have shown promising electrochemical performance, achieving capacities up to
95mAhg~! when used as anodes [124]. More recently, a solvent-free synthesis method
utilizing FeCls has yielded capacities as high as 400mAhg~! through the formation of
thioether cations [125]. Efforts to enhance functionality through the incorporation of
redox-active moieties, specific functional groups or parts of a molecule responsible for
its chemical reactivity, like TEMPO have had mixed results; while the redox capacity is
increased, oxidative degradation of the thiophene backbone can reduce long-term perfor-
mance |126]. Block copolymers of PT with polyethylene oxide (PEO) offer a complemen-
tary approach, enabling the design of ionically and electronically conductive solid polymer

electrolytes for potential next-generation solid-state batteries [127].

Poly(aniline) (PANI)

Poly(aniline) (PANI) holds historical significance as one of the first polymers explored
for battery applications as investigations already started in the late 1960s [128]. Its redox
chemistry is pH-dependent and governed by proton-coupled electron transfer with only the
emeraldine salt form being conductive. Modifications to the PANI structure have aimed to
enhance capacity and stability. For example, a quinone-functionalized derivative achieved
a capacity of 120mA hg™! with good cycling retention [129]. Sulfur-based modifications
have produced high initial capacities, up to 980 mA hg=!, but suffer from rapid degradation
[130]. Copolymerization with disulfide or ferrocene units has improved redox diversity and
cycling stability. PANI complexes with polyacids, such as poly(2-acrylamido-2-methyl-1-
propanesulfonic acid) (PAAMPSA), have demonstrated excellent stability at high voltages
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and improved cycling behavior [131} 132]. Additionally, fused-ring derivatives and PANI-
derived nitrogen-doped carbons, produced via pyrolysis, have expanded the material’s
potential, offering high initial capacities, though often at the cost of reversibility [133]
134].

3.1.2 Non-Conjugated Redox-active Polymers

Due to the inherent limitations of conjugated polymers, such as sloping redox potentials
and a restricted number of redox-active sites (see in Section [3.1.1]), research has increas-
ingly turned toward non-conjugated redox-active polymers over the past decade. These
materials typically consist of an insulating polymer backbone functionalized with elec-
troactive groups, which have well-defined redox potentials due to the localized nature of
the redox events. In addition to stable organic radicals, various classical electrochemi-
cally active moieties have been explored. As these polymers offer tunable redox behavior
and structural diversity, they represent a promising alternative to conventional inorganic
electrodes [112].

Carbonyl Compounds

Carbonyl-based cathode materials are a prospective class for rechargeable batteries due
to their reversible redox activity centered on carbonyl (C=0) groups. These mate-
rials include quinones, polyimides, and other aromatic carbonyl compounds that can
undergo two-electron redox reactions, providing high theoretical capacities. For exam-
ple, poly(anthraquinonylsulfide) shows a reversible redox reaction at 2.33V vs. Li/Lit,
has good cycling stability and specific capacity of 185 mAhg™ at 50mAg~! [135]. A
crosslinked porous polyimide cathode material tested in lithium metal half-cells delivered
a high discharge capacity of 160mAhg"! at 30mA g~! and retained 77 % of its capacity
after 2000 cycles at 150mA g=t. [136] Similar to conductive polymers like polyaniline
(PANT), polythiophene (PT), and polypyrrole (PPy), carbonyl polymers can be chemi-
cally modified to improve conductivity and stability. However, challenges such as poor
intrinsic conductivity and dissolution in electrolytes remain. Strategies like copolymeriza-
tion, grafting onto conductive backbones, and incorporating carbon nanomaterials help
address these issues [137, 138]. Quinones are a good option for cathode materials due to
high theoretical capacities, redox tunability, and structural versatility. Polyimides offer
stability and reversibility but generally lower voltages as well as partial utilization of their

redox capacity.
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Organosulfur Compounds

Sulfur, abundantly available and largely produced as a waste product from fossil fuel
processing, has gained attention as a component in battery electrodes due to its favor-
able redox chemistry, accessibility, and environmental advantages (small environmental
footprint)[139]. While organosulfur molecules suffer from poor stability and solubility,
polymer-bound organosulfur compounds offer improved performance 140, |141]. Among
these, disulfides and thioethers are the main classes studied. Disulfide polymers store
charge via reversible two-electron oxidation of disulfide bonds, however early examples
suffered from low cycling stability due to inefficient bond rebonding [142, [143|. Zhang et
al. |107] introduced thioether-based polymers as a new class of electroactive materials for
batteries. Examples include poly(2-phenyl-1,3-dithiolane) and poly[1,4-di(1,3-dithiolan-2-

yl)benzene|, which store energy through reversible oxidation to thioether dications.

3.1.3 Triphenylamin-based Cathode Material

In addition to carbonyl- and sulfur-based redox-active materials, various other non-conju-
gated polymers with functional groups such as triphenylamine (TPA) have also been ex-
plored for their charge storage capabilities. Poly(triphenylamine) (PTPA) and its deriva-
tives have emerged as promising redox-active materials for battery electrodes. Yang et al.
[144] first demonstrated the use of a highly cross-linked PTPA prepared via oxidative poly-
merization with ferric chloride FeCls. This polymer forms porous particles that allow effec-
tive ion transfer and electrolyte penetration. It exhibits good conductivity (=~ 1.0 S cm™!
when doped) and operates at an average discharge voltage of 3.8V with a capacity of
91mAhg!. After 1000 cycles at a high rate (20C), the material retains 92 % of its orig-
inal capacity. However, it suffers from a relatively high self-discharge rate of 10 % over
two weeks. To improve performance, researchers explored poly|tris(thienylphenyl)amine]
derivatives, which feature one thiophene bridge per phenyl ring. These polymers have a
similar voltage range 4.2V to 3.5V and benefit from dual redox activity: triphenylamine
and thiophene moieties contribute capacities of 94 mAhg~! and 35mA hg™?, respectively.
These are reflected in two distinct discharge plateaus and yield 91 % capacity retention
after 50 cycles [145]. A more recent development includes poly(4-cyano triphenylamine),
which incorporates electron-withdrawing cyano groups to raise the redox potential. This
polymer achieves a discharge potential of 3.9V and a capacity of S0mAhg=! at 40mA g1,
maintaining 74 % capacity even when the charge/discharge rate is increased tenfold. Cy-

cling stability also remains high with only minor degradation [146].
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Despite the promising charge/discharge performance of PTPA, its electrochemical char-
acterization revealed relatively broad redox half-waves. This behavior can be attributed
to the ortho- and para-directing effects of the central nitrogen atom in the TPA moiety,
which leads to the formation of a structurally heterogeneous polymer during oxidative
polymerization. Such structural inhomogeneity adversely affects the redox properties of
the material [144]. To address this issue, various ortho-bridging groups, such as carbonyl,
dimethylmethylene, or ether linkages, have been introduced into the TPA framework [147-
149|. These modifications enforce planarity in the otherwise propeller-shaped TPA struc-
ture, yielding a class of compounds known as N-heterotriangulenes (N-HTAs). The pla-
nar configuration of N-HTAs enables enhanced delocalization of spin and charge across
the m-conjugated system, stabilizing the nitrogen-centered radical cations |150]. In 2021,
Wang et al. [151] reported the first cathode active polymer derived from carbonyl-bridged
TPAs, designated TN-(CO)-Pol. This material was synthesized via a carbonyl-based con-
densation polymerization facilitated by Lawesson’s reagent. The incorporation of rigid
carbonyl units resulted in a two-dimensional (2D) polymer with a layered nanosheet mor-
phology. TN-(CO)-Pol exhibited a specific capacity of 340 mA hg~! and maintained 95 %
of its capacity over 200 cycles. In parallel, Miillen [152] and co-workers synthesized a
dimethylmethylene-bridged N-HTA polymer (TN-(Me)-Pol) via Yamamoto coupling. This
polymer showed an amorphous morphology and excellent air stability, supporting its ap-
plication as a robust p-type semiconductor in organic field-effect transistors (OFETS).
However, TN-(Me)-Pol was not suitable as a cathode material, due to its solubility in
common organic solvents and the presence of poorly defined and partially irreversible re-
dox processes. To date, no additional studies have been reported on the application of

N-HTA-based polymers as cathode materials in lithium-ion batteries.

FTN-Pol

Kivala and colleagues recently introduced a novel class of N-heterotriangulenes (N-HTAs)
featuring sterically encumbered C(sp?)-based spirofluorene bridging units, termed FTNs.
An Overview of reported redox-active polymers derived from triphenylamine (TPA) and
FTN-Pol, which is investigated in this thesis can be seen in Figure [3.1 The combina-
tion of steric shielding and conformational restriction around the nitrogen center in these
structures significantly stabilizes the corresponding radical cations, which were successfully
isolated and structurally confirmed via X-ray crystallography [153]. Furthermore, the high
conformational rigidity of the FTN framework induces unique aggregation behavior, re-
sulting in diverse morphologies accompanied by substantial variations in photophysical

properties [154].
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Figure 3.1: Summary of reported redox-active polymers based on triphenylamine (TPA)
and nitrogen-centered heterotriangulenes (N-HTAs), including molecular fragments of the
spiro-bridged N-HTA-based polymer FTN-Pol synthesized by Kivala and colleagues, which
is studied in this thesis. Adapted from [155].

The monomers FTN-Brg and FTN-H-Brg were synthesized via a multistep route involving

lithium—bromine exchange, cyclization, and selective dealkylation, yielding up to 90 % for

key steps. Subsequent Yamamoto polymerization afforded the insoluble polymers FTN-
Pol and FTN-H-Pol in 58 % and 55 % yield, respectively, which were purified by Soxhlet
extraction and are stable in common organic solvents. More details can be found in Jocic
et al. [155].
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Figure 3.2: Schematic representation of the proposed redox reaction mechanism of FTN-
Pol in lithium ion half-cell with electrolyte LiPFg solution. The mechanism is proposed
based on initial cyclic voltammetry (CV) measurements in solution. Adapted from [155].

Figure illustrates the proposed electrochemical redox mechanism of FTN-Pol during
cycling as a cathode material in lithium-ion batteries. Each monomer unit of FTN-Pol
contains a nitrogen-centered redox-active site capable of undergoing a one-electron oxi-

dation. Upon oxidation, the resulting positively charged polymer is stabilized by PFg~
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counterions from the electrolyte. During the subsequent reduction, lithium ions migrate
toward the PFg~ anions to restore charge neutrality. This single redox process theoreti-
cally corresponds to a specific charge capacity of 29.97mA hg~!, assuming one electron is
transferred per N-HTA unit (z=1).

FTN-Pol 4+ Sulfur

Another FTN derivative examined in this study consists of FTN moieties linked by sulfur
chains composed of approximately ten sulfur atoms (corresponding to 15 sulfur atoms per
formula unit). This molecular design aims to introduce additional redox-active centers
to enhance the inherently low theoretical capacity of approximately 30mAhg=!. The
polymer is synthesized such that individual FTN monomers are interconnected via sulfur

linkages at the R substitution sites.

Lithium-sulfur (Li-S) batteries have attracted considerable attention as promising candi-
dates for next-generation energy storage systems, primarily due to their high theoretical
energy density of approximately 2500 Wh kg~!. This high energy density arises from
the substantial specific capacities of both the sulfur cathode (1672mAhg™!) and the
lithium-metal anode (3860mAhg™') [156]. In addition to their electrochemical advan-
tages, sulfur is naturally abundant, cost-effective, and environmentally friendly. Compared
to lithium—air batteries, which face fundamental limitations and low practical energy den-
sities, Li—S batteries are regarded as more viable for practical application [157]. During
discharge, Li* ions are released from the lithium-metal anode and migrate through the
electrolyte toward the sulfur cathode, while electrons travel through the external circuit.
This electrochemical process results in the formation of lithium sulfide (Liy) as the fi-
nal discharge product at the cathode [158] (see Fig. [3.3). Nonetheless, several critical
challenges impede their commercialization. These include the intrinsically low electronic
and ionic conductivities of sulfur and its discharge product (LiyS), the dissolution and
migration of intermediate lithium polysulfides leading to material loss and poor coulomb
efficiency, and the degradation of the lithium-metal anode due to surface passivation and
the formation of an unstable solid electrolyte interphase (SEI) [159]. Addressing these
issues is mandatory for enabling the long-term stability and practical deployment of Li—S
battery systems. To address some of the aforementioned challenges, the sulfur chains were
incorporated into a polymer matrix. Based on the Equation and using a molar mass
of My (S) =481.0 gmol~! and My (FTN-Pol) =894.2 g mol ™!, with redox site quantities of
z(S) =30 and z(FTN-Pol) =1, the resulting composite polymer is expected to exhibit a
theoretical capacity of approximately 604 mAhg=!.
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Figure 3.3: Measured potential curves for Li-S-batteries and schematic representation
of the proposed charge/discharge reaction mechanism of sulfur in lithium ion half-cell.

Adapted from [160].

FTN-Pol + Terthiophene

Another idea was to embed the sulfur atoms in a more rigid structure before linking
them to the FTN-Pol. For this purpose, terthiophene (|C4H3S|2C4H5S) was chosen which
added 3 sulfur oxidation centers. Similar to the sulfur chains, this molecule is also cen-
tered at the R-site between the FTN monomers similar to the aforementioned sulfur
chains. The reaction mechanism would be expected to be similar to the sulfur chains
and its theoretical capacity is 345mAhg~! with My, (Terthiophene) = 372.4 gmol~! and
My (FTN-Pol) = 894.2 gmol !, with redox site quantities of z(Terthiophene)=13.5 and
z(FTN-Pol) = 1.



42 3 Triphenylamine-Based Cathode Material

3.2 Spirofluorene Bridged N-heterotriangulenes

Polymer

The following chapter has been partially published in [155].

3.2.1 Physical Characterization

The following physical characterization data were obtained by A. Jocic. They are presented
here to support the interpretation of the samples investigated in this thesis; a detailed

discussion can be found in [155].

The influence of polymerization on the photoluminescence (PL) properties of FTN-based
systems was investigated by A. Jocic using emission spectroscopy, with comparison to the
molecularly dissolved model compound FTN. FTN exhibits a sharp emission at 377 nm
(3.29eV) with a shoulder at 368 nm and a spectral tail extending to 500nm. In con-
trast, FTN-Pol, when dispersed in tetrahydrofuran (THF), displays a bathochromically
shifted and significantly broadened emission centered at 490nm (2.53eV), extending to
750 nm. Solvent-dependent emission studies reveal broad dual-emission features (/=430 nm
and 500 nm) across various solvents, with increased solvent polarity inducing red-shifts.
Photoluminescence quantum yields (PLQYs) range from 0.01 to 0.03, consistent with that
of FTN (® =0.04), with lower PLQYs generally observed in more polar solvents.

Further characterization by A. Jocic included compositional analysis via elemental com-
bustion, which confirms the chemical identity of FTN-Pol and FTN-H-Pol. ToF-SIMS
analysis rules out residual nickel content. PXRD data indicate that both polymers are
amorphous. Raman and FT-IR spectroscopy confirm the complete consumption of bromo-
functional groups, evidenced by the absence of characteristic C—Br stretching vibrations
(~1058-1060cm™!) and the presence of C-H fluorenyl modes (~1020cm™!), aligning
with dehalogenated model compounds. Thermogravimetric analysis demonstrates high
thermal stability, with decomposition onsets at ~500°C for FTN-Pol and ~700°C for
FTN-H-Pol. Minor weight losses below 400 °C are attributed to desorption of moisture
and gases, while mass loss between 400 —600 °C likely corresponds to cleavage of tert-butyl

side groups.

Morphological and porosity data provided by A. Jocic further describe the structure of
the polymers. SEM analysis reveals amorphous globular particles with coralloid sur-
faces forming larger agglomerates. Nitrogen sorption measurements at 77 K show type

I isotherms with hysteresis, indicating microporous networks undergoing elastic deforma-
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tion. BET surface areas are high, with FTN-Pol and FTN-H-Pol exhibiting values of
690 and 682 m? g~ !, respectively. NL-DFT analysis shows that FTN-Pol contains microp-
ores (0.70nm) and mesopores (0.84 nm and 1.21 nm). FTN-H-Pol features slightly larger
and more broadly distributed pores (0.78-3.08 nm), which is attributed to the absence
of tert-butyl substituents in the monomer. These bulky groups enhance solubility, direct
polymerization, and protect reactive positions on the N-HTA core. Owing to the supe-
rior structural definition and synthetic control of FTN-Pol, subsequent electrochemical

investigations are focused on this polymer.

3.2.2 Electrochemical Investigations

In the following section, the electrochemical properties of the FTN-based polymer are
systematically investigated. Cyclic voltammetry was employed to explain the redox mech-
anism and investigate the polymer’s behavior over an extended voltage window. Addi-
tionally, the effect of electrode composition on electrochemical performance is evaluated
by varying the proportion of conductive carbon black across different voltage regimes. To
monitor the development and progression of redox processes, the CV voltage window was

incrementally expanded, and the corresponding voltammograms were recorded.

Long-term galvanostatic cycling experiments were performed to evaluate the cycling sta-
bility of the material within both narrow and extended voltage ranges, comprising 400 and
100 cycles, respectively. Particular attention was given to the determination of the half-
wave redox potential (E;/2) and the associated overpotential (). Finally, rate capability
tests were conducted to further correlate electrochemical kinetics with redox potential and

overpotential behaviof]

Reaction Mechanism Investigation

Figure illustrates the proposed redox mechanism operative in FTN-Pol when employed
as a cathode material in lithium-ion batteries [155|. Each monomeric unit of FTN-Pol
contains a redox-active nitrogen center within the N-hetero-triangulene (N-HTA) core,
which undergoes a reversible one-electron redox process during electrochemical cycling.
Upon oxidation, the nitrogen center transitions from a neutral amine (N°) to a radical
cation state (NT), resulting in the formation of a delocalized, positively charged polymeric

backbone. This oxidized state is electrostatically stabilized by PF¢™ anions present in the

IElectrochemical data in this work are subject to an estimated uncertainty of 5—10 %, primarily due to
manual electrode preparation (weighing accuracy, slurry homogeneity, and mass loading), as explained

in Section m
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electrolyte, which serve as counterions to maintain charge neutrality within the system.
During the subsequent reduction process, the nitrogen-centered radical cation is reduced
back to its neutral state (N°) via the uptake of one electron per monomer unit. At the
same time, lithium cations (LiT) from the electrolyte migrate toward the associated PFg~
anions to restore local charge balance, completing the redox cycle. This electrochemical
transformation is thus localized at the nitrogen site, which acts as the primary redox-active
center. Based on this one-electron redox process (z = 1) per N-HTA unit, the theoretical
specific charge capacity of FTN-Pol is calculated to be 29.97mA hg~!. This value reflects
the capacity contribution derived exclusively from the reversible oxidation and reduction

of the nitrogen centers within the polymer network.

The distinct electrochemical behavior of the FTN monomer, particularly its narrow and
well-defined oxidation to a stabilized nitrogen-centered radical cation [155], motivated
the investigation of FTN-Pol as a potential cathode material for lithium-ion batteries.
Composite electrodes were prepared by combining FTN-Pol (50 wt%) with carbon black
(CB, 40 wt%) as the conductive additive and polyvinylidene fluoride (PVAF, 10 wt%) as the
binder (for detailed electrode preparation procedures, see . Notably, CB exhibits no
redox activity within the investigated voltage window, as confirmed by control experiments
(see 2.4.5). Electrochemical characterization was performed using a standard coin-cell
configuration. The electrolyte consisted of 1 M LiPFg in a 1:1 (v/v) mixture of ethylene
carbonate (EC) and dimethyl carbonate (DMC), with metallic lithium employed as both

counter and reference electrode (for details, see [2.4.2)).

The CVs depicted in Figure illustrate the electrochemical behavior of FTN-Pol-based
composite electrodes in different voltage ranges and over multiple cycles. In Figure a),
CVs recorded between 2.5V and 4.0V vs. Li/Li* at a scan rate of 0.1mVs™! reveal a
distinct oxidation peak (O) at 3.85V +£0.01 V and a corresponding reduction peak (R) at
3.78V£0.01V. Resulting in a redox potential (E/5) of 3.82V £0.02V with an overpo-
tential (1) of 0.07V £0.02V (The errors were estimated from the graphs). Additionally,
a shoulder-like feature emerges around 4.0 V. While the first cycle (black trace) shows the
highest peak intensity, a notable decrease in current is observed in the second cycle (red
trace). However, subsequent cycles (5th and 10th, shown in blue and green, respectively)
exhibit only minor decline in current, indicating a stabilization of electrochemical activity.
The sharp and symmetric nature of the redox peaks demonstrates that the electrochem-
ical characteristics of the monomeric FTN unit are retained in the polymeric structure.
Furthermore, the minimal decline in current beyond the second cycle suggests that the
architecture of FTN-Pol effectively mitigates typical degradation pathways of organic elec-

trode materials, such as dissolution into the electrolyte.
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Figure 3.4: CVs of FTN-Pol-based composite electrodes (50 wt%) recorded in 1 M LiPFg
in EC/DMC (1:1 v/v) at a scan rate of 0.1mVs™!. Specific currents are normalized to
the mass of FTN-Pol. a) CV in the voltage range of 2.5-4.0V vs. Li/Li". b) CV in the

extended voltage range of 2.5-4.3V vs. Li/Li". ¢) Comparison of the first cycle in both
voltage ranges. d) Comparison of the 10th cycle in both voltage ranges. [155|
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Figure b) shows data with the voltage range extended to 4.3 V which enables the eluci-
dation of the origin of the shoulder-like feature. This extended CV reveals the appearance
of an additional oxidation peak (O*) at 4.15V in the first cycle. However, this feature
lacks a corresponding reduction peak and disappears entirely in the second cycle, indicat-
ing that O* corresponds to an irreversible oxidation process. Importantly, the inclusion

of this higher voltage regime appears to accelerate the fading of the primary redox couple
O/R.

Figure c¢) and d) show a direct comparison between the narrow and extended voltage
windows in the first and tenth cycles, respectively. In the first cycle (c)), the oxidation
and reduction peaks of the primary redox couple overlap in both regimes, confirming
the reversibility of the main redox process. However, the shoulder around 4.0 V becomes
more pronounced in the extended voltage window, confirming its association with the
onset of the additional oxidation event O*. In the tenth cycle (d)), the extended CV
reveals a significant decrease in the intensity of both O and R, along with the complete
disappearance of O*, compared to the narrower voltage range. These findings further
confirm that the inclusion of the irreversible O* process adversely affects the long-term

stability of the primary redox activity in FTN-Pol.

Changing Carbon Black Content in the Electrodes

To gain deeper insight into the electrochemical behavior of FTN-Pol, the content of con-
ductive carbon black (CB) within the composite electrodes was systematically increased.
Enhancing the CB fraction improves the overall electrical conductivity of the electrode,
which can facilitate access to previously inactive or kinetically hindered redox centers. This
modification is anticipated to enhance charge transport throughout the electrode matrix,

thereby potentially improving the overall electrochemical performance of the material [42].

Figure presents a comparative study of the CV profiles of FTN-Pol-based composite
electrodes with varying CB content, highlighting the influence of electrode composition on
the electrochemical behavior. In Figure a), the CV of an electrode composed of FTN-
Pol:CB:PVDF in a 50:40:10 wt% ratio shows a well-defined and symmetric redox couple.
The oxidation peak appears at 3.85V +0.01 V and the reduction peak at 3.78 V+0.01V
vs. Li/Li*, resulting in a redox potential E;/; of 3.82V +0.02V and an overpotential 1 of
0.07V £0.02V. The measured current shows only a slight decrease after the second cycle,
indicating good stability and minimal degradation over multiple cycles. Figure b)
displays the CVs of a modified electrode with increased CB content (FTN-Pol:CB:PVDF
in a 30:60:10 ratio). Here, the redox couple remains centered around 3.82V £0.03V
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with slightly reduced overpotential (0.04 V £0.03 V), suggesting similarly efficient electron
transfer. However, two additional oxidation features emerge: an irreversible peak O;* at
3.34V and a reversible peak Oy* at 3.64V, both lacking corresponding reduction peaks.
The shoulder-like feature around 4.0 V observed in the previous composition also persists.
Notably, the current remains nearly unchanged from cycle 1 to cycle 5, but shows a more
pronounced decline from cycle 5 to 10, indicating evolving interfacial or structural changes
with prolonged cycling in the higher CB matrix. Figure|3.5/c), d) offer a direct comparison
between the two electrode compositions in the first and tenth cycles, respectively. The
electrode with 60 wt% CB exhibits broader and smaller redox peaks compared to the
40 wt% CB composition, consistent with the Randles-Sevéik equation which correlates
smaller and broader peaks with diminished diffusion kinetics. However, this is not reflected
in the overpotential values, which remain comparable between both systems. Importantly,
the higher CB content introduces additional redox features (O;* and O2*) not attributable
to CB itself, possibly hinting at polymer-CB interfacial effects. Moreover, the enhanced CB
environment leads to a more gradual decline in current over 10 cycles, which could suggest
improved structural integrity and suppressed dissolution of FTN-Pol in the electrolyte,

ultimately promoting redox stability during extended cycling.

Detailed Investigation of Changing Potential Windows

The electrochemical behavior of FTN-Pol changes significantly depending on the applied
potential window, affecting both the reversibility and the appearance of redox features, as
shown in Section [3.2.2] To systematically evaluate the influence of the upper voltage limit,
a stepwise CV protocol was employed, wherein the upper cutoff voltage was incrementally
increased by 0.1V after every three cycles. This approach enables a precise assessment
of how gradual changes in the potential window affect the redox behavior and stability of
FTN-Pol.

In Figure a) a CV where the upper voltage limit was gradually increased in 0.1V
increments after every three cycles, ranging from 2.5V -4.0V (red curve) to 2.5-4.5V vs.
Li/Lit (magenta curve), using a 30 wt% FTN-Pol composite in 1M LiPFg in EC:DMC
(1:1 v/v) at a scan rate of 0.1 mV s~ ! is shown. Initially, the primary redox couple (O/R)
appears clearly, with the oxidation peak (O) centered at 3.85V +0.02V and the reduction
peak (R) at 3.81V 40.02V, yielding a redox potential (E;/5) of 3.83V +0.03 V and a over-
potential (1) of 0.04V +0.03V. These values are consistent with previous measurements.
However, as the upper voltage limit is extended, both the oxidation and reduction peaks

progressively diminish, nearly vanishing after 16 cycles. No sign of an O * feature appears,
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Figure 3.6: Stepwise CV to show the impact of changing potential window on electro-
chemical properties of FTN-Pol. a) CV of FTN-Pol based composite electrodes (30 wt%)
recorded in 1M LiPFg in EC:DMC (1:1 v/v) at a scan rate of 0.1 mVs~! in the voltage
range of 2.5-4.0V vs. Li/Li" (red) stepwise increasing the upper voltage limit by 0.1V
every 3 cycles up to 2.5-4.5V vs. Li/Lit (magenta). b) Zoom in of a) to highlight the
evolution of redox reactions during stepwise CV. [155]
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but the secondary oxidation peak O,* emerges, similar to [3.5] A magnified view of the
redox evolution is provided in Figure b), allowing a closer look on these changes. The
oxidation signal rapidly weakens after the first cycle, while the reduction peak remains
more stable only until around the sixth cycle before it begins to fade too. Notably, after
the 15th cycle, the reduction peak undergoes a sudden potential shift (magenta curve),
signalizing significant alteration or degradation of the redox-active species. The Oy* fea-
ture, initially visible in the first cycle, is strongly suppressed in the subsequent scan, but
then reappears with increasing intensity and a gradual shift, eventually overlapping with
the main oxidation peak O after cycle 13. This merging behavior suggests that Os* may
evolve into or interfere with the primary redox process under extended voltage limits.
Ultimately, by the time the upper limit reaches 4.4V, signs of sudden changes in redox
peaks and therefor irreversible degradation are evident, emphasizing that 2.5V-4.0V is

an optimal operating window to preserve the electrochemical integrity of F'TN-Pol.

Cycling Stability Investigations

Long-term galvanostatic charge/discharge cycling was performed on the FTN-Pol com-
posite electrode at a current density of 100mA g~ (approximately 3 C), within a volt-
age window of 2.5-4.0V vs. Li/Li" (Figure a), b)). The initial charge capacity of
26mAhg~! | corresponding to approximately 87 % of the theoretical capacity, gradually
decreased during the first 20 cycles, stabilizing at 21mA hg~! . This corresponds to a ca-
pacity retention of 81 %. As shown in Figure 3.7 a), the charge/discharge voltage profiles
exhibit near completly overlap up to 3.95V, and only negligible deviations are observed
beyond the 20th cycle across the entire voltage range. The Coulombic efficiency (CE) of
the FTN-Pol electrode progressively increases during the initial cycling period, reaching
a value above 97 % after 25 cycles and stabilizing after roughly 100 cycles at 99.6 %, in-
dicating a highly reversible redox process centered at the nitrogen site (Figure c)).
The electrochemical performance of FTN-Pol is governed not only by the redox activity
of the nitrogen-containing heterotriangulene (N-HTA) units but is also significantly influ-
enced by the polymer’s microporous architecture. The high surface area and uniform pore
size distribution enhance lithium-ion storage capacity and diffusion kinetics, thereby im-
proving specific capacity and cycling stability [161]. The microporous structure facilitates
effective electrode—electrolyte interaction, increasing the number of accessible redox-active
sites [31]. Additionally, the interconnected porosity supports efficient ion transport within
the polymer matrix, contributing to improved rate capability and reduced charge-transfer
resistance [162]|. Structural robustness, submitted by the rigid spiro-linked framework of

FTN-Pol, further supports its long-term electrochemical stability [163].
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Figure 3.7: a), c) Galvanostatic charge-discharge voltage profiles of selected cycles
recorded at a current density of 100 mA g~! (approximately 3 C) within the voltage ranges
of 2.5-4.0V vs. Li/Lit a) and 2.5-4.3V vs. Li/Li* ¢). b), d) Long-term cycling perfor-
mance of FTN and FTN-Pol electrodes at 100mA g~ over 400 cycles b) and 100 cycles

d), respectively. Capacities are normalized with respect to the mass of active material
(FTN-Pol), and the contribution of carbon black (CB) has been subtracted. [155]

To evaluate the influence of the oxidative side process O*, galvanostatic cycling was
also conducted in an extended voltage window of 2.5-4.3V vs. Li/Lit (Figure c),
d)). In this regime, the electrode exhibits a significantly higher initial charge capacity
of 105mAhg™!, followed by a sharp decline to 40mAhg~! in the second cycle. Subse-
quent cycles show a more gradual capacity fading, eventually stabilizing at approximately
25mAhg~! by cycle 100. The pronounced capacity loss between the first and second cy-
cles emphasizes the irreversible nature of the O* process, as previously discussed. The CE
in the extended voltage window gradually improves, reaching 97 % after 75 cycles, which
further confirms the irreversible character of redox reactions occurring between 4.0-4.3V
vs. Li/Li* (Figure d)). These observations suggest that the long-term reversible ca-
pacity is primarily governed by the O/R process. The slightly elevated capacity observed
in the extended voltage window relative to the 4.0 V cut-off condition is attributed to the

reactions in the 4.0V to 4.3V range.
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Redoxpotential and Overpotential Studied in Different Potential Windows

To further investigate the influence of varying upper voltage limits on the redox behavior
of the FTN-Pol composite electrode, the evolution of the redox potential (E/2) and the

overpotential (7) was analyzed in both a reduced and an extended potential window.
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Figure 3.8: Electrochemical analysis of FTN-Pol electrodes cycled at 100mA g=! (ap-
proximately 3 C) in different potential windows. a) Evolution of the redox potential (E1/2)

and overpotential (1) over 100 cycles, derived from differential analysis of galvanostatic

charge/discharge profiles in the reduced potential window of 2.5-4.0V vs. Li/Lit. b
Corresponding dQ/dV plots illustrating the stability of redox peaks over 100 cycles. ¢
Evolution of E; /5 and n over 100 cycles in the extended potential window of 2.5-4.3V vs.

Li/Lit. d) dQ/dV curves demonstrating progressive degradation and redox peak insta-
bility under extended voltage conditions. |155]

Figure [3.8] illustrates the electrochemical response of FTN-Pol electrodes cycled at

100 mA g (approximately 3 C) in the two voltage regimes, with particular emphasis on
the redox stability observed within the reduced potential window (2.5-4.0V vs. Li/Li")
and the redox potential shifts that emerge in the extended window (2.5-4.3V vs. Li/Li").

In the reduced potential window (Figure a)), the evolution of E;/, calculated as

the mean of the oxidation (O) and reduction (R) peak potentials, and the overpotential
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(n=Vo-Vg) are shown over 100 cycles. These values were extracted from differential
capacity plots (dQ/dV) (Figure [3.8/b)) obtained from galvanostatic charge/discharge pro-
files recorded between 2.5-4.0V vs. Li/Lit (Figure [3.7/a)). The redox potential remains
highly stable throughout the 100 cycles, averaging 3.807V +0.005V vs. Li/Li*. The error
was estimated from the dQ/dV. In contrast, the overpotential exhibits a non-monotonic
trend: it initially increases from 0.040V +0.005V to a maximum of 0.097V +£0.005V
vs. Li/Lit within the first 20 cycles, followed by a gradual, exponential decrease back to
0.040 V£0.005V vs. Li/Li* by cycle 100. This behavior indicates a stable redox reaction
mechanism and suggests the robustness of the polymer backbone, although changes in
diffusive kinetics or interfacial resistance may occur during early cycling. Figure b)
shows the corresponding dQ/dV curves, derived from the galvanostatic profiles in Figure
a). A slight positive shift in the oxidation peak and a corresponding negative shift
in the reduction peak are observed during the first 20 cycles. However, both peak posi-
tions and intensities stabilize significantly after 60 cycles, further confirming the long-term

electrochemical stability of the redox process in this potential range.

In contrast, cycling in the extended potential window (2.5-4.3V vs. Li/Li") leads to
different behavior, as presented in Figs. c), d). The redox potential (E; /) and overpo-
tential (1) were extracted using the same method as described above, based on differential
analysis of galvanostatic profiles (Figure d)). Unlike the stable response in the re-
duced window, the redox potential in the extended window shows a notable shift over
time. After a rapid drop from 3.819V +£0.005V to 3.803V £+0.005V vs. Li/Li" between
the first and second cycles, it gradually increases over the following 98 cycles, reaching
3.816 V£0.005V vs. Li/Li* by cycle 100. This continuous upward shift in redox poten-
tial may reflect structural rearrangements or irreversible side reactions within the polymer
matrix, further implicating the O* process (active between 4.0 V-4.3V) is responsible for
the poor Coulombic efficiency observed for the extended voltage range. The overpotential
in the extended window also exhibits a dynamic profile: it starts at 0.0167V +0.005V,
increases steadily to a maximum of 0.383 V 4 0.005V at cycle 55, and then slightly declines
to 0.317V £0.005V vs. Li/Li* by cycle 100. These shifts suggest increased polarization
and redox process destabilization at elevated voltages. The corresponding dQ/dV curves
in Figure d), derived from the charge/discharge profiles shown in Figure c), further
highlight the instability of the redox peaks. Over the course of 100 cycles, the oxida-
tion and reduction peaks become increasingly broadened and asymmetric, indicating the

progressive degradation of the redox process under extended voltage operation.
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Rate-Performance

Figure [3.9] illustrates the electrochemical performance of FTN-Pol electrodes cycled at a
reduced current density of 10mA g~! (approximately C/3), emphasizing redox stability
and rate capability.
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Figure 3.9: Electrochemical performance of FTN-Pol electrodes cycled at a reduced cur-
rent density of 10mA g='. a) Evolution of the redox potential (E;/;) and overpotential

(n) over 100 cycles, derived from differential analysis of galvanostatic charge/discharge
profiles. b) Selected dQ/dV curves obtained from charge/discharge measurements in the
voltage range of 2.5V to 4.0V vs. Li/Li", illustrating redox peak stability over 100 cycles.

¢) Specific capacity as a function of cycle number at 10mA g~!, with values normalized
to the mass of the active material (FTN-Pol). d) Rate capability test showing the re-
versible capacity at various current rates (= C/3, 2/3C, 5/3C, and 10/3 C), highlighting
the robustness and reversibility of the FTN-Pol electrode under varying charge/discharge
conditions. [155]

The evolution of the redox potential (E;/2) (black), determined as the mean of the ox-
idation O and reduction R peak potentials, along with the overpotential (n) (blue), is
presented in Figure a). These potentials were extracted from the differential plots
(dQ/dV) of galvanostatic charge/discharge profiles obtained within the voltage range of
2.5-4.0V vs. Li/Li" (Figure [3.9/b)). The redox potential remains highly stable over 100
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cycles at 3.807V £0.005V vs. Li/Li*. After a rapid decline within the initial 10 cycles,
the overpotential stabilizes at 0.017V +0.005V vs. Li/Li", indicating minimal kinetic
polarization and suggesting a robust and reversible redox process under low-rate cycling
conditions. This behavior demonstrates improved stability in comparison to higher current
density cycling (=3 C, see Figure a)). The dQ/dV profiles in Figure b) further
confirm the electrochemical stability of FTN-Pol. Beyond a slight decrease in redox peak
intensity following the third cycle, both peak positions and amplitudes remain essentially
unchanged over extended cycling. The minimal initial loss likely reflects a relatively minor
contribution from parasitic reactions near 4.0V, in contrast to the more pronounced side
reactions observed under higher current densities (Figure [3.8). The sustained symmetry
between anodic and cathodic peaks beyond the 20th cycle further supports the conclu-
sion that the redox processes remain fully reversible throughout prolonged cycling. These
observations also suggest that typical degradation pathways in organic electrode materi-
als, such as dissolution of active species into the electrolyte, are effectively suppressed in
FTN-Pol due to its molecular design [164].

Long-term cycling data at 10mA g~ (Figure c)) reveal an initial charge capacity of
35mA hg!, which stabilizes at 24mA hg~! after 20 cycles, corresponding to 80 % of the
theoretical capacity. In line with observations at higher rates, the Coulombic efficiency
(CE) increases steadily during the initial cycles and reaches a plateau at 99.1 % by cycle
100. Notably, this steady-state CE is achieved more rapidly at C/3 than at 3 C, further
indicating that the reduced current density limits the impact of side reactions affecting
early-cycle CE (Figure b)). The rate performance of FTN-Pol is presented in Figure
d). The electrode was initially cycled at 10mA g~! for 20 cycles, during which the
charge capacity decreased from 43 to 25mA hg™! (corresponding to 83 % of the theoret-
ical value). Subsequent increases in current density to ~2/3C, ~5/3C, and ~10/3C
yield reversible capacities of 23, 22, and 21mAhg™! |, respectively. Upon returning to
~C/3 (cycle 50), the specific capacity recovers to 24mAhg™!, demonstrating excellent
rate capability and reversibility of the FTN-Pol composite electrode. The primary varia-
tion in capacity is observed within the first 20 cycles and is strongly dependent on current
density, a phenomenon attributed to transient side reactions, which are more pronounced

at higher rates.

3.2.3 Conclusions

FTN-Pol represents the first cathode material based on nitrogen-centered hetero-triangulene

analogues (N-HTA), in which the redox activity at the nitrogen center has been systemat-
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ically investigated under electrochemical cycling conditions. The incorporation of a rigid
spirocyclic architecture provides a well-defined microporous framework, enabling the de-
sign of a redox-active polymer with both high CE and excellent long-term cycling stability.
Previous studies on structurally related triphenylamine-based polymers, such as TPA-Pol,
have demonstrated that enhanced microporosity correlates with improved electrochemi-
cal performance due to increased accessible surface area (see Table . In comparison,
FTN-Pol operates within a similar redox potential range (~ 3.8 V vs. Li/Li"), but exhibits
a narrower and more defined cyclic voltammogram. This observation suggests enhanced
stabilization of the nitrogen-centered oxidation state through the extended m-conjugation
of the N-HTA system. While FTN-Pol possesses a lower specific capacity than TPA-
Pol, attributable to the higher molecular weight of its spiro-bridged redox-active units,
it nonetheless achieves 87 % of its theoretical capacity, exceeding the 81 % attained by
TPA-Pol. Furthermore, FTN-Pol demonstrates robust cycling performance, reaching a
CE of 99.6 % after 400 cycles, which is comparable to the 99.3% CE of TPA-Pol after
1000 cycles. The rate capability of FTN-Pol is also competitive. As the current den-
sity increases from 50 to 100mA g=!, the specific capacity decreases only slightly from
21.68 to 20.35mAhg~!. In comparison, TPA-Pol exhibits a capacity drop from 77.11
to 69.96 mA hg~! under identical conditions (see Table . These results confirm that
FTN-Pol is a promising candidate for high-performance organic cathode materials, of-
fering stable and reversible redox behavior coupled with structural robustness and high

electrochemical efficiency.

Cineo E ) Caio CE Porosity Reference
mAhg?' (V) mAhg! (%) (C-rate) (m?g™!)

TPA-Pol 111 3.80 91 99.4 (20C) n.a. [144]
SP-TPA 109 3.60 93 99.0 (1C) 66 [165]
YP-TPA 109 3.60 105 99.0 (1C) 544 [165]
OP-TPA 109 3.60 73 99.0 (1C) 1557 [165]
PBDAPA 154 3.73 133 n.a. 130 [166]
PTDAPTZz 109 3.80 75 n.a. 930 [167]
FTN-Pol 30 3.81 22 99.6 (3C) 690 This work

Table 3.1: Comparative summary of electrochemical performance parameters for FTN-
Pol and previously reported triphenylamine (TPA)-based polymers employed as cathode
materials [155].
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3.3 Sulfur-Chain Functionalization of FTN-Pol:

Electrochemical Impact and Limitations

3.3.1 Motivation for Sulfur Chain Integration into FTN-Pol

Jocic et al. [155] introduces a strategy adressing the limited theoretical capacity of FTN-
Pol, leveraging additional redox-active moieties into the polymeric framework. Specifi-
cally, sulfur chains were covalently integrated between FTN monomers to form a three-
dimensional redox-active network. In this modified structure, each FTN monomer connects
to three other FTN units via sulfur linkages composed of approximately ten sulfur atoms.
These sulfur bridges serve as structural connectors and introduce a high density of redox-
active centers into the polymer backbone. By leveraging the high theoretical capacity of
sulfur-based redox chemistry, this approach improves the capacity of the resulting compos-
ite polymer, while preserving the favorable electronic properties and structural integrity
of the original FTN-Pol material.

3.3.2 Background on Sulfur in Lithium Battery Systems

Lithium-sulfur (Li-S) batteries have emerged as a promising next-generation energy stor-
age technology, primarily due to their high theoretical energy density of ~ 2500 W hkg!.
This originates from the large specific capacities of elemental sulfur (1672mAhg~!) and
lithium metal (3860 mA hg™!) [156]. Sulfur is also attractive from a practical standpoint
due to its abundance, low cost, and environmental compatibility. During discharge, lithium
ions from the anode react with sulfur at the cathode, ultimately forming lithium sulfide
(LiyS). However, the system is hindered by several critical challenges, including the low
intrinsic conductivity of sulfur and its discharge products, the dissolution and migration
of intermediate lithium polysulfides (the polysulfide shuttle), and the degradation of the
lithium-metal anode due to unstable SEI formation. SectionB.1.3contains a more detailed

description.

Incorporating sulfur into the polymeric framework attempts to mitigate those limitations
by immobilising the sulfur species, suppressing polysulfide dissolution, and enhance the
structural integrity of the cathode. In this work, sulfur chains were covalently bound
within the FTN-Pol backbone to achieve these objectives. A theoretical estimate of the
sulfur-functionalized polymer capacity reaches 604 mA g~!. The calculation (see Formular
assumes a molecular weight of 481.0 g mol~! for sulfur and 894.2 g mol~! for the FTN-
Pol backbone, with roughly 15 redox-active sulfur atoms each with (z=2) and one FTN
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redox site per formula unit. This value represents a significant improvement over the
original FTN-Pol and illustrates the potential of sulfur incorporation as an effective route

to enhance the energy storage performance of organic cathode materials.

3.3.3 Electrochemical Reference Measurement of Sulfur-Based

Electrodes

Measurements on conventional sulfur electrodes serve as a reference study for the sulfur-
functionalized FTN polymer. Figure shows the electrochemical characterization of
the conventional reference electrodes composed of elemental sulfur, carbon black (CB),
and polyvinylidene fluoride (PVDF) in a 50:40:10 weight ratio, and assembled simi-
larly to FTN-based electrodes. However, the electrolyte used for these studies was 1 M
lithium bis(trifluoromethanesulfonyl)imide (LiTFSI) dissolved in a 1:1 (v/v) mixture of
1,3-dioxolane (DOL) and dimethoxyethane (DME), which is more commonly applied in
Li-S battery literature |168-170], rather than the 1 M LiPFy carbonate-based electrolyte
used for FTN-Pol.

CV was performed at a scan rate of 0.1 mV s~! over a potential window of 3.0V to 1.5V vs.
Li/Lit* for five cycles and can be seen in Figure ). The open-circuit voltage (OCV)
prior to cycling was measured at 2.35V, which is in reasonable agreement with literature
values around 2.55V [158|. The CV profiles exhibit two characteristic cathodic peaks: the
first (Rq), at 2.22V, corresponds to the reduction of elemental sulfur (Sg) to higher-order
lithium polysulfides (LisS,, 4 <x < 5), while the second (Ry), at 1.97V, is associated with
further reduction of these intermediates to insoluble lower-order polysulfides such as LisSs
and LiyS. On the anodic sweep (O142), a broad oxidation peak centered around 2.49V
reflects the reversible conversion of LisS/LisSs back to elemental sulfur. Notably, cycle 1
to 5 show highly overlapping peak shapes and positions, indicating stable and reproducible

redox behavior of the sulfur-based system under the selected conditions.

GCPL measurements (Figure[3.10]b)) were also conducted using the same sulfur:CB:PVDF
electrode configuration and electrolyte composition. Cells were cycled at a current density
of 50mA g~!, which approximates a C/16 rate, within the voltage range of 3.0V to 1.5V
vs. Li/Li*. The measured OCV of 2.34V aligns well with the CV results. The discharge
curve reveals two distinct voltage. plateaus: the first (R;) at 2.32'V, corresponding to the
Sg to LiyS, conversion and contributing approximately 150 mA hg~!, and the second (R)
at 2.14'V, associated with the reduction to LiyS and contributing about 800 mA hg~!. This

1

yields an overall discharge capacity of 968 mA hg=. Two corresponding plateaus appear
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Figure 3.10: Electrochemical characterization of a conventional sulfur:CB:PVDF com-
posite electrode (50:40:10wt%) in a Li-S battery configuration using 1M LiTFSI in
DOL:DME (1:1 v/v) as electrolyte. a) CV profiles recorded over 10 cycles at a scan
rate of 0.1mV s~ between 3.0-1.5V vs. Li/Li*, showing two characteristic cathodic
peaks (Ri, Ry) and a broad anodic peak (O15) associated with sulfur redox reactions. b)
GCPL profiles measured at 50 mA g=! (C/16), highlighting the typical discharge plateaus
at 2.32V and 2.14V and charge plateaus at 2.19 V and 2.36 V, corresponding to the step-
wise reduction and oxidation of elemental sulfur. For comparison, reference profiles from
Ji et al. [158] are included to contextualize the electrochemical behavior.
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during the charging process: the first (O;) at 2.19V, contributing 800 mA hg™!, and the
second (O3) at 2.36V, contributing 200 mA hg™!, resulting in a total charge capacity of
1065mA hg!. This is in agreement with the aforementioned CV results, except for the
potential position of the reduction and oxidation reactions. This deviation is likely due to
the selected scan rate, which influences ion diffusion kinetics and thus the overpotential,

leading to a drift between the positions of the redox peaks.

These results are compared with literature data from Ji et al. [158|, in which sul-
fur:CB:PVDF (80:10:10) electrodes were cycled in 1 M LiPFg dissolved in tetra(ethylene
glycol) dimethyl ether (TEGDME) at 170mA g~! (C/10). An OCV of 2.54 V was reported,
along with similar voltage plateaus at 2.32V (R;) and 2.24 V (R;) during discharge, yield-
ing a comparable capacity of 1000mA hg~!. The corresponding charge process was shown
to exhibit plateaus at 2.24V (O;) and 2.40 V (O,), contributing to a total of 95mA hg™!.
The good agreement between our measurements and the literature values validates the
electrochemical activity of sulfur under our conditions and provides a reliable reference
framework for interpreting the behavior of sulfur within the FTN-Pol-S composite. Only
the shift of 0.1V in the second reduction plateau (Rg) between literature and our reference

measurement remains unexplained.

3.3.4 Electrochemical Characterization
Reaction Mechanism Investigation

To explore the proposed synergistic redox behavior and reaction mechanisms of the newly
developed sulfur-functionalized FTN polymer, composite electrodes were prepared using
the composition FTN-Pol+S:CB:PVDF in a 50:40:10 weight ratio, as described in Sec-
tion This represents the first investigation of the combined electrochemical activity
of the FTN-Pol backbone and covalently bound sulfur chains.

In Figure a) cyclic voltammograms, performed on the FTN-Pol+S composite elec-
trodes in 1M LiPFg dissolved in a 1:1 (v/v) mixture of ethylene carbonate (EC) and
dimethyl carbonate (DMC) are presented. The scan rate was set to 0.1mVs™! over a
potential range of 4.0V to 1.5V vs. Li/Li") for five cycles. The OCV of 3.00V closely
matches that observed for FTN-Pol without sulfur chains, indicating that the equilibrium
potential is dominated by the FTN-Pol redox center. A pronounced and reversible oxida-
tion peak (O;) was observed at 4.00 V, which corresponds to the oxidation of the FTN-Pol
backbone. However, in comparison to the unmodified FTN-Pol (O;/3.85V), the peak

is both shifted and broadened (see Figure . This shift and broadening may result
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Figure 3.11: Electrochemical characterization of the sulfur-functionalized FTN-Pol com-
posite electrode (FTN-Pol+S:CB:PVDF =50:40:10wt%) in 1M LiPFg in EC:DMC (1:1
v/v). a) CV over 10 cycles at 0.1 mV s~! between 4.0V and 1.5V vs. Li/Li*, showing a
dominant oxidation peak at 4.00V (O;) attributed to the FTN-Pol backbone. Additional
reduction peaks related to sulfur redox activity appear at 2.38V (Rg;) and ~2.00 V (Rs2),
with an undefined feature (R*) at ~1.5V. The pronounced redox asymmetry and lack
of sulfur oxidation peaks suggest poor reversibility and possible polysulfide dissolution.
b) GCPL profile recorded at 100mA g~!, confirming the asymmetric behavior with ob-
servable discharge plateaus at 2.39V (Rg;) and a broad low-voltage region below 2.25V
encompassing Rgo and R*. Rapid capacity fading over five cycles further supports the
occurrence of polysulfide shuttle effects and instability of the sulfur—polymer composite
system.
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from kinetic limitations caused by the presence of sulfur. Sulfur possesses intrinsically
poor electronic conductivity (/5 x 1072*Scem™") [171], which impedes efficient electron
transport through the polymer matrix. The corresponding reduction peak (Ry) at 3.79V,
expected to close the redox couple with Oy, is almost absent, suggesting significant redox
asymmetry. This could be due to poor charge-transfer kinetics, partial electrode passiva-
tion, or the dominance of parasitic side reactions. The resulting redox potential is centered
around 3.90 V with an overpotential of 0.2 V. These values are notably shifted compared
to pure FTN-Pol. The increased overpotential, approximately three times higher than
in the original system, further supports the hypothesis of electron transport hindrance
within the modified polymer structure. Additionally, two reduction features attributed to
sulfur redox activity were observed: Rig at 2.38V and Rog around 2.00 V. These peaks
seem to be approximately consistent with reference/literature values for sulfur conversion
reactions, where R;g corresponds to the reduction of Sg to higher-order polysulfides (Li,S,,
4 <x<5) |158]. However, both features are irreversible. An additional low-potential fea-
ture (R*) was detected at ~ 1.5V, which rapidly decreases over the first five cycles, and
cannot be clearly assigned to known sulfur or FTN-related redox processes. Reductive
decomposition of DOL and DME, which leads to SEI formation, typically begins between
~0.6V and 1.3V vs. Li/Lit. Therefore, it is unlikely that this process is responsible for
R* |172]. Notably, no sulfur oxidation peaks (Og142) are observed during the first cycle,
despite their expected appearance around 2.5V as seen in Figure a). Instead, only a
very weak oxidation signal appears near 3.3 V. This suggests that poor kinetics may delay
the sulfur oxidation process by nearly 1V. The absence of Og;.5 in the first cycle is con-
sistent with the lack of a prior corresponding sulfur reduction process. Nevertheless, even
in later cycles, the oxidation peak remains minimal and disappears by approximately the
fourth cycle, indicating limited reversibility or active material loss. The poor reversibility
of Rig, Rag, and R* may indicate substantial sulfur dissolution into the electrolyte and the
onset of polysulfide shuttle effects, phenomena well-documented in lithium—sulfur systems
[158, [160]. Although the material was originally designed to suppress sulfur dissolution,
as discussed in the introduction, these findings suggest that the mitigation strategy may

not have been fully effective.

In Figure b) GCPL measurements were carried out under similar conditions. Elec-
trodes were cycled at a current density of 100mA g~! (approximating a C/6 rate) between
4.0V and 1.5V using 1M LiPFg in EC:DMC (1:1, v/v) as the electrolyte. The initial
OCV of 3.09V agrees well with the CV findings. A distinct oxidation plateau (O;) at
3.99V results in a specific capacity of 66 mAhg=!. The corresponding reduction plateau

(R1) is only faintly observable, confirming the asymmetric redox behavior also observed
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in the CV. Further discharge reveals a reduction plateau at 2.39V (R;g), contributing
approximately 30mA hg™!, although this process is again irreversible. Below 2.25V, a
broad and undifferentiated plateau extended down to 1.5V, encompassing contributions
from both Ryg and R*, and amounting to 180 mA hg=!. The total initial discharge capac-
ity thus reached 235 mA h g~!. However, this capacity shows poor reversibility: it declines
to 89mA hg~! in the second cycle and further to 46mA hg~! by the fifth cycle. This sub-
stantial fading supports the hypothesis of polysulfide dissolution and shuttle mechanisms,
as described by Bruce et al. (2011) and Ji et al. (2009) [158, |160].

Despite the incorporation of sulfur chains into the FTN-Pol backbone, the electrochemical
measurements reveale significant challenges associated with the irreversibility of sulfur
redox reactions. In particular, the rapid capacity fading and the appearance of poorly
defined reduction features indicate that it was not possible to effectively immobilize the
sulfur species, suppress polysulfide dissolution, or maintain the structural integrity of the
cathode. These phenomena are consistent with known shuttle effects commonly observed
in lithium—sulfur systems. To address these issues and potentially stabilize the redox
behavior of sulfur within the polymer matrix, modifications to the electrolyte composition

were explored as a next step.

Electrolyte Variation

The electrochemical performance, stability, and reaction pathways of redox-active polymer
systems are strongly affected by the electrolyte composition, especially in systems incor-
porating sulfur-containing moieties [173H175]. Parameters such as electrolyte salt and
solvent properties affect not only ion transport and redox kinetics but also the solubility
of intermediate species and the severity of parasitic effects like the polysulfide shuttle. To
systematically investigate these effects, two alternative electrolyte systems, 1M LiTFSI
in DOL:DME (1:1, v/v) and 1M LiClO4 in EC:DMC (1:1, v/v), are evaluated and di-
rectly compared to the baseline electrolyte of 1M LiPFg in EC:DMC (1:1, v/v). These
variations were selected to probe differences in salt dissociation strength, solvent polarity,
and known interactions with sulfur species (e.g., shuttle suppression or promotion). This
comparison aims to identify electrolyte formulations that enhance the electrochemical re-
versibility and stability of FTN-Pol systems with integrated sulfur chains, thereby guiding

future optimization strategies for energy storage devices.

In Figure 3.12] GCPL measurements and their corresponding derivatives (dQ/dV) are
shown which was obtained under conditions similar to those described in Figure b).
Electrodes were cycled between 4.0V and 1.5V at a current density of 100mA g=!. Data
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from Figure b) are consistent with the previously reported data (Figure b),
serving as a reliable basis for comparison. Its derivative plot is shown in Figure m a).
The electrochemical profile in LiPFg/EC:DMC exhibits features closely resembling those
observed in cyclic voltammogram (Figure a), including an OCV near 3.0V and a
distinct, reversible oxidation peak (O;) at 4.00V, corresponding to the oxidation of the
FTN-Pol. This peak is both shifted and broadened relative to the single FTN-Pol reference
system, indicating altered redox kinetics or electronic interactions likely introduced by the
presence of sulfur chains. The associated reduction peak (R;), observed at 3.80V, is sup-
pressed, resulting in a redox potential (E;/) of 3.90 V and an overpotential (1) of 0.20V,
both significantly deviating from the sulfur-free system. Additional irreversible reduction
events are identified at lower potentials, namely Rg; at 2.38 V and Rgs around 2.00V.
These are consistent with multi-electron sulfur conversion reactions (e.g., Sg— LisS,).
However, all redox features decay steadily, with capacity retention falling to ~ 13 % after
10 cycles and only 3 % after 400 cycles, underscoring the significant challenges posed by
polysulfide dissolution and shuttle effects in LiPFg-based systems [158, [160].

In Figures c) and d), galvanostatic charge—-discharge measurements and their deriva-
tives are presented for the FTN-Pol + sulfur electrodes cycled in 1 M LiTFSI in DOL:DME
(1:1, v/v). The OCV of the system is observed at 2.87 V, slightly lower than that in LiPF-
based electrolyte, indicating a shift in the equilibrium potential possibly due to altered
interfacial interactions or solvation effects. A distinct oxidation peak (O;) appears at
3.96'V, corresponding to FTN-Pol oxidation, which is less broadened and more sharply
defined than in LiPFg, indicating more favorable redox kinetics in this electrolyte. The
corresponding reduction peak (R;) at 3.87V is broad and of low intensity, decays rapidly
within the first five cycles, but stabilizing at a very low level up to 400 cycles. Com-
pared to LiPFg, this behavior indicates similar underlying redox asymmetry, but with a
faster initial decay likely due to enhanced sulfur dissolution in DOL:DME. The result-
ing redox potential (E;/) is 3.92V, with a reduced overpotential of 0.09V, pointing to
improved charge-transfer kinetics in this solvent system. At lower potentials, multiple
closely spaced and partially overlapping reduction peaks, collectively denoted Rg;, appear
at 2.43V, 2.28V, and 2.19V. These are attributed to sulfur conversion reactions and are
initially pronounced but decay within the first five cycles, thereafter remaining relatively
low but stable up to 400 cycles. Notably, in contrast to LiPFg, a corresponding oxidation
peak (Og;) is clearly observed. In the first cycle, Og; appears as a broad feature cen-
tered around 2.4V, becoming significantly sharper and more defined in the second cycle
at 2.37V, but with broad high-voltage shoulders. Due to artifacts in the derivative at

2.3V, certain data points were excluded for clarity. These artifacts can result from the
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Figure 3.12: Electrochemical performance of FTN-Pol+S electrodes in different elec-
trolyte systems. GCPL profiles (left column) and corresponding differential capacity plots
(right column) recorded at 100 mA g~! between 4.0V and 1.5V over 400 cycles for: a) ,b)
1M LiPF6 in EC:DMC (1:1, v/v), ¢), d) 1M LiTFSI in DOL:DME (1:1, v/v), and e),
f) 1M LiClO4 in EC:DMC (1:1, v/v). Redox features corresponding to FTN-Pol (O, /R;)
and sulfur (Og/Rg) are labeled. All systems show partial reversibility of sulfur redox pro-
cesses, with varying degrees of peak resolution, redox asymmetry, and capacity fading.
Capacity retention is highest in the LiTFSI system during early cycles, though long-term
stability remains limited in all cases due to polysulfide dissolution and shuttle effects.
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axis transformation applied to the GCPL potential plateau plot, where specific capacity
was plotted on the x-axis and the working electrode potential (Ewg) on the y-axis. This
change can lead to situations where the curve no longer represents a proper mathematical
function, specifically, when multiple Ewg values correspond to a single specific capacity. In
such cases, the derivative with respect to Ewg is not defined. To avoid misleading features
in the derived data, particularly around 2.3V, the affected data points were excluded from
the plot. A exact correspondence between Og; and the individual Rg; components remains
ambiguous, but their reversible nature suggests partially improved sulfur redox activity
in this electrolyte. An additional broad reduction feature appears near 1.94V, possibly
denoted Rgz, and extends to 1.5V (R*), indicative of deeper sulfur reduction processes. In
terms of capacity (Figure[3.12]d)), the FTN-Pol oxidation (O;) contributes approximately
50mA hg™!, while its corresponding reduction (R;) accounts for only 4mA hg~!. The RS1
process, occurring between 2.47V and 2.14 V, contributes approximately 50mAhg=!. An
additional 50mA hg™! arises from RS2/R (extending down to 1.5V), resulting in a total
initial discharge capacity of 129mA hg~!. The oxidation peak OS; yields approximately
33mAhg~!, supporting partial reversibility of the sulfur redox processes. However, all
redox features exhibit a rapid decay, retaining only ~ 25 % of the initial capacity after 10
cycles and ~ 10 % after 400 cycles, reflecting significant long-term capacity fading, likely
driven by continuous sulfur loss and shuttle effects in the DOL:DME-based electrolyte.

Figures e) and f) present galvanostatic charge-discharge profiles and corresponding
derivatives for FTN-Pol + sulfur electrodes cycled in 1M LiClO4 in EC:DMC (1:1, v/v).
The OCV is measured at 3.05V, nearly identical to that observed for the LiPFg system,
suggesting a similar initial electrochemical equilibrium. In the first cycle, a pronounced and
reversible oxidation peak (O;) appears at 3.98 V, corresponding to the oxidation of FTN-
Pol. While initially well-defined, the O; peak exhibits a rapid shift to 3.87V in the second
cycle and subsequently moves beyond the measurement window (> 4.0 V), consistent with
redox peak evolution due to structural or kinetic changes in the electrode—electrolyte in-
terface. The typical fading behavior observed in previous systems is also evident here. The
corresponding reduction peak (R;) at 3.83V is present but minimal, with poor symme-
try relative to O;. This pronounced redox asymmetry suggests hindered charge-transfer
kinetics or possible passivation processes that impede full reversibility of the FTN redox
couple. The resulting average redox potential (E1/2) is 3.91 V, with an overpotential (7)
of 0.15V, both closely matching those of the LiPFg-based system. At lower potentials, a
sulfur-associated reduction peak (Rg;) emerges at 2.42 V, followed by Rgy near 2.00V and
an additional unassigned feature (R*) at 1.5V, all of which are irreversible and rapidly de-

cay within the first five cycles. The peak positions agree well with both literature and the
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LiPFg reference system, reinforcing their assignment to sulfur conversion reactions. How-
ever, the lack of reversibility again points to sulfur dissolution and shuttle effects, which
degrade performance over cycling [158, 160]. Notably, no sulfur oxidation peaks (Og;42)
appear in the first cycle, where signals around 2.5V would be expected based on reference
sulfur data (Figure a)). Instead, a weak and broad oxidation feature is visible at
approximately 3.3V, suggesting that poor kinetics or altered sulfur redox pathways may
shift oxidation processes by nearly 1V. This behavior closely mirrors the LiPFg system
and is consistent with the absence of a preceding sulfur reduction reaction. Even in subse-
quent cycles, the sulfur oxidation signal remains weak and disappears entirely by the fifth
cycle, indicating poor reversibility and likely active material loss over time. Capacity-wise
(Figure f), the FTN-Pol oxidation process (O;) delivers approximately 40 mAhg1,
while its associated reduction (R;) contributes only 3mAhg™'. Rg; centered at 2.4V
contributes 20mA hg™!, and Rgy along with R* (down to 1.5 V) account for an additional
50mAhg~!. A weak oxidation feature Og; appears around 3.4V, contributing approxi-
mately 35mA hg~!. The total initial specific discharge capacity amounts to 132mA hg™?.
However, all redox features decay steadily, with capacity retention falling to approximately
24 % after 10 cycles and only 6 % after 400 cycles, underscoring the significant challenges
posed by polysulfide dissolution and shuttle effects in LiClO4-based systems.

3.3.5 Electrochemical Impact of Sulfur Chain Integration into
FTN-Pol

In the following, the key electrochemical behaviors observed across different electrolyte
systems are summarized, and the interactions between the polymeric and sulfur redox

centers, along with their dependence on electrolyte composition, are highlighted.

Retention of FTN-Pol Redox Activity

Across all electrolyte systems, the characteristic oxidation peak (O;) of FTN-Pol remains
a dominant and recurring feature, appearing between 3.96 V and 4.00V vs. Li/Lit. This
confirms that the oxidation of the conjugated polymer backbone remains electrochemically
accessible despite the presence of sulfur. The corresponding reduction process (Rq), how-
ever, is significantly suppressed or nearly absent, resulting in large redox asymmetries and
overpotentials ranging from 0.09 V (LiTFSI) to 0.2V (LiPFg). These deviations from ideal
reversibility may be attributed to kinetic hindrances, charge trapping, or partial electrode

passivation upon cycling.
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Sulfur Redox Contributions and Reversibility

The presence of sulfur is further reflected in reduction processes observed between ~ 2.0
and 2.4V vs. Li/Lit, associated with the stepwise conversion of elemental sulfur (Sg) to
LisS via polysulfides (LisS,, with = typically between 4 and 5). However, the reversibility

and persistence of these redox signals vary considerably across the electrolytes:

In LiPFs (EC:DMC): Sulfur reduction peaks (Rgs;, Rga) are observed but are largely
irreversible. The sulfur oxidation process (Ogji2), expected near 2.5V, is delayed and
appears weakly at ~3.3V. These features fade within the first 5-10 cycles, suggesting

poor kinetics and significant sulfur loss due to dissolution and polysulfide shuttling.

In LiTFSI (DOL:DME): The redox behavior of sulfur is notably more pronounced.
A composite sulfur oxidation peak (Ogii2) emerges at ~2.37-2.43V during the early
cycles, indicating more favorable redox kinetics in this ether-based electrolyte. Multiple
sharp and reversible reduction peaks (Rg;) within this range contribute meaningfully to
the total capacity. However, these decay rapidly within the first 5 cycles before reaching
a stable but low-intensity plateau up to 400 cycles.

In LiCl0, (EC:DMC): Sulfur redox features resemble those in LiPFg, with minimal
oxidation activity and mostly irreversible reduction peaks. Pronounced Og; s signals are
absent within the expected voltage window. Only weak sulfur oxidation (Ogj42) occurs at

~ 3.4V, further indicating poor sulfur oxidation and limited reversibility.

Electrolyte-Dependent Capacities and Stability

The total initial specific capacities vary significantly among the electrolytes:
1M LiPFg (EC:DMC): ~235mAhg!
1M LiTFSI (DOL:DME): ~129mAhg!
1M LiClO4 (EC:DMC): ~132mAhg!

While LiPFg enables the highest initial capacity, the resulting poor performance indicates
sulfur oxidation kinetics and severe capacity fading, attributed to parasitic reactions and
polysulfide dissolution. When using LiTFSI-electrolyte the electrodes show lower capacity
but better-defined and more reversible sulfur redox features in the early cycles, point-
ing to its potential for future optimization. LiClO, displays intermediate performance,
with behavior largely similar to LiPFg but no advantage in sulfur redox activity. All

systems demonstrate a steep decline in capacity within the first 10 cycles, stabilizing at
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approximately 3—10 % of the initial capacity after 400 cycles. This highlights the general
challenge of sulfur integration in polymer systems: while additional redox-active centers
can enhance capacity, their long-term contribution is limited by solubility issues and in-

terfacial instability.

Summary and Outlook

The observations support that sulfur chain integration introduces additional redox activity
but also introduces significant complexity. The electrolyte plays a critical role in dictating
the accessibility, reversibility, and stability of sulfur redox reactions. Among the tested
systems, batteries with LiTFSI in DOL:DME show the most promising behavior with
regard to sulfur utilization, albeit at the cost of lower initial capacity. Future efforts could
focus on mitigating sulfur loss through physical confinement strategies or solid-electrolyte
interphases, as well as exploring hybrid electrolytes that balance kinetic accessibility with

redox stability.

3.4 Electrochemical Effects of Terthiophene

Functionalization in FTN-Based Redox Polymers

To improve the energy storage capacity of FTN-Pol, it is essential to introduce additional
redox-active units without compromising electronic conductivity or cycling stability. While
FTN-Pol exhibits high redox potential and excellent reversibility, its relatively low specific
capacity limits practical application. One strategy to address this is the incorporation
of conjugated, redox-active thiophene derivatives, such as terthiophene (37T), which are
known for their electrochemical activity and m-conjugated backbone, potentially enhancing
both charge delocalization and faradaic contribution [124}{126]. Integrating 3T units into
the FTN-Pol framework aimes to (i) increase the total number of redox-active sites, (ii)
extend the operational voltage window, and (iii) assess the trade-off between capacity
enhancement and long-term stability. Moreover, sulfur-containing conjugated moieties
such as 3T offer a platform to study sulfur redox chemistry and associated irreversible
processes within polymeric hosts. The following section explores how introducing of 3T
alters the electrochemical behavior of FTN-Pol, with particular focus on redox kinetics,

capacity evolution, and cycling durability.
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3.4.1 Electrochemical Behavior of FTN-Pol Functionalized with
Terthiophene (3T)

To explore the redox mechanism and electrochemical contributions of terthiophene (3T)
integrated into the FTN-Pol backbone, composite electrodes were fabricated with a FTN-
Pol+3T:CB:PVDF weight ratio of wt% 50:40:10, as described in Section [2.4.1] This sub-
section presents the first detailed study on the synergistic electrochemical behavior of

3T-functionalized FTN-Pol as a cathode material in lithium-ion batteries.
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Figure 3.13: Electrochemical characterization of the FTN-Pol+3T composite electrode
in a lithium-ion battery configuration. a) CV over ten cycles at a scan rate of 0.1 mV s™!
between 3.0V and 4.1V vs. Li/Li* reveals redox peaks associated with FTN oxidation
(O;) and a newly emerging oxidation feature (O*) ascribed to terthiophene units. b) Dif-
ferential capacity plots (dQ/dV) derived from galvanostatic cycling at 100mA g=! high-
light a comparable redox profile with reversible FTN activity and transient terthiophene-
related oxidation. ¢) GCPL profiles display initial multi-step capacity contributions from
both FTN and 3T, including low-voltage discharge features attributed to sulfur reduction.
d) Cycling performance and Coulombic efficiency over 1000 cycles show an initial spe-
cific capacity of 101 mA hg™! with a marked decline in the first 50 cycles, stabilizing at
12.9 glAhg_1 beyond 600 cycles, accompanied by a high Coulombic efficiency exceeding
99.7 %.
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Cyclic voltammetry was conducted in 1 M LiPFg dissolved in a 1:1 (v/v) mixture of EC
and DMC, as shown in Figure ). The scan rate was 0.1 mV s~ within a voltage
window of 3.0-4.1V vs. Li/Li* over ten consecutive cycles. The OCV prior to the first

scan was measured at 2.79 V.

The initial anodic sweep shows a pronounced oxidation peak (O;) at 3.89 V, consistent with
the oxidation of the F'TN-Pol framework. This peak exhibits a strong intensity decay over
subsequent cycles. It is accompanied by a shoulder-like feature, similar to those observed
for bare FTN-Pol, confirming its origin within the polymer rather than the 3T moieties.
On the cathodic side, a reduction peak (R;) emerges at 3.83V, which exhibits a lower
intensity than its oxidative counterpart and a more gradual decay. These redox peaks
yields a redox potential (E;/;) of 3.86V and an overpotential (n) of 0.06V, indicative
of moderate reversibility for the FTN-Pol system. Interestingly, from the second cycle
onward, a new oxidation feature (O*) develops at 3.47 V, with no corresponding reduction
peak. This asymmetry suggests an irreversible oxidation process, likely associated with
sulfur atoms in the 3T units, possibly irreversible stabilized through PFy coordination
or other side reactions. As cycling progressed, O* shifts to higher voltages, evolving
from 3.46 V (cycle 2) to 3.63V (cycle 10), with its amplitude initially increasing before

diminishing, suggesting a transient redox process likely tied to 3T’s contribution.

To further investigate the redox mechanisms, differential capacity plots (dQ/dV) ex-
tracted from galvanostatic charge-discharge profiles conducted between 3.0V and 4.1V at
100mA g~ (approximately 1 C rate) are shown in Figure b). The dQ/dV traces mir-
rors the CV results, with an initial OCV of 2.77 V. The dominant oxidation and reduction
peaks (O;/Ry) is observed at 3.88V and 3.84 V, respectively, yielding a slightly improved
overpotential (n=0.04V), which indicates enhanced kinetics under constant current op-
eration. The O* feature, as in CV, was detected beginning at 3.48 V in early cycles, with
a peak shift and growth through cycle 10, after which the amplitude steadily declined. By
cycle 25, the O* peak was no longer visible, indicating a loss of electrochemical activity

possibly due to degradation or irreversible transformation of the 3T units.

Figure c) presents the charge—discharge curves recorded between 1.5 and 4.1V at
100mA g=t over 1000 cycles. The initial OCV was 2.75V. The first charge process ex-
hibits a plateau near 3.9V, delivering approximately 85mAhg~!, aligning well with the
O, peak in CV. During discharge, a plateau at ~3.7V corresponding to ~31mAhg~!
(R1), while a deeper discharge down to 1.5V reveals additional plateaus. Between 2.5V
and 1.9V, a minor shoulder disappears after the fifth cycle, possibly linked to the re-

duction of sulfur species forming intermediate lithium polysulfides (LisS,), akin to RS;
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and RS, processes. A more pronounced reduction plateau (R*) extending to 1.5V con-
tributes ~40mA hg~!, bringing the initial discharge capacity close to 100mA hg=t. Upon
charging, no corresponding low-voltage oxidation (i.e., OS;) emerges. However, a modest
oxidation plateau at ~ 3.6V, likely associated with 3T oxidation, delivers ~15mAhg!.
Overall, every capacity contribution decays evenly, dropping to 28 % of the initial value

after 10 cycles and only 13 % after 1000 cycles.

Figure d) shows the long-term cycling performance and Coulombic efficiency of FTN-
Pol+3T at 100mA g=!. The initial specific capacity reaches 101 mA hg™!, representing
87 % of the theoretical capacity. A sharp capacity loss occurs in the first 50 cycles, stabi-
lizing at 19.2mA hg! (17%). Beyond 600 cycles, the capacity stabilizes at 12.9mAhg™!
(13 %) and remains at this level through the 1000th cycle. Despite the significant capacity
fade, the Coulombic efficiency rapidly stabilizes, reaching 99.7 % after 600 cycles. This
suggests high reversibility of the remaining redox-active sites and minimal parasitic reac-
tions, highlighting the electrochemical robustness of the FTN-Pol framework even after

partial degradation of the 3T components.

3.4.2 Comparison with Bare FTN-Pol: Influence of Terthiophene

Incorporation

The electrochemical analysis of FTN-Pol functionalized with terthiophene (3T) reveals
distinct modifications in redox behavior and cycling performance compared to bare FTN-
Pol, as previously studied. Both measurements display a characteristic high-voltage redox
couple associated with the FTN moieties, with oxidation peaks (O;) observed at ~3.88-
3.89V and reduction peaks (R;) near 3.83-3.84V vs. Li/Li*. The composite retains the
average redox potential E/,~3.86 V) and exhibits a low overpotential (7= 0.04-0.06 V),
indicating that the incorporation of 3T does not impede the intrinsic redox activity of the
FTN units. However, the presence of 3T introduces new and irreversible redox processes.
In FTN-Pol+3T, an additional oxidative feature (O*) appears at ~3.47V from the second
cycle onward, which is absent in the bare F'TN-Pol. This peak progressively shifts toward
higher potentials over early cycles, ultimately disappearing by cycle 25. Partial oxida-
tion of the sulfur atoms in the 3T moieties likely causes this behavior, possibly followed
by irreversible side reactions or passivation (e.g., PFy complexation). The absence of a
corresponding reduction peak reinforces the hypothesis that 3T undergoes non-reversible
oxidation processes. Capacity-wise, FTN-Pol+3T delivers a notably higher initial specific
capacity of 101 mA hg~!, compared to the typical 26 mA h g~! reported for bare FTN-Pol.

The capacity gain is attributed to additional faradaic contributions from the terthiophene



3 Triphenylamine-Based Cathode Material 73

groups, particularly the low-voltage reduction process (R*) extending to 1.5V. However,
this enhancement is short-lived, with significant capacity decay occurring within the first

L after

50 cycles, dropping to 19.2mAhg~! and further stabilizing at only 12.9mAhg™
1000 cycles. In contrast, bare FTN-Pol typically demonstrates a more stable capacity re-
tention profile, albeit at lower initial values, highlighting a trade-off between initial energy
density and cycling stability introduced by 3T functionalization. Notably, the Coulombic
efficiency (CE) of FTN-Pol+3T stabilizes at 99.7 % beyond 600 cycles, matching the high
reversibility reported for FTN-Pol alone. This suggests that while 3T enhances initial
capacity, it may undergo irreversible transformations, leaving behind a redox-stable FTN

backbone that governs the long-term cycling behavior.

In summary, terthiophene incorporation into FTN-Pol enables temporary capacity en-
hancement through additional redox-active sites, but also introduces irreversible processes
that limit long-term stability. These findings provide insight into the structure—performance
relationship of redox-active polymer composites and underline the need for further molec-

ular tuning to stabilize 3T-derived contributions.

3.5 Conclusion and Outlook

The development and electrochemical evaluation of nitrogen-centered triphenylamine ana-
logues (N-HTAs) as redox-active units show that structural modifications to FTN-Pol
and its derivatives significantly affect their electrochemical performance. The findings
collectively underscore the tunability and trade-offs inherent in the molecular design of
triphenylamine-based cathode materials. The base system, FTN-Pol, demonstrates that
N-HTAs can serve as stable and efficient redox-active backbones in polymeric cathodes.
The rigid spirocyclic structure provides a defined microporous network that promotes
redox accessibility while suppressing side reactions, as evidenced by the high Coulombic
efficiency (99.6 %) and long-term cycling stability. Although its specific capacity is modest
due to the higher molecular weight of the redox unit, FTN-Pol achieves a utilization rate
of 87 % of its theoretical capacity, outperforming some conventional triphenylamine-based
systems in this respect. These results confirm the value of rigid, conjugated architectures
for enabling stable charge transport and redox reversibility in organic cathode materials.
Building on this foundation, the integration of sulfur chains into FTN-Pol was investi-
gated as a strategy to enhance capacity by adding complementary redox-active centers.
The data reveal that sulfur incorporation does indeed introduce additional redox features,

particularly in the voltage range of 2.0-2.4V vs. Li/Lit. However, the performance
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strongly depends on the electrolyte system used. Ether-based electrolytes (1M LiTFSI
in DOL:DME) supports more reversible sulfur redox processes compared to carbonate-
based systems (LiPFg, LiClO4 in EC:DMC), which suffered from rapid capacity fading
and poor reversibility due to polysulfide dissolution and shuttling. Even in the best case,
sulfur contributions were short-lived, with only ~3-10% of the initial capacity retained
after 400 cycles. These results highlight the challenges of combining sulfur chemistry
with redox polymers, including interfacial instability and the need for improved sulfur
confinement strategies. In a complementary approach, terthiophene (3T) functionaliza-
tion of FTN-Pol aimed to enhance initial capacity through m-conjugated sulfur-containing
moieties. The resulting FTN-Pol+3T composite exhibited a significant increase in initial
capacity (101 mAhg™!), stemming from additional faradaic contributions at low voltages.
However, this benefit was counterbalanced by pronounced capacity fading within the first
50 cycles, attributed to irreversible oxidation processes involving the 3T units. Despite
this decay, the long-term Coulombic efficiency remained high (99.7 %), indicating that the
redox activity ultimately reverted to the stable FTN backbone. The findings illustrate
a fundamental limitation: while capacity can be enhanced through molecular augmenta-
tion, long-term electrochemical stability often suffers due to irreversible side reactions or

structural degradation.

In conclusion, the studies presented in this chapter illustrate the potential and complexity
of molecular engineering in triphenylamine-derived cathode materials. The core FTN-Pol
platform provides a stable, redox-efficient scaffold, while functionalization strategies such
as sulfur chain addition or 3T incorporation offer increased energy density, but at the
cost of reversibility and long-term stability. These results emphasize the importance of

balancing capacity, kinetics, and durability through thoughtful structural design.

Future work should prioritize the stabilization of additional redox-active groups, espe-
cially sulfur-based and thiophene-based moieties, through advanced confinement tech-
niques (e.g., covalent binding, nanoencapsulation, or network formation) and interface
engineering. Hybrid electrolytes or solid-state systems may mitigate polysulfide dissolu-
tion and improve redox selectivity. Moreover, extending the concept of N-centered redox
units to other rigid, m-conjugated frameworks could unlock new design principles for next-
generation organic cathodes with tunable redox properties, high voltage windows, and
improved energy densities. Ultimately, the continued refinement of such molecular archi-
tectures will be essential for the realization of sustainable and high-performance organic

lithium-ion batteries.
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4 Decoupling Photothermal Effects in
Photo-Enhanced LiMn,O, Battery

Recent studies have demonstrated that LiMnyO4 (LMO) electrodes exhibit enhanced elec-
trochemical performance under illumination, a phenomenon attributed to photo-induced
charge carrier dynamics [176]. However, light exposure also may cause local heating, mak-
ing it challenging to disentangle the contributions of photonic and thermal effects. In this
thesis, the influence of light and temperature on the electrochemical behavior of LMO is

systematically studied by decoupling these two factors through controlled experiments.

4.1 Inorganic Cathode Materials: State of the Art

4.1.1 Tranistion Metal Oxides

Transition metal oxides are among the most widely studied cathode materials for lithium-
ion batteries due to their high energy density, structural versatility, and ability to reversibly
intercalate lithium ions. These compounds, typically involving metals such as cobalt,
nickel, manganese, and vanadium, exhibit diverse electrochemical properties that can be
tuned through doping and structural modification. As the demand for higher-performance
and more sustainable energy storage grows, transition metal oxides continue to play a

critical role in advancing next-generation lithium-ion battery technologies.

LiC002

Among the widely studied transition metal oxide cathode materials, lithium cobalt oxide
(LiCoO4) was one of the earliest introduced and remains a foundational material in lithium-
ion batteries (LIBs). LiCoO, offers a high energy density and a theoretical specific capacity
of approximately 274mA hg=!. However, it suffers from thermal instability at elevated
voltages, limiting its long-term safety and reliability in high-energy applications [177]. An
alternative to LiCoO, for next-generation LIBs is lithium nickel oxide (LiNiOs). Although

it only gained significant attention in the past two decades, LiNiOy provides a higher
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practical capacity of around 200 mA hg=!. One mayor drawback is that its synthesis poses
considerable challenges, particularly due to lithium volatilization during high-temperature
calcination, which hinders the formation of stoichiometric LiNiO,. The material was
originally designed by Dyer in 1954 [178] and later extensively investigated in the 1990s
by Dahn et al. as a potential replacement for LiCoO, [179, |180]. Nickel’s lower cost and
greater abundance relative to cobalt make LiNiOy economically advantageous. It is also
isostructural to LiCoOs, enabling facile lithium intercalation [178|. Despite these benefits,

LiNiO, suffers from poor thermal stability and limited cycle life [181].

Vanadium Oxides

Another significant class of cathode materials includes vanadium oxides (V,0O,), which
have been extensively explored for LIB applications. For instance, vanadium oxide (V¢O13)
doped with aluminum or iron has shown improved electrochemical performance, achieving
an initial specific discharge capacity of 427mAhg~! [182]. Similarly, doping V¢O13 with
aluminum and sodium led to enhancements in both cycling stability and discharge capacity
[183]. Vanadium pentoxide (V203) is regarded as one of the most promising vanadium-
based cathode materials for a variety of battery chemistries, including LIBs, sodium-ion
batteries (SIBs), and magnesium-ion batteries (MgIBs). It is valued for its low cost, in-
herent safety, high lithium-ion storage capacity, and natural abundance [97]. For example,
rod-like Vo035 structures have demonstrated specific capacities of 255 mAhg™! [184]. Fur-
thermore, copper-doped V5,05 exhibited increased cell volume and oxygen vacancies in the
crystal lattice, resulting in an enhanced discharge capacity of 293 mA hg=!, compared to
236 mA hg™! for the undoped counterpart [185]. In another approach, the incorporation
of graphene with monolayer V505 has been proposed as a promising cathode configu-
ration, offering superior cycling stability and electrical conductivity [186]. Additionally,
Li; 1, V30g has gained attention as an advanced vanadium-based cathode material. This
compound is known for its excellent safety characteristics, high theoretical capacity and
low environmental impact, making it a strong candidate for sustainable LIB technologies
[187].

4.1.2 Manganese-Based Oxides

The second major class of cathode materials for LIBs is represented by the family of
manganese-based oxides, commonly denoted as Li,Mn,O,. Extensive research has been
conducted on various compositions within this group due to their promising electrochem-

ical performance.
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LigMI’lOg

Carbon-coated lithium manganese oxide (Li;MnO3) has demonstrated excellent rate ca-
pability and a high discharge capacity of approximately 280mAhg™! at a current den-
sity of 10mA g~ [188]. Furthermore, hollow-structured composites of xLi;MnO3 - (1-
x)LiNiOy (2 =0.3-0.7) have been investigated, exhibiting a stable discharge capacity
around 210mA hg™! [189)]. LiNigsMn; 504, a high-voltage spinel compound, has emerged
as another promising cathode material due to its high power and energy density. When
modified with 0.5 wt% Al,Os, the resulting material exhibited improved Li* diffusion co-
efficients, as well as enhanced cycling stability and rate performance [190]. Co-doping of
Li; 9NigoMnOgy with Al and B also resulted in superior cycling performance, with a dis-

Lat 5C and a capacity retention of 89 % after 100 cycles

charge capacity of 120mAhg~
at 1C [191]. Another variant, Li; sMngNig 202, delivered an initial discharge capacity of
266 mAhg! at 20mA g! and maintained approximately 220 mA hg™! after 50 cycles at
50mA g=! [192]. Sun et al. synthesized LiNig;Mn; 50, using MnO,, leading to exposure
of 111 crystal facets and suppressed Mn dissolution. The resulting material displayed high
tolerance to ultrafast lithium-ion insertion/extraction, retaining 85 % of the maximum ca-
pacity (92 % initial) after 1500 cycles at 30 C, with an average coulomb efficiency of 97 %
[193]. Similarly, LiMn; gNig 204 synthesized from MnOOH exhibited higher phase purity

and a discharge capacity of 122mA hg™!, with over 80 % capacity retention at 5C [194].

LiNiMnCoO,, NMC

Lithium nickel cobalt manganese oxides (LiNiMnCoOs, NMC) form another notable class
of cathode materials. LiNig5Mng3Co0y202 synthesized through a polymer-assisted chem-
ical solution process exhibited an initial capacity of 189 mAhg™' at 0.05C |195]. A
gradient-structured version of the same composition, prepared via co-precipitation, achieved

over 90 % capacity retention after 100 cycles at 5 C, with excellent thermal stability [184].

4.1.3 LiMn,O, Spinel

Another widely studied composition, Lithium manganese oxide LiMny,O,4 (LMO), is noted
for its favorable cyclic stability, capacity retention, and cost-effective synthesis. Lithium
manganese oxide (LiMnyOy), which crystallizes in a spinel structure belonging to the
Fd3m space group, has been widely recognized as a promising cathode material for LIBs,
primarily due to the natural abundance of manganese and its environmental friendliness
[196]. As illustrated in Figure , the crystal structure of spinel LiMn,O, features Li*
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ions located at the tetrahedral 8a sites, while Mn** /Mn** ions occupy the octahedral 16d
sites within a cubic close-packed arrangement of O?~ anions [197]. The Li* ions at the
8a sites migrate through a three-dimensional (3D) diffusion network during lithiation and

delithiation processes [198| according to:

LiMn,O4 — Li(l_m)Mn204 + xLit + xe (0 <x < 1) (41)

Mn/Lit  Lij+

Figure 4.1: Schematic illustration of the spinel crystal structure of LiMn,Oy,4, highlighting
the arrangement of lithium ions (green), manganese ions (orange), and oxygen atoms (red)
within the three-dimensional lattice framework that contributes to its electrochemical
properties. Adapted from [199].

Reported initial and reversible discharge capacities were 115mAhg~! and 105mAhg™!,
respectively, at a rate of 0.1 C . Additionally, Al-doped LiMn,O,4 has been explored for
its enhanced electrochemical stability. Increasing the aluminum content led to reductions
in particle size and lattice parameters, improving life-cycle performance. Specifically, a
doping level of 16 % yielded a specific capacity of 10lmAhg=! at 0.5C and a capacity
retention of 94 % [201].
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4.2 Synthesis

Polycrystalline LiMny,O4 was synthesized using a conventional solid-state reaction route by
Yuan] with synthesis conditions adapted from several established protocols reported in the
literature [202-204]. A more detailed description of the synthesis procedure can be found in
reference |205]. Stoichiometric quantities of Li;CO3 (99 %, Sigma-Aldrich) and Mny,COsy
(99.9 %, Sigma-Aldrich) were thoroughly homogenized using an agate mortar to ensure
uniform distribution of the precursors. The mixed powders were subjected to a multi-step
thermal treatment under ambient air with continuous air flow. An initial calcination was
conducted at 500°C for 1h, followed by an additional 2h treatment, with intermediate
manual grinding to enhance reactivity and phase development. Subsequently, a final high-
temperature calcination step was carried out at 800 °C for 48 h, intended to promote the
crystallization of the spinel structure and eliminate any remaining carbonate species. The
sintering parameters were critically optimized to avoid the formation of secondary phases.
The phase purity and crystallographic integrity of the synthesized LiMn,O,4 are confirmed
in the work by Yuan [205].

4.3 Electrochemical Characterization

4.3.1 Electrochemical Baseline Behavior of LiMn,O, Electrodes

The electrochemical behavior of LiMnyO4 (LMO) was studied using cyclic voltamme-
try (CV) and galvanostatic charge—discharge (GCPL) techniques in lithium-ion half-cells.
Composite working electrodes were prepared by mixing LMO (75 wt%), carbon black (CB,
15wt%), and polyvinylidene fluoride (PVDF, 10 wt%) as binder (see Methods[2.4.1]). Elec-
trochemical measurements were carried out using CR2032-type coin cells with lithium

metal as the reference electrode and 1 M LiPFg in ethylene carbonate/dimethyl carbonate
(EC/DMC, 1:1 vol. %) as electrolyte?]

CV scans were recorded in the potential window of 3.4-4.5V vs Li/Li* at a scan rate of
0.1mV s~ (Figure a). The voltammograms exhibit two prominent oxidation peaks at
4.09V (Oy) and 4.20V (Og), along with corresponding reduction peaks at 3.93V (R;) and
4.05V (Rz), which are characteristic of the spinel LMO structure [197]. These features

correspond to the stepwise intercalation/deintercalation of Li* ions into and out of the

IKirchhoff Institute for Physics, Heidelberg University
2Electrochemical data in this work are subject to an estimated uncertainty of 5—10 %, primarily due to
manual electrode preparation (weighing accuracy, slurry homogeneity, and mass loading), as explained

in Section m
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tetrahedral 8a sites within the spinel lattice [206, 207]. A shoulder at 3.85V observed
during the first reduction cycle (Ry) disappears in subsequent scans, likely due to the irre-
versible reduction of minor impurities. The redox peak positions remain largely stable over
10 cycles, with only a slight decrease in the intensity of peak Oq, suggesting a high degree
of reversibility. The average redox potentials, calculated as the mean of the respective ox-
idation and reduction peaks, are E;/5(1) =4.014+0.03V and E;/5(2) =4.12+£0.03V. The
corresponding overpotentials, 7, =0.08 £0.03 V and 7, =0.07+=0.03 V, were determined
according to the definitions provided by Bard and Faulkner [63|, with peak fitting used to

estimate standard deviations.

Complementary GCPL cycling was performed at a current density of 100 mA g=! (~2/3 C-
rate) within the same voltage window (Figure b). The initial charge capacity was
112mA h g, corresponding to 76 % of the theoretical capacity, and decreased to 82mA hg™!
by the 100th cycle. In the first cycle, peak O; accounted for approximately 56 % of
the capacity, decreasing to 45 % by the fifth cycle and then stabilizing, consistent with
CV observations. Further insight into redox processes was gained through derivative
analysis of the charge/discharge profiles (Figure c), yielding refined redox poten-
tials of E1/5(1) =4.01£0.01V and E;/5(2) =4.13£0.01 V, with associated overpotentials
m =0.03+0.01V and 7, =0.03 +0.01 V. While redox potentials from CV and GCPL are
in agreement with each other, the higher overpotentials in CV are attributed to its scan
rate—dependent kinetic nature [208, 209]. An anomaly in the O; peak during the first
GCPL cycle suggests an irreversible process limited to the initial charge, and is therefore
not discussed further. These results indicate the consistency of the synthesized LMO’s

electrochemical behavior with previously reported characteristics in the literature [176]
210, 211].

4.3.2 Reference Study: Photo-Induced Effects in LiMn,O, (Lee et
al.)

In a recent study, Lee et al. demonstrated that photo-illumination can significantly accel-
erate the charging kinetics of lithium-ion batteries utilizing spinel LiMn,O, (LMO) as the
cathode material [176]. Their findings suggest that light exposure under constant voltage
conditions enhances the current response. However, their experimental design presents
challenges in decoupling the effects of light-induced charge excitation from photothermal

contributions.
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Figure 4.2: a) CV of LMO based composite electrodes (75 wt%) with 1M LiPFg and a
scan rate of 0.1 mVs~! in the voltage range of 3.4-4.5V. b) Galvanostatic charge and
discharge profiles of selected cycles with a current density of 100mA g~! (a2/3 C-rate).
c) Selected derivatives of galvanostatic charge/discharge measurements with a current
density of 100mA g=! (~2/3 C-rate) in the voltage range of 3.4-4.5V.
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Electrochemical measurements were performed under both dark and illuminated conditions
using a 300 W Xenon arc lamp (Atlas Specialty Lighting) with an IR filter to minimize
unwanted heating. The spectral range of the light source spanned 300 - 1100 nm, with less
than 5 % of its energy in the UV region. Despite IR filtering, a modest temperature increase
of ~7°C was observed at 1 SUN intensity (100mW c¢cm~?), measured via an IR thermome-
ter. To evaluate thermal effects separately, control experiments were conducted by heating
the open cell to elevated temperatures in the absence of light. The observed increase in
charging current under these conditions was significantly smaller than under illumination,
indicating a non-negligible but limited role of temperature in enhancing electrochemical
performance. CA measurements were carried out by applying a constant voltage of 4.07V
versus Li/Li" using a Gamry potentiostat and a Solartron SI1260 analyzer. The LMO
electrodes contained 20- 25 mg of active material. Additional galvanostatic cycling exper-

iments were conducted between 3.2 and 4.4V at varying C-rates (2C to C/10).

Figure |4.3|summarizes the primary results from Lee et al. In the chronoamperometry (CA)
experiment, a constant voltage of 4.07 V was applied, and the current was recorded over 22
minutes. Under dark conditions, the cell delivered a total charge of 2.21C (26.1mAhg™!),
corresponding to approximately 42 % of the theoretical capacity. In contrast, illumination
under the same conditions resulted in a significantly higher charge of 4.36 C (52mAhg™!),
reaching ~ 92 % of the practical capacity.
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Figure 4.3: Photo-enhanced electrochemical performance of LiMn,O,4 under illumination
(adapted from Lee et al. [176]). a) Chronoamperometric response at a constant voltage of
4.07V comparing "light-on" and "light-off" conditions. Illumination leads to a significantly
higher current and integrated charge passed, indicating enhanced Li™ deintercalation. b)
Galvanostatic discharge following the constant-voltage hold shows greater capacity in the
light-charged state, confirming the increased lithium extraction. The combined results
support a photo-induced acceleration of the charging process in LMO cathodes.
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Follow-up galvanostatic discharge confirmed that the lithium extracted during light-assisted
charging was reinserted during discharge. The enhancement in charge rate under illumina-
tion was reported to range from a factor of 1.7 to 3.4, depending on the device. Importantly,
Raman and UV-Vis spectroscopy confirmed the structural and chemical stability of the
electrodes and electrolyte under light exposure. Lee et al. attributed the enhanced per-
formance to photo-induced electronic excitation of Mn3* ions in the LMO lattice. Upon
illumination, Mn®" undergoes photo-oxidation to Mn*", releasing electrons that facilitate
faster Li" deintercalation. This process is supported by EPR spectroscopy, which showed

an increased presence of Mn** species under illumination.

Mn3+ 2 [Mn?*]* ~ Mn*" (hole) + e~ (electron) (4.2)

Additionally, a surface-mediated disproportionation reaction of Mn®* may occur under

illumination:

2Mn*t 2% 2[Mn?*]* &~ Mn** + Mn?* (4.3)

The study by Lee et al. provides evidence for photo-assisted enhancement of Li" extraction
in LiMn,Qy4 via electronic excitation mechanisms. Nonetheless, due to partial heating and
the absence of direct temperature control within the cell interior, a complete decoupling of
photothermal and photochemical contributions remains unresolved. These findings form
a valuable benchmark for the present work, which aims to investigate and isolate these

effects in a controlled manner.

4.3.3 Light and Heat Effects on Cycling

To investigate the individual contributions of light and temperature to the electrochemical
behavior of LMO, experiments were conducted based on the setup by Lee et al. [176],
using a windowed ECC-Opto-10 cell with a xenon light source (see Section 2.4.4).
Figure a) displays chronoamperometric (CA) measurements where LMO composite
electrodes were subjected to four conditions: illumination at ambient temperature (cyan),
and non-illuminated measurements at 25°C (black), 30°C (magenta), and 40°C (red). A
constant potential of 4.07V vs Li/Li* was applied for 22 minutes, targeting completion of
the first oxidation reaction O; (see Figure , representing &~ 50 % state of charge. In all
conditions, the current decreases over time as lithium ions are extracted and Mn centers

oxidize. At 25°C (black) without illumination, the current quickly drops within the first
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2min and then stabilizes around 0.6 mA g, indicating incomplete progression of O;. A
similar trend is observed at 30°C (magenta), where the current plateaus at 0.8mA g~*
after ~5min. At 40°C (red), the current declines more steeply after 20 min, suggesting
more advanced oxidation. Under illumination (cyan), the cell initially exhibits a higher
current, which drops rapidly before stabilizing at ~1.7mA g~! and then decreases further,

approaching zero, indicating near-complete oxidation within the 22-minute period.

Subsequent discharge measurements at 10mA g='(C/15) following the CA experiments
(Figure b) show expected reduction plateaus near 4.0V. However, the 25°C non-
illuminated sample deviates, displaying a lower plateau around 3.9V, suggesting that full
oxidation is not achieved. These findings align with Figure [4.5] where kinetic factors such
as temperature and light shift the potential required to complete oxidation, and hence,
the applied 4.07V is insufficient in cooler, dark conditions (black). Compared to the
~58mAhg™! expected capacity at 4.07V (Figure , the illuminated sample reaches
45mAhg (78%), while the dark conditions yields 38mAhg™" (40°C), 22mAhg™!
(30°C), and just 9mAhg=! (25°C). To confirm thermal effects, Figure 4.4| c) shows tem-
perature recordings during the CA experiments. Measurements were taken every minute
using an IR thermometer aimed at the cell window. The light-off measurements alignes
well with their set temperatures, while illumination (cyan) causes a rise from 25°C to
~30°C within 7min. A reference test (orange), conducted with the windowed cell open
and illuminated for 22 min, confirms this temperature stabilization around 30°C. These
results indicate that even when temperatures are matched through controlled conditions,
illumination still significantly accelerates oxidation kinetics, doubling the amount of charge
converted during the CA duration. This supports the findings of Lee et al. [176], yet also
emphasizes the importance of carefully selecting the applied potential, as slight kinetic

shifts can prevent full access to the oxidation range.

Figure a) presents GCPL curves over the full voltage range (3.4-4.4V) at 30mA g~!
(C/5) for the first cycle. The redox activity under illumination at 30 °C (cyan) is compared
with dark conditions at 25°C (black), 30°C (magenta), and 40°C (red). All conditions
show the characteristic two-step redox behavior, achieving ~135mAhg™! (91 % of the-
oretical capacity). However, the O; oxidation plateau in the 25°C dark case lies almost
entirely above 4.07 V, explaining the incomplete oxidation observed in the prior CA exper-
iment. To clarify these shifts, Figure b) shows derivative curves, revealing consistent
redox features across all measurements, but with shifts depending on temperature and il-
lumination. Figure4.5c) summarizes the redox potentials (E;/;), determined by Gaussian
fitting of the derivative peaks. No significant shift in E;/, is observed across conditions:
Ey/2(1) =4.006 4 0.004 V and E; 5(2) —4.128 £0.002 V.
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Figure 4.4: Electrochemical performances and temperature measurements of LMO com-
posite electrodes for light ON at 30°C (cyan) and light OFF at 25°C (black), 30°C
(magenta), 40°C (red). a) Chronoamperometry measurements holding 4.07V vs. Li/Li*
for 22min according to [176]. b) Discharge curves at constant currents of 10mA g=*
(C/15) right after chronoamperometry measurements without illumination. c¢) Temper-
ature re)cordings during chronoamperometry measurements and a reference measurement
(orange).
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Figure 4.5: a) Galvanostatic charge/discharge potential profiles of LMO composite elec-
trodes for light ON at 30°C (cyan) and light OFF at 25°C (black), 30 °C (magenta), 40°C

(red) measured in a voltage range of 3.4-4.4V at a constant current of 30mA g=* (C/5)
for the first cycle. b) Derivatives of galvanostatic charge/discharge measurements with a

current density of 30mA g~! (C/5) in the voltage range of 3.4-4.4V. c¢) Redoxpotential
Ei/; and d) Overpotential n read from the derivatives.

However, Figure d) shows the overpotentials (1), which do vary considerably. At
25°C in the dark (black), n=0.1544+0.009 V. With increasing temperature, overpoten-
tials drop: 7=0.1004+0.005V (30°C, magenta), n=0.086 +0.009V (40°C, red). [lumi-
nation at 30°C (cyan) further reduces n to 0.063+0.010 V. These findings demonstrate
that while redox potentials remain stable, the overpotentials and therefore kinetic barriers
are significantly reduced by both heat and light. This is consistent with enhanced ionic
conductivity and reaction kinetics at elevated temperatures [208] 212-214]. Additionally,
comparing the 30 °C dark and illuminated conditions reveals a &~ 40 % reduction in overpo-
tential due to light, even at constant temperature. This supports the mechanism proposed
by Lee et al. [176], in which light promotes Mn®* photoexcitation to Mn** (hole gener-
ation), with electrons migrating via polaron hopping toward the current collector under

applied bias, thus accelerating the oxidation reaction.
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4.3.4 Impact of llluminated Area on the Electrochemical

Response of LiMn,0O, Electrodes

While previous experiments, both in this thesis and by Lee et al., established that light en-
hances the electrochemical performance of LiMny,O4 (LMO) electrodes, the extent to which
this effect depends on the illuminated surface area remains unclear. Since the generation
of photo-induced charge carriers is inherently a surface-mediated process, the effective
area exposed to light may directly influence the degree of performance enhancement. In
this section, we explore the relationship between illuminated electrode area and the elec-
trochemical response by systematically varying the illuminated area while maintaining
consistent environmental and electrochemical conditions. These experiments provide in-
sight into the spatial dynamics of photo-acceleration and help assess the scalability and

practical integration of light-enhanced LMO cathodes in battery systems.

To investigate how the size of the illuminated region influences the photo-acceleration
of LMO electrodes, CA and subsequent discharge measurements were performed under
three controlled conditions at a constant temperature of 30°C: (i) without illumination
(magenta), (ii) with partial illumination of 3.14 mm? (green), and (iii) with full illumination
of 12.57mm? (cyan). The illumination area was varied by using a smaller perforated
contact disk hole diameter of @ =2 mm instead of @ =4 mm in the ECC-Opto-10 cell while
keeping all other parameters constant. Figure a) displays the CA responses under these
three configurations over a 22-minute period, during which a constant potential of 4.07V
vs Li/Li* was applied. Under dark conditions (magenta), the current quickly declined
within the first 2min and stabilized around 0.8mA g~!, indicating that the oxidation
process O; did not reach completion, consistent with previously reported behavior. In
contrast, both illuminated conditions exhibited initially higher currents followed by a
2 (cyan)
reached a steady-state current of 1.7mA g=! before decreasing toward zero, suggesting

rapid decline and eventual stabilization. The sample illuminated over 12.57 mm

near-complete oxidation of Mn centers during the CA period. When the illumination area
was reduced to 3.14mm? (green), a similar current profile was observed, albeit with a
slower decline, and a plateau of 1.0mA g~! before the terminal drop, indicating slower
reaction kinetics and incomplete charge transfer relative to the larger area. Following
CA, constant-current discharge (C/15) measurements were conducted (Figure 4.4/ b). All
conditions showed the expected reduction plateau near 4.0V, corresponding to the R,
redox couple. The specific capacity of the illuminated sample with the larger area (cyan)
reached 45mAhg™" (78 % of the theoretical 58 mAhg™! expected at 4.07V), while the
smaller illuminated area (green) yielded only 30mA hg™' (52%). The dark condition at
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Figure 4.6: Electrochemical performance and temperature measurements of LMO com-
posite electrodes under varied illuminated areas at 30°C: light OFF (magenta), light ON
with 3.14mm? (green), and light ON with 12.57mm? (cyan). a) Chronoamperometry
measurements at a constant potential of 4.07V vs Li/Li™ for 22 min following the pro-
tocol in [176]. b) Discharge curves at a constant current of 10mA g=! (C/15) measured
immediately after chronoamperometry, performed in the dark. c¢) Temperature recordings
during chronoamperometry, taken every minute using an IR thermometer directed at the
cell window.
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30°C (magenta) achieved just 22mAhg=! (38%), reinforcing that both light exposure

and illuminated area play significant roles in enhancing electrochemical performance.

To isolate photonic effects from thermal contributions, temperature recordings were per-
formed concurrently during the CA experiments and are shown in Figure c¢). These
were acquired at one-minute intervals using an IR thermometer pointed at the cell window.
Dark condition measurements remained stable at 30°C as expected. Under illumination
(both green and cyan), the cell temperature rose from 25 °C to approximately 30 °C within
the first 7 minutes, after which it stabilized. A reference test (yellow), conducted with
the cell window fully opened during 22 minutes of illumination, confirmed this thermal
behavior, validating that both illuminated conditions reached and sustained 30 °C during

measurement.

Collectively, these results suggest that while both temperature and illumination indepen-
dently enhance oxidation kinetics in LMO cathodes, the extent of the illuminated surface
significantly impacts charge conversion. Larger illuminated areas accelerate reaction rates
more effectively, likely by generating a higher density of photo-induced carriers over a

wider active zone.

4.3.5 Time-Dependent Electrochemical Response of LiMn,O,
Under Photo-Accelerated Conditions

To investigate the time-dependent behavior of the electrochemical performance in LMO
cathodes under photo-accelerated conditions, CA and galvanostatic GCPL measurements
were conducted under both illuminated and non-illuminated conditions for varying du-
rations. The key question addressed here is whether extending the CA duration leads
to convergence in electrochemical performance between illuminated and dark conditions,

isolating the influence of photonic stimulation from purely thermal effects.

Figure a) displays CA results at a constant potential of 4.07V vs Li/Li* for LMO
electrodes. Two 22-min experiments were performed: one under illumination (cyan) and
one in the dark (magenta), replicating prior work [176]. Additionally, a prolonged dark
reference measurement (gray) was conducted for 70min, allowing the current to decay
fully to ~0mA g, thus serving as a benchmark for complete electrochemical saturation.
Both the illuminated and short-duration dark measurements yielded comparable current
profiles, consistent with earlier observations (see Figure a). In contrast, the extended
70-min CA experiment in the dark showed a distinct plateau at approximately 1.05mA g~!,
which remained stable for the first 55 min before declining to 0 mA g~! within the final
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Figure 4.7: Electrochemical performances and temperature measurements of LMO com-
posite electrodes for light ON (cyan), light OFF (magenta) for 22 min and light OFF (gray)
for 70min. a) Chronoamperometry measurements holding 4.07V vs. Li/LiT for 22 min
according to [176] and for reference 70 min. b) Discharge curves at constant currents of
10mA g=! (C/15) right after chronoamperometry measurements without illumination. c)
Temperature recordings during chronoamperometry measurements.
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10min. This confirms that a significantly longer CA duration in the absence of light is
required to reach a comparable level of charge transfer as achieved in shorter photo-assisted

experiments.

Subsequent GCPL measurements were conducted without illumination at a constant cur-
rent of 10mA g=! (C/15 rate), immediately following the CA experiments (Figure b).
As in the CA measurements, the 22-min light ON (cyan) and light OFF (magenta) proto-
cols led to specific capacities of 45mAhg~! and 22mAhg~!, respectively, again aligning
well with previous data (Figure b). Notably, the extended 70-min CA (gray) resulted
in a significantly higher capacity of 54mA hg™!, representing approximately 93 % of the
theoretical capacity for this material. This supports the hypothesis that sufficient time
under dark conditions enables the system to achieve an electrochemical state similar to
that attained through short-term illumination, thereby separating time-dependent ionic
and electronic processes from photo-induced acceleration. Temperature evolution during
the CA experiments is shown in Figure ¢). The thermal profiles closely resemble those
observed in previous area variation studies (Figure , confirming consistent heating be-
havior across different illumination and timing protocols. This indicates that while light
contributes to localized heating, the decoupling of thermal and photonic contributions

requires careful time-resolved analysis, as demonstrated in this study.

4.3.6 Comparison

To ensure a meaningful comparison between this work and the study by Lee et al.|176],
the experimental conditions were closely aligned. Both studies utilized a Xenon light

source with an intensity of approximately 100 mW cm™2.

While Lee et al. employed a
coin cell configuration with a Kapton window, this thesis utilized an ECC-Opto-10 cell
equipped with a sapphire glass window. Electrode compositions were similar in terms of
active material, carbon, and binder ratios (75:5:20), though Lee et al. used self-standing
electrodes with an active mass loading of 20-25mg, whereas light-translucent graphite
tape-based electrodes with a significantly lower mass loading of 2 -3 mg were used in this
study. Electrolyte formulations differed slightly: Lee et al. used 1.2 M LiPFg in EC:EMC
(70:30), while 1M LiPFg in EC:DMC (50:50) was used here. In both cases, CA was
performed at 4.07V, corresponding to an approximate 50 % state of charge, for a duration
of 22 min. Ilumination during CA leads to a temperature increase of approximately + 7°C
in Lee et al.’s study and + 5°C in the present work. The expected specific capacities at
4.07V, determined via prior GCPL measurements, are 65mAhg=! and 56 mAhg=" for

Lee et al. and this work, respectively.
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T Power t Cca CcacopL Plateau Cexp.

°C mWem ™2 min (mAhg™) (mAhg™) (V) (mAhg™)

252 - 22 8.0 8.2 3.92 58
Light 30P - 22 19.1 21.9 3.97 58
OFF 40°¢ - 22 34.4 37.9 4.00 58

304 - 70 50.2 54.2 3.98 58
Lee et al. 23° - 22 26.1 34.0 3.93 65
Light 30f 100 22 42.4 44.8 3.99 58
ON 308 25 22 25.7 30.4 3.98 58
Lee et al. 30" 100 22 52.0 62.0 3.97 65

Table 4.1: Comparison of electrochemical capacities obtained from chronoamperometry
(CA) and galvanostatic cycling (GCPL) under dark and illuminated conditions at differ-
ent temperatures, as reported in this thesis and by Lee et al. [176]. CA capacities reflect
delithiation only and are consistently lower than GCPL capacities (lithiation). Illumina-
tion improves capacity and reduces overpotentials in both studies, as evident from redox
plateau shifts. Differences at 25°C are attributed to kinetic limitations affecting oxidation

efficiency. ®black, Pmagenta, ‘red, gray, °blue, fcyan, 8green, "red — color references used
in figures.

A detailed comparison between the results of this thesis and those reported by Lee et al.
[L76] under various light and temperature conditions is summarized in Table 4.1} Capaci-
ties from CA were obtained by integrating the current response during a constant-voltage
hold and reflect the extent of lithium extraction (delithiation) at the selected potential of
4.07V. As expected, all capacities derived from CA are lower than their corresponding
GCPL values, due to the unidirectional nature of the delithiation process and the effec-
tively infinite lithium reservoir present in the counter electrode. This imbalance leads to
more lithium insertion during prior GCPL lithiation than can be extracted during CA,
reducing apparent capacity in the latter. Both this study and that of Lee et al. ob-
serve a notable enhancement in delithiation capacity under illumination, accompanied by
a moderate temperature rise of approximately 5°C and 7°C, respectively. At 25°C in the
dark, this work yield substantially lower capacities (8.0mAhg™! from CA; 8.2mAhg™!
from GCPL) compared to Lee et al. (26.1mAhg™! from CA; 34.0mAhg™! from GCPL).
These differences are not due to active mass loading, as capacities are normalized to active
material mass. Rather, the lower room-temperature performance may result from kinetic
limitations at the selected potential, as confirmed by GCPL and derivative analysis in Fig-
ure [1.5] Specifically, at 25°C in the dark, the O; plateau shifts to above 4.07 V, leading to
incomplete oxidation during CA and hence reduced capacity. This highlights the impor-
tance of selecting an appropriate hold voltage in constant-voltage experiments, especially

when reaction kinetics are sluggish.
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Figure 4.8: Summary of electrochemical performances and temperature measurements
of LMO composite electrodes for light ON at 30°C (cyan), 3.14 mm? (green) and light
OFF at 25°C (black), 30°C (magenta), 40°C (red) and for 70 min (gray). a) Chronoam-
perometry measurements holding 4.07V vs. Li/Li™ for 22min according to [176]. b)
Discharge curves at constant currents of 10mA g=! (C/15) right after chronoamperometry
measurements without illumination. ¢) Temperature recordings during chronoamperome-
try measurements and a reference measurement (orange).
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Upon illumination at 30°C, the capacity improves significantly in both studies. In this
thesis, capacities reach 42.4mA hg™! (CA) and 44.8mAhg~! (GCPL), while Lee et al. re-
ported 52.0mAhg™! (CA) and 62.0mAhg~! (GCPL), respectively. These enhancements
are further reflected in the shift of the O; redox plateau toward lower potentials under
illuminated conditions, &~ 3.92 to 3.99V in this work and ~3.93 to 3.98 V in Lee et al., in-
dicating reduced overpotentials and facilitated reaction kinetics. Overall, the experimental
trends are in strong agreement, except for the significantly lower capacities observed at
25 °C under dark conditions in this study, which can be attributed to the kinetic limitations
discussed above. This underlines the necessity of carefully matching the electrochemical

protocol to the intrinsic electrode kinetics when performing photoelectrochemical studies.

4.4 Conclusions

The photo-enhanced electrochemical behavior of LiMny,O, (LMO) electrodes has gath-
ered significant interest for its potential in improving lithium-ion battery performance
through light-assisted processes. Across both the chronoamperometric and galvanostatic
investigations, it seems evident that illumination contributes to measurable enhancements
in reaction kinetics and capacity delivery. However, these improvements are not solely
attributable to photonic effects; thermal contributions from localized heating complicate
the interpretation of photo-response. By methodically decoupling light and heat through
controlled chronoamperometric and galvanostatic experiments, this study confirms that
light exposure increases the rate of Lit extraction beyond what can be accounted for by
thermal enhancement alone. Even at equivalent temperatures (= 30°C), illuminated cells
deliver nearly double the charge during fixed-voltage oxidation periods compared to their
non-illuminated counterparts. This supports the hypothesis that light interacts with the
LMO electronic structure, likely by promoting charge carrier delocalization or suppress-
ing recombination, thereby reducing interfacial resistances and facilitating faster redox

reactions.

Furthermore, the spatial illumination studies previously discussed demonstrate that the de-
gree of photo-enhancement scales with the illuminated area, suggesting that photo-induced
charge transport is at least partially localized and surface-mediated. These findings collec-
tively indicate that while thermal effects are non-negligible and can enhance kinetics, true
photochemical contributions are distinct and significant when light is adequately controlled

and matched to the material’s absorption properties.
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This study also examines how LiMnyO4 (LMO) cathodes behave electrochemically over
time under both illuminated and non-illuminated conditions. Chronoamperometry (CA)
and galvanostatic charge/discharge (GCPL) measurements reveal that short-term illumi-
nation (22min) significantly accelerates the electrochemical response, achieving charge
transfer levels that require much longer times (70 min) in the dark. The longer dark CA
test ultimately matches the illuminated result, suggesting that photo-acceleration primar-
ily reduces the time needed to reach a similar electrochemical state. Temperature data
show consistent heating patterns, highlighting the need to distinguish between photonic
and thermal effects in such experiments. A detailed comparison with the benchmark
study by Lee et al. (2019) further validates the findings of this work. Both studies employ

2 xenon light) and observe substantial

comparable illumination conditions (100 mW cm™
increases in delithiation capacity under light exposure, accompanied by moderate thermal
heating (= 5-7°C). Capacities measured at 25°C under dark conditions are significantly
lower in this study (8.0mAhg™! from CA; 8.2mAhg™! from GCPL) compared to those
reported by Lee et al. (26.1mAhg™! from CA; 34.0mAhg™! from GCPL). These dis-
crepancies cannot be explained by differences in active mass loading, as all capacities are
normalized to the mass of active material. Rather, the lower capacity observed at room
temperature in this study appears to stem from kinetic limitations specific to the applied
potential. As demonstrated by the GCPL and derivative analysis in Figure [£.5 the O,
oxidation plateau at 25°C under dark conditions shifts to potentials above 4.07 V, result-
ing in incomplete delithiation during chronoamperometric measurements and consequently
reduced extracted capacity. These results confirm the key observation reported by Lee et
al., namely, that illumination produces a measurable enhancement in the electrochemical
response of LMO electrodes. However, the underlying mechanism proposed by Lee et
al., involving Mn?* photoexcitation and enhanced polaronic conduction, remains plausi-
ble but unconfirmed. Instead, it emphasizes that a rigorous separation of photonic and
thermal effects is essential for interpreting photo-enhanced behavior, as kinetic factors can
cause potential plateau shifts that significantly affect the outcome. In this regard, the
voltage-dependent nature of redox kinetics plays a central role in interpreting CA results,

especially under non-illuminated conditions.

In summary, the enhanced electrochemical response of LMO under illumination arises from
a synergistic interplay between photonic and thermal effects. Disentangling these contri-
butions provides not only a deeper understanding of the underlying mechanisms but also
clear guidance for the design of photo-active cathodes. Future work should explore wave-
length dependence, long-term stability under cyclic illumination, and interface engineering

to optimize and utilize these photo-accelerated phenomena in battery applications.
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5 Hybrid Organic Inorganic Perovskite
Anode Material

Hybrid organic—inorganic perovskites (HOIPs) have emerged as promising materials for a
wide range of optoelectronic and energy-related applications due to their tunable crystal
structures, ease of synthesis, and favorable charge transport properties [215|. This chapter
presents their potential as active materials for electrochemical energy storage, with a focus
on their function as anode materials. To provide the reader with a concise overview of the
current research landscape regarding HOIPs as potential LIB materials, the state of the
art is presented in Section 5.1} This is followed by a detailed description of the synthesis
procedures employed for the HOIPs studied in this work, as outlined in Section [5.2] The
structural integrity and phase purity of the materials are confirmed by X-ray diffraction
(XRD) analysis in Section [5.3] Subsequent electrochemical characterization is conducted
to investigate lithium storage mechanisms, cycling behavior, and the influence of various
material and device configurations. The following experimental variations are explored to

systematically evaluate the electrochemical performance of HOIP anode materials:

1. MAPDbBr; reaction mechanism: Full voltage window scans were performed in
two different electrolytes to analyze redox behavior, revealing three distinct reaction
mechanisms (Section [5.4.1]).

2. Isolated reaction pathway studies: Electrochemical cycling within limited volt-

age windows was employed to target specific redox reactions (Section [5.4.2)).

3. Electrolyte optimization: Eight different electrolytes were tested to enhance cy-
cling stability and performance (Section [5.4.3)).

4. Comparison of different HOIP systems: In addition to MAPbBrj3, three other
HOIPs were examined, 1D-EBAPbDI;, the lead-free CsMnBrs, and EBA4Bi;Bryg, to

assess structural and compositional influences on performance (Section |5.4.4)).

5. Photothermal and photo-assisted charging studies: The impact of photother-
mal effects and photo-accelerated charging was investigated, particularly in the pres-

ence of a hole-blocking additive.
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5.1 Hybrid Organic Inorganic Battery Material: State
of the Art

In recent years, hybrid organic-inorganic hybrid perovskites (HOIPs) have gained atten-
tion in optoelectronics due to their high photovoltaic efficiency, broad absorption range,
compositional flexibility, and low-cost fabrication 216} 217]. Their solution-based syn-
thesis is simple and efficient, enabling precise control over the material “s dimensionality,
which influences key properties such as band gap, stability, and charge recombination
[218]. These tunable characteristics make HOIPs highly suitable for applications in so-
lar cells, LEDs, and photodetectors, further supported by their excellent defect tolerance
[219-221|. In recent years, HOIPs have gained attention in the field of lithium-ion batter-
ies due to their promising potential to improve electrode performance and enhance ionic

conductivity.

5.1.1 Hybrid Organic Inorganic Perovskites

The fundamental structure of a HOIP, follows the general formula ABX3, as illustrated in
Figure 5.1} In this configuration, the A-site is occupied by a monovalent cation such as
methylammonium (MA, CH3;NH;3"), a-ethylbenzylamine (EBA, C¢H;CH(CyH;5)NH,), or
cesium (Cs'). The B-site typically hosts a divalent cation like lead (Pb?") or manganese
(Mn?*). And the X-site comprises halide ions such as chloride (C17), bromide (Br™), iodide
(I7), or their mixtures. The material forms a three-dimensional perovskite structure due to
its extended network of corner-sharing BXs™ octahedra. The bandgap of these materials
can be finely tuned by altering the A, B, or X-site ions or their combinations. Over time,
the traditional ABXj3 definition has evolved with the development of related material
families, including low-dimensional 2D perovskites like the Ruddlesden—Popper [99] and
Dion—Jacobson phases [222|, double perovskites [223|, anti-perovskites [224], and lead-free

alternatives aimed at reducing environmental impact [225].

Studies have explored how lithium ions interact with halide perovskites, showing that
lithium (Li") doping can enhance the electronic properties of these materials without al-
tering their crystal structure. Doping with Lit or Na® results in n-type behavior and
improved conductivity, light absorption, and photocurrent, particularly in CsPbBrs crys-

tals [227].

Vicente et al. [228| propose a three-stage discharge (lithium storage) mechanism in halide
perovskite electrodes, using MAPbBr3 as a representative material (Figure . This
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Figure 5.1: Schematic representation of the crystal structure of a hybrid or-
ganic-inorganic perovskite (HOIP) with the general formula ABXj5. Adapted from [226].
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Figure 5.2: Proposed three-stage lithium storage mechanism in MAPbBr3, adapted from
Vicente et al. . a) X-ray diffraction (XRD) patterns of MAPbBr; at different discharge
potentials, illustrating structural evolution with increasing lithium content. b) Schematic
representation of the three-step storage mechanism (I) lithiation (red), (II) conversion

(yellow), and (III) alloying (blue), corresponding to distinct plateaus in the galvanostatic
charge—discharge profile.
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mechanism can likely be generalized to other metal halide perovskites and proceeds as

follows:

1. Lithiation (2.5 —1.85 V): Between open-circuit voltage (OCV) and 1.85V vs Li/Li*,
the perovskite undergoes lithium intercalation to form Li,MAPbBr3, where 0.00 <
x < 1.10. This process can be expressed by the general reaction [229]:

Lit can intercalate into different crystal sites (tetrahedral, octahedral), although
the intercalation was initially assumed to be limited to x ~ 1, significantly higher
specific capacities observed in experiments suggest additional reaction mechanisms

must occur.

2. Conversion (1.85—1.08 V): Between 1.85V and 1.08 VvsLi/Li", conversion re-
actions dominate, resulting in the decomposition of the perovskite structure into
MABT, LiBr, and metallic lead (Pb?). These irreversible reactions are described by

the following equations:

2Li 4+ CH3NH3PbX3 — CH3NH3X + 2LiX 4 Pb (5.3)

These reactions indicate the collapse of the perovskite framework and the formation

of new crystalline and amorphous products, including metallic Pb.

3. Alloying (1.08 -0.01V): Below 1.08V, the metallic Pb formed in the previous
stage reacts with additional lithium through multi-step alloying reactions. These
alloying steps are responsible for the majority of the reversible capacity observed

in later cycles and involve the formation of various Li-Pb phases, as detailed in the
following equation and Table 5.1}

Pb+ 2 Li — Li,Pb (e.g.: LiPb, LisPbs, LisPb, Lis5Pb) (5.4)

This three-stage mechanism highlights two critical observations. First, the potential win-
dow for reversible lithium intercalation into the perovskite phase is relatively narrow and
contributes modestly to the overall capacity. Second, the majority of the specific capacity
arises from irreversible conversion reactions during the first discharge and subsequent re-

versible alloying reactions between Li and metallic Pb. These structural transformations,
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Alloy Phase Li Content (z) Potential Range Specific Capacity

(V vs. Li/Li") (mAhg1)
Pb 1.90< =z <4.10 1.08—-0.60 225
Pb LiPb 4.10< > <4.50 0.60 225
Pb LigPbs 4.50< x <5.15 0.60-0.45 255
Pb LisPb 5.15< x <5.50 0.45-0.37 285
Pb Lig;Pb x >5.50 0.37-0.29 315

Table 5.1: Multi-stage Pb-Li alloying reactions responsible for the reversible capacity
observed at low potentials in Pb-based perovskite electrodes. Data adapted from [228,
230].

including the breakdown of the perovskite framework and the formation of alloy phases,

explain the rapid capacity fading observed during cycling.

The DFT-based study by Dawson et al. [231] further supports this mechanism by show-
ing that although Li" intercalation is thermodynamically plausible within the perovskite
structure, conversion reactions are energetically more favorable. Theoretical calculations
also reveal preferential Li insertion sites and compositional effects on the stability of lithi-
ated structures, dependent on the halide (X = Br, I, Cl).

Challenges and Limitations

The issues limiting the practical application of halide perovskites as anode materials in

lithium-ion batteries can be summarized as follows:

1. Electrolyte Stability: The use of conventional aprotic organic electrolytes in LIBs
could lead to the dissolution of the perovskite material, rendering it unsuitable for
stable cycling [232]. As discussed in Section , the use of solid-state electrolytes or
electrolytes with high salt concentrations represents a promising strategy to address

this challenge, as proposed by Mathieson et al. |99, |233].

2. Irreversible Structural Degradation: Although conversion reactions contribute
substantially to the initial discharge capacity, they are irreversible and result in the
permanent loss of the perovskite phase. Reversibility can only be preserved if the
potential window is carefully controlled to avoid the conversion regime, an approach
discussed in Chapter [5

3. Mechanical Instability: The large volume changes associated with Li-Pb alloy
formation lead to structural instability, pulverization of the electrode material, and

degradation of cycle life.
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To overcome these issues, current research is focused on designing more robust materials,
including 2D layered and lead-free perovskites, with improved electrochemical stability and
reversibility. Understanding the complex interplay of intercalation, conversion, and alloy-
ing through combined experimental and theoretical approaches is essential for advancing

hybrid perovskite-based energy storage systems.

MAPbB;

Methylammonium lead bromide (MAPbBr3), a hybrid organic-inorganic halide perovskite,
has emerged as a promising anode material for lithium-ion batteries (LIBs) due to its fa-
vorable structural and electrochemical properties. First introduced as an anode in 2015
by Xia et al. [229], MAPbBr3; demonstrated a high initial capacity of 332mAhg~! and
retained 121 mA hg™! after 200 cycles, corresponding to a capacity retention of 76.9 % at
a current density of 200mA g=!. This performance notably surpasses that of its iodide
counterpart, MAPbI3, under similar conditions. These two perovskites, CH3NH3;Pbl3
and CH3NH3PbBr;, were synthesized as active materials using a hydrothermal method
[229]. Morphology and crystal size significantly influence MAPbBr3’s electrochemical per-
formance [234]. Smaller crystals, which provide a higher surface area and more active
sites, exhibit improved charge transfer and higher capacity. Efforts to enhance perfor-
mance have also included the incorporation of carbon-based conductive additives such as
carbon nanotubes (CNTs), which synergistically improve electrical conductivity and stabi-
lize the perovskite framework during cycling [222]. Despite its promising electrochemical
behavior, challenges remain regarding the long-term stability and toxicity of lead-based
perovskites [235]. Nonetheless, MAPbBrj3 serves as an important model system for under-
standing lithium-ion interactions with hybrid perovskites and highlights the potential of

halide perovskites as next-generation LIB electrode materials.

EBAPbDI;

a-ethylbenzylamine lead iodide (EBAPDI3) is a hybrid perovskite incorporating the larger
organic cation (a-ethylbenzylamine, EBA™) in place of the commonly used methylammo-
nium (MA™). The substitution of MA™ with EBA™ results in a modified crystal structure
and electronic environment, potentially enhancing the structural stability and electro-
chemical properties of the perovskite during charge—discharge cycles [236]. EBAPbDI;3 ex-
hibits a quasi-1D to 2D structure under ambient conditions, which can promote favorable
ion transport pathways and improved tolerance to volume changes during lithiation and

delithiation |237]. Although research on EBAPbDI; for energy storage is less mature than
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on MAPb-based systems, its larger organic spacer is expected to provide improved re-
sistance to structural degradation, which is critical for the reversibility and cyclability
of LIBs [238|. While direct studies on lithium-ion intercalation in EBAPbI; are limited,
analogous behavior observed in structurally similar perovskites like MAPbI3 suggests that
EBAPbDI3; may also support reversible LiT storage with minimal structural degradation
at low intercalation levels [231} 239]. However, as with other lead halide perovskites, full
lithiation may induce phase transformations and decomposition, leading to the formation
of metallic Pb and Li through conversion reactions, particularly under deep discharge
conditions [230]. Despite its potential, the use of EBAPbI; in LIBs remains in the early
stages, with limited experimental data available. Further investigation is needed to eval-
uate its long-term cycling performance, optimize synthesis methods for improved phase
purity, and explore its compatibility with different electrolytes. Importantly, any devel-
opment of EBAPbI3-based electrodes must also address the inherent toxicity concerns of

lead, reinforcing the parallel need for lead-free analogs

CsMnBr;

To adress the issue of lead toxicity, lead-free halide perovskites such as cesium manganese
bromide (CsMnBrj) are gaining attention as potential anode materials in lithium-ion bat-
teries (LIBs) [240]. CsMnBrs belongs to a class of perovskite-inspired materials with
tunable optoelectronic and electrochemical properties, making it a viable candidate for
sustainable energy storage. CsMnBrj single crystals (SCs) were synthesized via a slow
evaporation method by dissolving CsBr and MnBr; in a water—hydrobromic acid mixture,
followed by storage at 40°C for 5 days [241]. The inherent rigidity of the Mn-Br frame-
work could contribute to better cycling stability compared to traditional organic-inorganic
perovskites [242]|. Preliminary studies have indicated that Mn-based halide perovskites like
CsMnBrj can exhibit both intercalation and conversion-type behavior, potentially enabling
high specific capacities 243} 244]. The redox activity of the Mn**/Mn, couple could be
significant for reversible lithium storage [50, 245, |246]. While detailed mechanistic insights
into CsMnBr3 remain under active investigation, its performance can be enhanced by na-
noengineering, surface modification, or composite formation with conductive additives,
similar to other perovskite systems [222]. However, challenges such as moisture sensitiv-

ity, moderate electrical conductivity, and structural degradation upon deep lithiation must
still be addressed [235] 238].
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EBA4BiQBI’10

The bismuth-based, low-dimensional halide perovskite-inspired compound EBA,Bi;Briq
is of interest for lithium-ion battery (LIB) applications due to its lead-free composition,
structural anisotropy, and potential redox-active centers. This compound features a quasi-
two-dimensional layered structure, built from [BiyBrig|™* polyanions separated by bulky
a-ethylbenzylamine cations. Such a configuration could theoretically allow for interlayer
lithium-ion diffusion with limited lattice disruption, a structural motif previously shown
to benefit intercalation behavior in layered materials [237]. While EBA4BisBrjy has not
yet been explicitly studied as an anode material, insights can be inferred from related
bismuth-containing perovskite and oxide systems. For example, Bi-based perovskite ox-
ides such as Nag 5Big 5 TiO3 (NBT) have demonstrated reversible lithium storage behavior,
where Bi*T undergoes conversion to metallic Bi® during lithiation, followed by alloying
with Li to form Li-Bi phases [247]. Similarly, bismuth halides have been explored in other
energy storage applications, showing that the Bi*t/Bi’ redox couple is capable of sup-
porting high theoretical capacities and contributes to structural robustness during cycling
[248]. However, challenges such as the inherently low electronic conductivity of halide per-
ovskites and potential volume expansion during Bi redox transitions must be addressed.
Composite strategies, such as the inclusion of carbonaceous matrices (e.g., carbon nan-
otubes or graphene), and particle downsizing to the nanoscale have proven effective in
related systems to enhance conductivity and mitigate mechanical degradation [222]. Al-
though experimental validation is needed, the structural features and bismuth chemistry
of EBA4BiyBryg indicate that it may be a viable lead-free perovskite-based anode material

for future LIB research.

5.2 Synthesis of Hybrid Organic—Inorganic Perovskites

All hybrid organic—inorganic perovskite (HOIP) materials used in this study were synthe-
sized by Dr. Shangpu Liu from the research group of Prof. Felix Deschlexﬂ The following
subsections summarize the synthesis procedures for each compound. For comprehensive

experimental details, the recipient is referred to Liu et al. [236].

nstitute for Physical Chemistry, Heidelberg University
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5.2.1 MAPbBr;

Single crystals of MAPbBr3 were synthesized via a hydrothermal method. Methylam-
monium bromide (MABr, 1 mmol) and lead(II) bromide (PbBrs, 1 mmol) were dissolved
in 4mL of hydrobromic acid (HBr) under continuous stirring at 80°C for approximately
30 min. The resulting solution was transferred into a 20 mL autoclave and reacted at 80°C
for 12h. Upon slow cooling of the autoclave to room temperature at a rate of 1°Ch™1,
large single crystals were obtained. In contrast, natural cooling led to the formation of
powder samples. All products were washed and subsequently stored in an inert Ny atmo-

sphere glovebox.

5.2.2 EBAPbDlI;

Chiral perovskite single crystals of EBAPbI; were synthesized hydrothermally. Lead(II)
oxide (PbO, 200mg) and a-ethylbenzylamine (EBA, 200 uL) were separately dissolved
in 6mL of hydroiodic acid (HI) at 95°C. The two solutions were then combined and
transferred into 25 mL autoclaves, which were maintained at 95°C for 24h. After slow
cooling to room temperature at a rate of 1°Ch™!, needle-shaped single crystals formed at
the bottom of the autoclaves. The crystals were washed three times with diethyl ether,

dried under vacuum, and stored in a No-filled glovebox.

5.2.3 CsMnBr;

Single crystals of CsMnBrs were prepared using a hydrothermal approach. Cesium bromide
(CsBr, 0.5 mmol) and manganese(II) bromide (MnBrs, 0.5 mmol) were dissolved in 2mL
of HBr and stirred at 40°C for approximately 5 days. The solution was subsequently
transferred to a 20 mL autoclave and maintained at 95 °C for 12 h. Upon controlled cooling
to room temperature at a rate of 1°Ch~!, large single crystals were obtained. Natural
cooling resulted in powder formation. All samples were washed and stored in a glovebox

under inert atmosphere.

5.2.4 EBA4BigBr10

Lead-free perovskite derivative crystals of EBA4Bi;Brig were synthesized hydrothermally.
Bismuth(III) oxide (BiyO3, 0.25 mmol) and excess a-ethylbenzylamine (EBA, 1.5 mmol)
were dissolved in 6 mL of aqueous HBr (48 wt%) under stirring at 100 °C for approximately

30 min. The resulting solution was transferred into a 20 mL autoclave and reacted at 120 °C
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for 12h. Large single crystals were obtained after slow cooling to room temperature (25 °C)
at 1°Ch™!, while natural cooling led to powder formation. All crystals were washed and

stored in a Ny-filled glovebox.

5.3 Physical Characterization

To confirm the structural integrity and phase purity of the synthesized hybrid organic—
inorganic perovskite materials, powder X-ray diffraction (PXRD) analysis was carried
out. This technique was primarily applied to MAPbBr3 to verify their crystalline phase

formation and compare experimental data with established reference patterns.
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Figure 5.3: X-ray diffraction patterns of polycrystalline MAPbBr3 sample. It exhibit
characteristic peaks consistent with the perovskite structure, indicating phase purity. The
absence of impurity peaks confirms the effectiveness of the selected synthesis conditions.

For MAPbBr3, PXRD measurements were performed by Ilse Glas (see Section for
experimental details). As shown in Figure , the red curve represents the measured
diffraction pattern of the synthesized sample. It is in good agreement with the refer-
ence pattern from the Crystallography Open Database (COD No. 1571954), displayed in
blue. Additionally, peak positions and indices labeled in black were assigned based on

comparison to the reference by Xia et al. [229]. The diffraction pattern exhibits sharp
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and well-defined peaks, characteristic of a crystalline MAPbBr3 phase. The absence of
secondary or impurity peaks further confirms the high phase purity of the sample.

For EBAPbDI3, Liu et al. (2025) reported structural characterization indicating the for-
mation of a chiral, low-dimensional perovskite phase. The material crystallizes in a non-
centrosymmetric space group, which was verified through single-crystal and powder XRD
analysis. The anisotropic crystal growth leads to needle-shaped single crystals, consistent
with the observed morphology. Since the exact same material batch synthesized by Liu et
al. was used in this work, the structural properties are assumed to be identical and are

not remeasured here.

5.4 Electrochemical Characterization

To evaluate the potential of hybrid organic-inorganic perovskites as anode materials for
lithium-ion storage, a comprehensive electrochemical analysis was conducted. The focus
of this section lies on MAPbBr3, chosen as a representative system due to its well-defined
crystallinity. Initially, full voltage scans were performed to investigate its redox behavior
and to identify the underlying reaction mechanisms, including lithiation, conversion, and
alloying. Subsequently, the voltage range was selectively narrowed to isolate and stabilize
individual electrochemical processes, and the lithiation breakdown voltage was determined
to gain deeper insight into the lithiation mechanism. Variations in electrolyte composi-
tion and material morphology were systematically explored to assess their influence on
electrochemical performance and stability. Finally, the role of external factors such as il-
lumination and the incorporation of TiO, as a hole-blocking component were investigated

to understand their impact on charge transport while illuminationP]

5.4.1 Reaction Mechanisms in MAPbBr;

Before investigating the detailed electrochemical behavior of MAPbBr3, it is essential to
identify a suitable electrolyte system. HOIPs have demonstrated sensitivity and instability
in conventional aprotic organic electrolytes, often leading to decomposition or suppressed
electrochemical activity, as discussed in Section [5.1.1} As a result, recent studies have
explored a wide range of electrolyte formulations to improve the compatibility and stability

of HOIPs in lithium-ion battery environments [95]. In this context, our investigation began

2Electrochemical data in this work are subject to an estimated uncertainty of 5—10 %, primarily due to
manual electrode preparation (weighing accuracy, slurry homogeneity, and mass loading), as explained

in Section m
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Figure 5.4: Electrochemical characterization of MAPbBr3 in LiPFg/EC:DMC. a) Cyclic
voltammogram (CV) showing only the characteristic redox activity of CB (O/R¢g;) and
a reductive feature corresponding to solid electrolyte interphase (SEI) formation (Rggr),
with no observable redox activity attributable to MAPbBr3. b) Long-term GCPL cycling
confirming the electrochemical inactivity of MAPbBrs under these conditions. ¢) Gal-

vanostatic charge/discharge cycling (GCPL) profile at a current density of 100mA g™,
showing negligible capacity beyond that contributed by CB. d) Differential capacity plots
(dQ/dV) highlighting the absence of additional redox peaks, supporting the conclusion
that MAPbBr3 remains electrochemically inactive in carbonate-based electrolyte.

with a comparative assessment of different electrolytes to determine which system enables
reliable and reversible lithiation behavior in MAPbBr;.

LiPFs — Inactive Electrochemical Behavior

To evaluate the electrochemical activity of MAPbBr3 as a potential anode material for
lithium-ion batteries, initial experiments were conducted using a conventional electrolyte
system comprising 1 M LiPFg dissolved in a 1:1 (v/v) mixture of ethylene carbonate (EC)
and dimethyl carbonate (DMC). This carbonate-based electrolyte represents a widely es-
tablished standard in commercial LIBs and serves here as a reference to benchmark the

electrochemical response of MAPbBr;.
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Figure a) presents the cyclic voltammogram (CV) of a MAPbBr3 electrode. The
recorded signal shows only two distinct features: (i) the characteristic redox couples O/Rcp
attributed to carbon black (CB), and (ii) a reduction peak associated with solid electrolyte
interphase (SEI) formation, labeled Rggy (cf. Section [2.4.5)). Notably, no additional redox
activity is observed that could be associated with the perovskite phase, indicating its
electrochemical inactivity in this environment. This observation is supported by long-
term galvanostatic charge/discharge cycling (GCPL), shown in Figure|5.4/b) and c. Here,
the specific capacity is normalized to the total mass of materials expected to contribute
electrochemically within the applied voltage range, namely, 60 % MAPbBr; and 30 % CB.
The obtained capacity closely matches the measured contribution of CB alone under this
normalization (see discussion in Section , further supporting the conclusion that
MAPDBr3; does not participate in the redox process under these conditions. To further
analyze the charge/discharge behavior, differential capacity plots (dQ/dV) are shown in
Figure d). The absence of additional peaks beyond those associated with CB and
SEI supports the CV and GCPL results, confirming the electrochemical passivity of the
MAPDHBr3.

One possible explanation of these results could be due to dissolution of the active material
MAPDBr3 into the carbonate-based solvents of the used electrolyte. Similar results are
shown for various HOIPs [238, 249-251|. However in other works MAPbBr; electrode
show partly electrochemical activation in LiPFg but almost only with the addition of
Ethyl methyl carbonate (EMC) resulting in 1M LiPFg in EC:DMC:EMC (1:1:1) |228,
229, 1252].

These results highlight the critical role of electrolyte selection in enabling redox activ-
ity in hybrid organic-inorganic perovskite materials. As such, the system was further
investigated using an ether-based electrolyte composed of LiTFSI in DOL:DME, which,
as detailed in the following section, enables lithiation, conversion, and alloying reactions

consistent with electrochemically active behavior of MAPbBr;.

LiTFSI — Observable Lithiation/Conversion/Alloying

To investigate the electrochemical activity of MAPbBr; under different electrolyte condi-
tions, we employed an ether-based electrolyte consisting of 1M LiTFSI in a 1:1 mixture

of 1,3-dioxolane (DOL) and dimethoxyethane (DME).

Figure [5.5] displays CV curves of MAPbBr3 electrodes recorded at a scan rate of 0.1 mV s~}

for cycles 1, 2, 5, and 10. In the first cycle, a sharp and prominent reduction peak is
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Figure 5.5: Cyclic voltammetry of MAPbBr3 in 1 M LiTFSI/DOL:DME at a scan rate

of 0.1mV s~! for cycles 1, 2, 5, and 10. Reduction and oxidation features are color-coded
by mechanism: Lithiation (sharp peak at 2.09V), Conversion (broad peaks at 1.61V
and 1.12V), and Alloying (features at 0.47V and 0.30V). Corresponding dealloying and
oxidation peaks diminish with continued cycling, indicating partial irreversibility of the
processes.

observed at 2.09V, which disappears in subsequent cycles. This feature is attributed
to an initial lithiation process of MAPbBr3, consistent with the behavior reported by
Vicente et al. [230]. The lithiation is highlighted in red in the CV plot. Additional
broad and irreversible reduction features are evident at 1.61V and 1.12V during the first
cycle. These are assigned to sequential conversion reactions of the perovskite structure,
leading to the formation of lithium halide and elemental lead species. These processes,
also observed by Vicente et al., are indicated in yellow. At lower potentials, a strong
reduction peak centered at 0.30 V, accompanied by a shoulder at 0.47V, emerges during
the initial cycles. These features diminish after the fifth cycle and are associated with
alloying reactions between lithium and metallic lead, producing lithium—lead intermetallic
compounds. These processes are marked in blue. The corresponding oxidation behavior
exhibits several weak peaks between 0.35V and 0.64 V, consistent with dealloying of Li,Pb

phases. However, these features progressively fade and are no longer detectable after the
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tenth cycle. A weak and broad oxidation peak appears at 1.20V, likely related to partial
oxidation of conversion products, but no further oxidation is observed in the lithiation
region except for a small irreversible signal at 2.28 V| which vanishes after the first cycle.
Overall, the electrochemical profile confirms the occurrence of the expected lithiation,
conversion, and alloying reactions in MAPDbBr3, in agreement with the literature. The

respective reaction pathways are summarized in Section [5.1.1]

The electrochemical signatures observed in the CV measurements clearly indicate the
presence of distinct lithiation, conversion, and alloying processes in MAPbBr3; when using
a LiTFSI-based ether electrolyte.

Electrochemical Performance in Full Range

To complement the insights gained from cyclic voltammetry, galvanostatic cycling was
employed to evaluate the electrochemical behavior of MAPbBr3 across the full voltage
window and over extended cycling. This allows a more comprehensive understanding of
capacity contributions from lithiation, conversion, and alloying processes, as well as their
stability.

Figure a) shows the first-cycle GCPL profile of MAPbBr3, benchmarked against lit-
erature data from Vicente et al. [230]. The lithiation region around 2.23'V delivers ap-
proximately a specific capacity of 65mAhg~!, followed by distinct conversion features
from 1.49V to 0.61V, contributing roughly 135mA hg!. Alloying reactions emerge be-
low 0.56 V, yielding approximately 160mAhg=! and 100mAhg=! at 0.56 V and 0.40V,
respectively. A broad alloying shoulder below 0.40V contributes further, resulting in a
total first-cycle capacity of 561mAhg~!. Compared to the literature, similar lithiation
behavior is observed, with Vicente et al. [230] reporting a lithiation peak at 2.21V con-
tributing 50 mA hg~!. Their conversion and alloying contributions are significantly lower,
resulting in a total capacity of only 381 mA hg=!. These differences may arise from synthe-
sis conditions, particle size distribution, or electrode formulation. The long-term GCPL
performance and coulomb efficiency are shown in Figure b). A rapid capacity fading
is observed, with specific capacity dropping from 561 mA hg=! to 109 mA hg~! within the
first 20 cycles, followed by a gradual decay to 48mAhg~! after 100 cycles, indicative of
full degradation of MAPbBr3 activity, leaving only the CB contribution. Superimposed
oscillations with a periodicity of ~24h suggest temperature fluctuations (e.g., diurnal
variation) affecting reaction kinetics due to insufficient cooling during testing. Coulomb
efficiency increases from ~50% to 95% within the first 30 cycles, then gradually sta-

bilizes at ~99 %, reflecting the predominance of reversible intercalation of lithium into
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Figure 5.6: Electrochemical performance of MAPbBr3 in LiTFSI/DOL:DME. a) First-
cycle GCPL profile compared to data adapted from Vicente et al. [230|, highlighting indi-
vidual reaction contributions. b) Long-term cycling performance and coulomb efficiency
over 100 cycles. ¢) Full potential profiles of 100 cycles. d) Differential capacity (dQ/dV)
evolution from cycle 1 (magenta) to cycle 100 (red), indicating fading of active processes.

carbon at later stages. Figure c) presents full potential profiles for 100 cycles. In the
first upsweep dealloying between 0 and 1V provides a capacity of ~130mAhg~!, corre-
sponding to a retention of ~72% compared to the initial alloying capacity. Delithiation
at 2.59V yields ~50mAhg~!, while an irreversible plateau from 2.62V to 3.00V con-
sumes ~200mA hg~!, likely linked to irreversible structural changes. The evolution of
differential capacity (dQ/dV) from cycle 1 to 100 is illustrated in Figure d). Initially
distinct lithiation, conversion, and alloying features gradually vanish, with only minor

contributions from carbon black persisting beyond 100 cycles.

Taken together, these results confirm the rapid fading of MAPbBr; activity under full
voltage cycling. The observed degradation aligns with the CV trends (Figure , and
highlights the need to stabilize individual processes by restricting the voltage window. In
the following section, we explore isolated reaction studies aimed at decoupling alloying

and lithiation to improve long-term performance.
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5.4.2 Limited Voltage Range Studies

The goal of this section is twofold: (1) to assess whether electrochemical degradation can be
mitigated by isolating alloying and lithiation reactions, and (2) to determine the origins
of the irreversible breakdown observed during cycling, particularly whether conversion

reactions are responsible for this instability.

Alloying — Stability and Degradation during Cycling

The first approach involves isolating the alloying process by applying a restricted voltage
window of 0—1.2V, which targets only the low-potential alloying reactions. The goal is
to investigate whether this separation improves cycling stability and reversibility of the

redox features.
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Figure 5.7: Electrochemical characterization of MAPDbBr3 in the alloying regime
(0-1.2V). a) CV scans for cycles 1, 2, 5, and 10. b) Long-term GCPL cycling and
coulomb efficiency over 100 cycles. ¢) GCPL potential profiles over 100 cycles. d) Differ-
ential capacity plots (dQ/dV) from cycle 1 (magenta) to cycle 100 (red).

Figure a) displays CV scans for selected cycles (1, 2, 5, and 10) within the alloying

window. Despite the voltage limitation, the downsweep from the open-circuit voltage of
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2.6V still includes lithiation at 2.19V and conversion reductions at 1.56 V and 1.12V,
which appear slightly shifted compared to previous CVs (see Figure . The alloying
reduction manifests as a dominant peak at 0.27V with a shoulder at 0.43V. Four cor-
responding oxidation peaks are observed at 0.36 V, 0.42V, 0.52V, and 0.67V. Notably,
all redox activity fades by cycle five, closely resembling the behavior observed under un-
restricted cycling conditions. To evaluate long-term performance, GCPL cycling within
the alloying window was conducted for 100 cycles (Figure b). The first cycle yields a
high specific capacity of 544 mA h g~!, which rapidly drops to 55mAhg~! by cycle 10. A
slight recovery occurs, stabilizing around 63 mA hg™! by cycle 90, possibly due to gradual
electrolyte wetting of the electrode surface [253|. However, the sustained specific capac-
ity is attributed primarily to the CB additive, not active material redox activity. This
is corroborated by the coulomb efficiency (CE), which starts at 23 % due to asymmetric
charge/discharge profiles, increases sharply within the first 10 cycles, and stabilizes around
99% by cycle 80, typical for inert conductive additives (see section [2.4.5)). Figure c)
shows potential profiles for 100 cycles. On the downsweep, lithiation occurs at 2.18V
(2 70mAhg™'), followed by conversion at 1.64V and 1.31V (~30and 100mAhg™!, re-
spectively), and finally alloying at 0.55V and 0.39V, each contributing ~175mAhg™!.
This results in a total specific capacity of 544mAhg=!. On the upsweep, broad alloying
features persist up to 0.45V, with two oxidation peaks at 0.47V and 0.63 V, contributing
~40and 50mA hg?!, respectively. However, this reversibility degrades quickly and is no
longer visible after five cycles. To monitor peak evolution and identify redox plateaus,
differential capacity plots (dQ/dV) are presented in Figure d) from cycle 1 (magenta)
to cycle 100 (red). Initially, lithiation, conversion, and alloying signatures are visible. The
main alloying redox couples remain distinct but fade rapidly, vanishing completely after
cycle 9. From cycle 20 onward, only broad features attributable to carbon black remain,
consistent with the CE and capacity trends. This strongly suggests that the alloying
reactions are not inherently stabilized by isolation and that degradation arises from the

dissolution of the active perovskite material into the electrolyte.

In summary, restricting the voltage to isolate alloying does not improve the electrochemical
stability of MAPbBr;. Redox features decay rapidly, and capacity retention is limited
beyond a few cycles. The findings suggest that the degradation of the alloying processes
are not only caused by interference from lithiation or conversion reactions, but rather by
dissolution of the perovskite material into the electrolyte, a mechanism that aligns with
degradation processes proposed by Biittner et al. [232]. To test whether lithiation suffers
from similar instability, the next section examines the behavior of MAPbBr3 under isolated

lithiation.
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Lithiation - Stabilization via Voltage Window Optimization

To better understand and separate the lithiation process in MAPbBr3, the voltage range
was restricted to 1.8—2.8'V and the current density was set to 10mA g~!. This approach
was motivated by two key goals: (1) to examine whether the lithiation step alone can
exhibit stable electrochemical behavior when decoupled from conversion and alloying re-
actions, and (2) to determine whether the degradation observed in the full voltage range

is intrinsic to lithiation or caused by other side reactions.
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Figure 5.8: Electrochemical characterization of the isolated lithiation regime in MAPbBr3
between 1.8 and 2.8 V. a) CV measurements for cycles 1, 2, 5, and 10 showing reversible
lithiation/delithiation peaks. b) Long-term GCPL cycling over 145 cycles indicating grad-
ual capacity fading with increasing coulomb inefficiency. c¢) First-cycle GCPL potential

profile with defined lithiation and delithiation plateaus with current densities of 10 mA g=*.
d) Differential capacity plots (dQ/dV) over 140 cycles illustrating the evolution and dis-
appearance of reaction features.

Figure a) depicts CV studies in the lithiation voltage region for cycles 1, 2, 5, and 10.
The downsweep from OCV at 2.5V shows a distinct lithiation peak R; at 2.15V, along
with a shoulder-like feature R* at 1.98 V. The peak height is approximately 75mA g1,
about half of that observed in previous measurements with unrestricted voltage, which

may be due to hindered kinetics or insufficient electrolyte wetting. On the upsweep,
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two delithiation peaks O; and Oy appear at 2.32V and 2.68V, respectively. A third,
shoulder-like oxidation feature O* emerges at 2.80 V. The previously unseen splitting of the
oxidation peak suggests more defined processes due to the restricted window. Additionally,
a small reduction peak Ry at 2.50V appears, the origin of which remains unclear. In
subsequent cycles 2, 5, and 10, the R;/O; couple shows minimal change, indicating good
reversibility. However, O, broadens and decreases over time, potentially reflecting ongoing
structural changes. Figure b) shows Long-term GCPL cycling limited to the lithiation
window over 145 cycles. The first cycle delivers a specific capacity of 78SmAhg™!, in
agreement with the CV data. This drops to 62mAhg~! by the third cycle, forming a
plateau that persists until cycle 12. A gradual decay follows, reaching 34mAhg! at

—1 at cycle 145. Notably, delithiation capacity

cycle 30 and declining further to 1”7mAhg
is consistent slightly higher than lithiation capacity throughout cycling, especially in the
plateau and long-term regions. This suggests that the material undergoes irreversible
structural changes, possibly indicating the slow degradation of the perovskite structure.
A similar trend is visible in the coulomb efficiency, which steadily increases from 100 %
to 120% over 100 cycles, again highlighting partial irreversibility. Still, these results
represent significantly improved stability compared to the full voltage range. Figure c)
shows GCPL potential profiles of the 145 cycles. During the downsweep, the Ry plateau
at 2.20V and the R* shoulder at 2.16 V contribute approximately 60 and 15mAhg~!,
respectively, resulting in 78 mA h g™ total specific capacity. On the upsweep, the O; and
O, plateaus at 2.24V and 2.40V yield around 10 and 35 mA hg™!, respectively, while the
broad oxidation feature O* between 2.5and 2.8 V contributes an additional 25 mA hg™!,
resulting in 69 mA hg~!. Figure[5.8/d) depicts a differential capacity (dQ/dV) plot showing
the evolution of the lithiation process over 140 cycles. Cycle 1 is shown in magenta, fading
to red by cycle 140. R; and R* appear to merge by cycle 3. Interestingly, R* reappears
at cycle 7 but fades entirely by cycle 20. O; shifts from 2.23V in cycle 1 to 2.29V by
cycle 20. The O, peak at 2.40 V broadens and vanishes after cycle 15. Two new oxidation
features, O*, emerge at 2.66 V and 2.75V, which were not clearly distinguishable in the
CV.

Restricting the voltage range to isolate the lithiation regime improves the cycling stability
of MAPbBr3 drastically, though capacity fading and rising coulomb inefficiencies persist.
This suggests that the degradation of the delithiation and lithiation process in MAPbBr3
is probably mainly caused by structural changes during conversion or alloying reactions.
Rather, interactions with the electrolyte, possibly involving dissolution of active material,
may still play a significant role. In the next subsection, a stepwise expansion of the voltage

window in CV measurements will be carried out to pinpoint the specific voltage range
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in which irreversible structural changes and therefore degradation of the (de-)/lithiation

process occurs.

Identifying the Breakdown Voltage of Lithiation

By reducing the lower cut-off voltage in small increments from 2.0 to 0.2 V in steps of 0.1V,
it becomes possible to observe which reaction mechanisms contribute to the progressive

degradation of the lithiation process.

Figure a) shows a sequence of CV measurements in which the lower voltage limit was
decreased from 2.0 to 0.2V in steps of 0.1V, with each step applied for three cycles. The
smallest voltage window (2.0 -2.5V) is represented in red (cycle 1-3), and the color scale
shifts gradually to magenta for the broadest window (0.2—2.5V, cycle 55—-57). Initially,
distinct lithiation (R;) and delithiation (O;) peaks are observed at 2.09V and 2.29V,
respectively. Over the first few cycles, the lithiation peak height decreases slightly from
149 to 123mA g~ !, which corresponds to behavior previously seen under isolated lithia-
tion conditions (cf. Figure [p.8)). This early capacity decay is thus not attributed to the
changing voltage window. However, around cycle 20 (yellow region), a more pronounced
and continuous decline of the lithiation peak emerges. This correlates with the onset of
the conversion reaction, likely leading to structural alterations that impair the reversibil-
ity of lithiation. The subsequent introduction of alloying processes below 0.6 V, occurring
after approximately 40 cycles, further accelerates the degradation. Figure b) provides
a magnified view of the lithiation region. A small positive shift of the lithiation peak
is observed between the first and third cycle (from 2.09 to 2.16 V) and again after cycle
nine (to 2.14 V). Beyond this point, the lithiation peak position remains largely constant,
suggesting that the observed electrochemical degradation is not linked to voltage drift,

but rather to irreversible structural changes introduced by lower voltage reactions.

In summary, this stepwise approach reveals that the breakdown of the lithiation process is
primarily initiated by the irreversible conversion reaction. The structural changes triggered
by this reaction likely inhibit lithium insertion/extraction, even in otherwise stable voltage

regimes.
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Figure 5.9: Stepwise cyclic voltammetry to identify the breakdown voltage of lithiation.
a) Full CV scans with the lower cut-off voltage gradually decreased from 2.0 to 0.2V in
steps of 0.1V every three cycles. Color gradient from red (cycle 1—3) to magenta (cycle
55—57). b) Zoom into the lithiation region (1.95V < Ewg < 2.5V) to observe shifts and
degradation of the lithiation peak.
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5.4.3 Electrolyte Studies

Given the decisive role of the electrolyte in the electrochemical behavior of MAPbBr3,
as demonstrated in earlier sections, we systematically studied the impact of electrolyte
composition. Variations included different lithium salts, salt concentrations, common ad-
ditives, and the implementation of a solid polymer electrolyte. The aim was to gain
a better understanding of the electrolyte-HOIP interactions and their effect on electro-
chemical stability. Details of the electrolyte systems used can be found in Section [2.4.3]
The electrolyte strongly influences both the stability and reactivity of hybrid perovskites,
as emphasized in recent literature [95]. In this study, we explored the electrochemical
behavior of MAPDbBr;3 in a range of electrolyte formulations and compared them to the
standard 1M LiPFg in EC:DMC (e)). The Table presents a range of electrolyte for-
mulations used for electrochemical testing of MAPbBr3 and related hybrid perovskites.
Most electrolytes are based on lithium salts such as LiTFSI, LiPFg, or LiClO4 dissolved
in common organic solvents (e.g., DOL:DME, EC:DMC), with salt concentrations ranging
from 1M to 5 M. Several systems include additives like LiNO3 or FEC to enhance inter-
facial stability or SEI formation. While the majority of the electrolytes are liquid-phase,
one solid-state electrolyte based on LiTFSI in PEO is also included, enabling comparisons

between liquid and solid systems.

Salt Salt Solvent Additives Electrolyte

Concentration (1:1) by Volume Type
a) 1M LiTFSI DOL:DME - liquid
b) 1M LiTFSI DOL:DME 1% LiNOs liquid
c) 3.6 M LiTFSI DOL:DME 10 % FEC liquid
d) 5M LiTFSI EC:PC - liquid
e) 1M LiPFg EC:DMC - liquid
f) 1M LiPFq EC:DMC 10% FEC liquid
g) 1M LiClOy4 EC:DMC - liquid
h) 2.5M LiTFSI PEO - solid

Table 5.2: Summary of electrolyte formulations used for electrochemical testing of
MAPDBr; and related HOIPs. Each system is defined by salt type and concentration,
solvent composition (1:1 by volume), additive presence, and electrolyte type.

Figure presents the CV profiles for cycles 1, 2, 5, and 10 under identical conditions

L voltage range 0-2.5V, normalized to MAPbBr; and conductive

(scan rate 0.1mV s~
carbon mass). In the following the changes of the electrochemical responses of the 8
different cases will be discussed individually with respect to the benchmark measurement

b).
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Figure 5.10: CV of MAPDbBr; in various electrolytes over cycles 1, 2, 5, and
10. a) 1M LiTFSI in DOL:DME, b) 1M LiTFSI+1% LiNO3 in DOL:DME, c)
3.6M LiTFSI+10% FEC in DOL:DME, d) 5M LiTFSI in EC:PC, e) 1M LiPFq
in EC:DMC, f) 1M LiPFs+10% FEC in EC:DMC, g) 1M LiClO4 in EC:DMC, h)
2.5M LiTFSI in PEO. The observed redox processes, including lithiation, conversion, al-
loying, and SEI formation, vary significantly with electrolyte composition.
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a) 1M LiTFSI in DOL:DME

The electrochemical response of MAPbBr3 in a 1M LiTFSI DOL:DME electrolyte is de-
picted in Figure a). A lithiation reduction peak is observed at 2.00 V with a specific
current of 105 mA g=!, which vanishes completely by the second cycle. Irreversible con-
version occurs at 1.37V (40mA g™'), followed by broad alloying features at 0.38 V and
0.27V. On the anodic sweep, oxidation peaks emerge at 0.54V (36 mA g!) and 0.69V
(28 mA g71), along with a minor delithiation peak at 2.27V (8mAg™!). All redox fea-
tures vanish after two cycles, suggesting rapid degradation or passivation of the electrode

surface.
b) 1M LiTFSI+ 1% LiNOj3 in DOL:DME

As shown in Figure b), the addition of 1 % LiNOjs significantly enhances the lithiation
peak to 2.09V with a current of 200mA g=!. The alloying reactions occur at 0.30 V and
0.47V, with specific currents of 312and 170mA g—!, respectively, and persist up to the
fifth cycle. On the anodic side, alloying oxidation occurs at 0.49V (107mA g~') and 0.64 V
(81mA g!). A minor delithiation feature appears at 2.28 V (22mA g~!). While reactions
persist longer than in the additive-free system, they are still fully suppressed by cycle five,

suggesting intermediate stability enhancement.

c) 3.6 M LiTFSI + 10 % FEC in DOL:DME

Electrochemical features under a highly concentrated 3.6 M LiTFSI electrolyte with 10 %
FEC are presented in Figure c). The initial lithiation (1.97V, 73mA g~!) and con-
version (1.39V, 48 mA g™!) reactions fade quickly, but the alloying reductions at 0.44V
and 0.25V remain stable through 10 cycles. Corresponding oxidation peaks at 0.55V
(65mAg!) and 0.70V (56 mA g~ ') also remain consistent. The long-term presence of
these peaks suggests the formation of a stable interphase, possibly mediated by FEC

decomposition products.
d) 5M LiTFSI in EC:PC

Figure d) illustrates that increasing salt concentration to 5 M LiTFSI reduces redox
activity overall. Lithiation occurs at 1.95V (52mA g!), followed by conversion at 1.36 V
and alloying at 0.44V and 0.24 V. Anodic alloying oxidation peaks are seen at 0.57V and
0.74V, both with specific currents of 10mA g=!. A minor delithiation signal at 2.34V
(10mA g™1) is also detected. All signals are suppressed after two cycles, suggesting that

overly concentrated electrolytes may negatively impact interfacial dynamics [254].
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e) 1M LiPF¢ in EC:DMC

In the 1M LiPFg EC:DMC system (Figure e), no reversible redox peaks are detected.
The only feature is an irreversible SEI formation process at 0.67V (10mA g~!). This is
consistent with previous observations in Subsection and confirms that MAPbBr3 is

electrochemically inactive in this conventional lithium-ion electrolyte formulation.
f) 1M LiPFg +10% FEC in EC:DMC

The CV data in Figure f) reveal that adding 10 % FEC activates redox behavior.
Lithiation is seen at 2.13V (126 mA g™ '), with alloying reductions at 0.51V and 0.33V.
Oxidation peaks are centered at 0.51V (114mAg™) and 0.65V (91mAg'). An SEI
formation step is also noted at 0.75V. While initial activity is high, all peaks diminish by

cycle 10, indicating poor long-term performance.

g) 1M LiClO,4 in EC:DMC

Cyclic voltammograms in Figure g) show moderate lithiation at 2.19V (25mA g™1),
followed by conversion at 1.12V and alloying at 0.52V and 0.37V. Oxidation reactions
occur at 0.48V (29mA g!) and 0.65V (21 mA g~1). All redox activity fades by the second
cycle, despite the electrolyte’s acceptable initial compatibility.

h) 2.5M LiTFSI in PEO (solid polymer electrolyte)

Figure h) presents electrochemical behavior in a solid-state 2.5 M LiTFSI PEO-based
electrolyte. A broad lithiation peak is detected at 2.21V (30mA g~!) and conversion at
1.15V (81mA g 1). A large reduction peak at 0.69V (266 mA g~') is recognizable possibly
assigned to formation of SEI. However, distinct alloying and oxidation peaks are hard to
discernible, likely due to low ionic conductivity or poor electrode-electrolyte contact. This
is also supported by the width of the reductions peaks. The absence of further redox

features highlights the kinetic limitations associated with solid polymer systems.
Summary

Electrochemical behavior of MAPbBr3 is highly sensitive to the electrolyte composition.
While standard carbonate-based electrolytes (e.g., LiPFg in EC:DMC) offer poor com-
patibility, ether-based systems with LiTFSI or LiNOj3 additives exhibit enhanced, albeit
transient, redox activity (see Figure b)). Concentrated electrolytes and additives like
FEC can extend the lifetime of alloying reactions but do not fundamentally prevent degra-
dation (see Figure f)). Solid polymer electrolytes show largely broadened redoxpeaks,

potentially due to suppressed solvent—perovskite interactions or low ionic conductivity.
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Overall, these results highlight the critical role of electrolyte engineering for stabilizing

HOIP-based anodes in lithium-ion systems.

To further evaluate the electrochemical behavior of MAPDbBr3 in lithium-ion batteries,
galvanostatic cycling was conducted using a range of liquid and solid-state electrolytes.
Figure |5.11| illustrates the specific capacity of MAPbBr3 electrodes over 100 cycles at a
constant current density of 100mA ¢g~!. Eight different electrolyte formulations were in-
vestigated, including conventional carbonate-based electrolytes (e.g., LiPFg in EC:DMC),
ether-based systems (e.g., LITFSI in DOL:DME), and a solid polymer electrolyte (PEO-
based with LiTFSI).
(De-) / Lithiation
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A | v 1AMLIiTFSIl in DOL:DME A | v 1MLIiCIO, in EC:DMC
A | v 3.6MLIiTFSI+FECinDOL:.DME 4 |/ v A1MLIiPFg+FEC in EC:DMC

2.5M LiTFSI in PEO 1M LiPF4 in EC:DMC
600
R4 ;100 v
— (=]
" 500 | <
< sof
5 i :
§400 R4 G 60 o
&
_‘? -v O 40 [wwwem
S300- =S
[«X 9 i
o 20
© o
(3] Sv »
(&)
=
(&]
Q
[«X
(/)]
0 1 1 1 1 1

0 20 40 60 80 100
Cycle Number

Figure 5.11: Galvanostatic cycling performance of MAPbBr3 anodes in various electrolyte

formulations over 100 cycles. Main panel shows the full cycle range; inset shows magnified

view of cycles 20-100. Electrolyte compositions include liquid (LiTFSI, LiPFg, LiClO,)
and solid-state (PEO-based) systems, with and without additives (LiNO3, FEC).

Among all electrolytes, 1M LiTFSI with 1% LiNO3 in DOL:DME (black) delivers the
highest initial specific capacity of 561mAhg=t. A pronounced exponential decay occurs
within the first 20 cycles, reducing the capacity to 105 mA hg™!, followed by a more grad-

1

ual linear fading to 49mAhg™" at cycle 100. Small oscillations in capacity throughout

the measurement are attributed to thermal fluctuations in the laboratory, as discussed



124 5 Hybrid Organic Inorganic Perovskite Anode Material

previously. The same electrolyte without LiNOs (1M LiTFSI in DOL:DME) reaches
a lower initial specific capacity of 409 mAhg™!, with a sharp decay to 38 mAhg™! af-
ter just 10 cycles. It then stabilizes at approximately 32.30mAhg~! by cycle 30. This
emphasizes a possible beneficial effect of LiINO3 in suppressing rapid degradation and pro-
moting more stable cycling [255]. A variation in molarity and additive type specifically,
3.6 M LiTFSI with 10 % FEC in DOL:DME results in a much lower initial specific capac-
ity of 106 mAhg~!, with a rapid initial drop to 69mAhg~! and a stabilization around
30mAhg~! by cycle 40. Interestingly, a secondary decay sets in after cycle 90, indicat-
ing long-term instability potentially linked to FEC-induced side reactions or electrolyte
degradation. When the solvent is changed to EC:PC (5M LiTFSI in EC:PC), a rela-
tively low initial specific capacity of 73mAhg~! is observed. Within the first 10 cycles,
the specific capacity drops to nearly zero, pointing to complete dissolution of the active
material and loss of electrochemical functionality. The standard electrolyte, 1 M LiPFg
in EC:DMC, does not support reversible lithiation/delithiation of MAPbBrs. The initial
capacity of 145mAhg~! decreases to 8 mA hg~!, and stabilizes at roughly 65mAhg™!,
This plateau corresponds to the specific capacity of conductive carbon black (CB) alone,
indicating that MAPbBrj3 is electrochemically inactive in this system. Normalizing to the
CB content yields a value of approximately 200mA hg=!, consistent with the CB-only
reference experiment (see Section , further confirming the inertness of the perovskite
in this electrolyte. In contrast, the addition of 10% FEC to the standard electrolyte
(IM LiPFg+10% FEC in EC:DMC) leads to a significantly higher initial capacity of
324mAhg~!. However, a rapid decline occurs after the first cycle, with capacity stabiliz-
ing at 68 mA hg~!. This suggests that MAPbBr; may initially contribute to the capacity,
but is quickly rendered inactive, similar to the behavior observed in the CV response shown
in Figure A comparable trend is observed for 1 M LiClO4 in EC:DMC, which starts
at 146 mAhg™!, decreases to 75mAhg~!, and then gradually fades to 45mAhg~! at cy-
cle 100. This steady decline suggests a modest and progressively degrading contribution
from the MAPbBr; and/or SEI formation. The solid polymer electrolyte (2.5M LiTFSI in
PEO) exhibits the lowest overall performance, with a specific capacity of only 18 mA hg™!
that remains nearly constant over 100 cycles. This limited activity is likely due to poor
ionic conductivity or insufficient electrode/electrolyte interfacial contact in the solid-state
setup [256].

The comparative analysis of electrolyte formulations (Table highlights the critical
role of solvent type, salt concentration, and additives in determining the electrochemical
performance of MAPbBr3 anodes. Ether-based electrolytes, particularly 1 M LiTFSI with
1% LiNOs in DOL:DME, exhibited the highest initial capacity and retained measurable
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activity even after 100 cycles, suggesting partial reversibility and SEI stabilization. In
contrast, similar formulations without LiNOj3 or with high salt concentrations and FEC
additives showed more rapid capacity fading and reduced long-term stability. Carbonate-
based electrolytes such as 1M LiPFy in EC:DMC served as inert systems for MAPbBrj3,
with cycling behavior dominated by the carbon black additive. The transient capacity in-
crease upon FEC addition suggests some initial reactivity of MAPbBr3, but this is quickly
lost after the first cycle. The severe capacity drop in EC:PC-based electrolytes points
toward complete perovskite dissolution, whereas solid-state PEO-based systems demon-
strated poor ionic transport and interfacial limitations, resulting in minimal activity [256].
Taken together, these results demonstrate that ether-based systems with SEl-stabilizing
additives are performing better than without additives and are therefore more suitable for
promoting reversible lithiation behavior in hybrid perovskites, although long-term stability

remains a significant challenge.



5 Hybrid Organic Inorganic Perovskite Anode Material

126

"S109jo SUIZI[Iqe)s 11} I0] pajen[esd HHJ pue EQONIT Se UONS SOAINIPPR M ‘SUI9)SAS 9)e)s-pI[os pue pinbi
30q opnpoul suolpsodmod 93A[01309[H -o[qesrjdde o1oym soFe}[oA UOIIRIYI[OP /UOIRIYI] JO sited se UOAIS oIe s[eruajod Xopay
“IOTART[D( UOIjepRISSp oATyRIIenb pue ‘so[od ()OT 199Je seryedes ‘seredes ogmads [erjur ‘(SUTAO[[R pPUR ‘TOISIOAUOD ‘UOTIRIYI])
sreryuajod XOpad paAlasqo SISI] 9[qe]) o ], "So1A[01309[0 SNOLIeA UT L1 JV A JO @ourMLIOLDd [eITWRYI01}09[0 JO ATRIWING :§°G d[qR],

KLyoeded A@:o&
MO ST ST ~/ - -/ G611 -/ 12% Odd ut
JuR)SUO)) [SALYT NG
O[24D ST 690 / 250
10je 89 Ve 8V'0/L80 —/aTIT -/ 61°¢ DN ur
dorp dreyg YOIDITIN T
O[04D 98T €90 / 1¢°0 DINA:DH ut
Toje 89 vee 160 / €270 ~-/ - -/ €1% OHA %01 +
dorp dreyg AT INT
(Aquo-gD)
oqe)s Ty ) A -/ - -/~ -/ - DINA:DH Ut
‘SSO[ [eTyIu] dTT INT
OJ9Z-Ieau ﬂbo \ wﬂO
0y do1p 0 ¢l 150/ %20 —/9¢T  ¥E€T/G6T Od:Dd ut
oyerpowIu] ISALIT NG
06 904D 10%je 0.0/ %0 HINA:TOQ ut
£edop puooos 0€ 90T 60/ ¢c0  — /68T ~-/ 16T OAA %01 +
‘doxp pme) ISALITINO'E
S9104D (g 79°0 / 0£°0 HINATOQ ut
1o3ye 9[qe)s z¢g 60¥ 67°0 / L¥0 - 82T /60T  EONVI %I+
‘doxp dreyg [SALITINT
TRIUI] UOT} 69°0 / 80
‘s0[240 (g 6 196G ve0 /220  — /LT L2T /00T AINATOJ ut
03 Aedap prdey [SALITIN T
SUIAO[[y  UOISISAUO,)  UOIJRIUII]
ugyed (;-8yyw) (;-Syym) (A)
uonyepeiss( (0T © Ajoedeny Ajoede) renrug [erjusjodxopayg 91AT01)99[H




5 Hybrid Organic Inorganic Perovskite Anode Material 127

5.4.4 Perovskite Variations

To further investigate structure—property relationships and enhance the electrochemical
performance of perovskite-based anode materials, a series of structurally and chemically
distinct perovskite compounds were studied. The motivation behind exploring different
perovskite chemistries lies in the intrinsic tunability of their structure, dimensionality, and
elemental composition, which can drastically influence both stability and electrochemical
behavior [217]. The one-dimensional (1D) hybrid organic-inorganic perovskite EBAPbI;
was selected based on the hypothesis that lowering the dimensionality of the perovskite
framework may enhance structural robustness during lithiation/delithiation cycles. This
idea is inspired by recent work, such as [99|, which demonstrated increased battery per-
formance in low-dimensional (BA)2(MA)3PbyBry;. In contrast to the hybrid nature of
EBAPDI;, the fully inorganic perovskite CsMnBrs was investigated to assess the effect of
removing volatile organic components and to probe the stability of purely inorganic lattices
during electrochemical cycling. An additional advantage of CsMnBrjs is its environmental
benignity, as it entirely avoids the use of toxic lead (Pb), which remains a major concern in
conventional hybrid perovskites. The incorporation of Mn?* instead of a heavier transition
metal such as Pb?* also introduces potential redox activity from the B-site cation, which
may open alternative lithium storage pathways. Additionally, EBA4Bi;Bryy was selected
as a representative of more complex HOIP featuring lower-dimensional layered structures
and non-toxic Bi** in place of lead. This compound serves to explore how chemical com-
plexity and alternative cation chemistry influence electrochemical properties, particularly
with respect to safety, environmental impact, and reversibility of electrochemical processes.
By systematically comparing these three materials, 1D EBAPbDI;3, all-inorganic CsMnBrs,
and complex HOIP EBA4BisBryg, this study aims to provide a broader understanding
of the interplay between composition, dimensionality, and lithium storage capability in

perovskite-based anode materials.

Electrochemical Behavior of 1D Hybrid Perovskite EBAPDbI;

Reducing the dimensionality of hybrid perovskites has been proposed as a strategy to im-
prove structural stability, suppress ion migration, and enhance resistance to environmental
degradation. In this context, 1D a-ethylbenzylamine lead iodide (EBAPbDI3) represents a
promising candidate due to its quasi-one-dimensional crystal structure, where lead iodide
chains are separated by organic cations. To explore its suitability as an anode material
in LIBs, we investigated the electrochemical behavior of EBAPbI3 in standard carbonate-

based electrolyte using CV, galvanostatic cycling, and differential capacity analysis.
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Figure 5.12: Electrochemical characterization of 1D EBAPbI;. a) Cyclic voltammetry at

a scan rate of 0.1 mV s™! for cycles 1, 2, 5, and 10. b) Galvanostatic cycling performance
and Coulombic efficiency over 130 cycles. ¢) Selected voltage profiles during lithiation
and delithiation. d) Differential capacity (dQ/dV) plot showing evolution from cycle 1 to
cycle 100.

Figure a) displays the cyclic voltammetry curves of EBAPDbI; over the voltage range
0-3V (vs. Li/Li") for cycles 1, 2, 5, and 10. In the first cycle, a large defined lithiation
peak appears at 1.95V with a current of 116 mA g=*. A broad and poorly defined peak can
be seen between 1.5-0.9V, suggesting a conversion-type reaction of limited reversibility.
Two distinct alloying peaks are observed at lower potentials: a first reduction at 0.43V
(143mA g™') and a second at 0.24V (214mA g~'). Corresponding oxidation peaks oc-
cur at 0.53V (109mA g=!) and 0.87V (82mA g~1), indicating partial reversibility of the
alloying process. A small delithiation feature at 2.18 V (18 mA g~ !) is also present but
disappears rapidly. From cycle 2 onward, both lithiation and delithiation features fade
completely, and by cycle 10, the alloying reactions also vanish, suggesting rapid decom-
position and passivation of the active material similar to MAPbBr3. The galvanostatic
cycling data in Figure b) further supports this observation. The electrode initially
delivers a specific capacity of 364 mA hg~!, which decays steeply to 59 mA h g~! within the
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first 20 cycles. Beyond this point, the capacity gradually declines and stabilizes around
43mAhg! after 130 cycles, values consistent with the contribution from carbon black
alone. Coulombic efficiency improves from 45 % to 96 % within the first 10 cycles, in line
with the disappearance of irreversible lithiation/alloying. A stable efficiency near 99% is
reached after 40 cycles, further confirming the inactivity of EBAPDbI3 after a few cycles
and the dominance of background intercalation into conductive carbon. The GCPL volt-
age curves shown in Figure c) offer additional insight into the mechanisms. A initial
plateau is seen at 2.06 V, corresponding to the aforementioned lithiation process, con-
tributing approximately 50mAhg~!. A second broader conversion plateau from 1.5V to
0.9V delivers around 25mA h g™}, followed by two sharper alloying plateaus at 0.54 V and
0.35V, which yield 125mAhg=! and 100mAhg~!, respectively. Upon delithiation, the
recovery is incomplete: only partial dealloying is seen between 0V and 1V (110mA hg™!),
representing a 50 % retention compared to the alloying capacity. No reconversion or delithi-
ation features at higher voltages are observed, confirming the irreversibility of the initial
conversion process. The dQ/dV plot in Figure d) presents the evolution of the redox
activity across 100 cycles. The first cycle (magenta) exhibits clear lithiation and alloying
features, which progressively fade within the first 7 cycles. From cycle 10 onward, no
active redox features remain, and the signal resembles the differential capacity of carbon
black alone. This further underscores the lack of durable lithium storage pathways in 1D
EBAPbDI; under these conditions.

Overall, EBAPbDI; exhibits similar degradation behavior to 3D MAPbBr3, with rapid fad-
ing of lithiation, conversion and alloying reactions. Despite its lower dimensionality and
presumed enhanced structural stability, EBAPbI;3 fails to maintain electrochemical activity
over extended cycling. This suggests that intrinsic decomposition and interface instabil-
ity are dominant failure mechanisms in both materials. As a next step, we investigate
whether mechanical processing, such as solid-state grinding, can improve the performance

by enhancing particle connectivity and increasing surface area.

Impact of Mechanical Grinding on 1D EBAPbI; Anodes

To further investigate the influence of morphology and particle size on the electrochemical
behavior of 1D EBAPDI;, the material was mechanically ground using a mortar for 60
minutes by hand. This process was intended to reduce the crystalline flake-like structures
into finer particles and enhance the contact surface area, potentially improving lithium-ion
accessibility and overall electrochemical activity. Figure [5.13| compares the morphology

and electrochemical performance of the pristine and ground 1D EBAPbI; samples.
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Figure 5.13: Comparison of pristine and ground 1D EBAPbI3 anode materials. a) SEM
image of pristine 1D EBAPbDI; with particle sizes ranging from 30- 150 pm. b) SEM image
of ground 1D EBAPDbI; showing sub-100 nm 100 nm particles. ¢) CV curves of pristine
EBAPDI; over 10 cycles, showing initial lithiation, conversion, and alloying reactions that
fade rapidly. d) CV curves of ground EBAPbI3 indicating significant suppression of redox
activity. e) GCPL potential profiles of pristine sample showing partial dealloying but
no reconversion or delithiation. f) GCPL profiles of ground sample, showing minimal
and irreversible lithiation activity. g) Long-term cycling performance comparing pristine
(blue) and ground (red) EBAPDI3, showing a dramatic capacity loss and instability in the
ground sample.
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Figures a) and b show the surface morphology of the pristine and ground EBAPbI;,
respectively. The pristine sample exhibits anisotropic flakes with particle sizes between
30-150 pm, while the ground sample displays a significantly reduced and more homo-
geneous particle distribution below 100nm. Figure c) presents the CV of pristine
EBAPDI;. The initial lithiation peak at 1.96 V (110mA g~') and small, broad conversion
process between 1.4-0.9V are characteristic of a partially reversible electrochemical mech-
anism. The distinct alloying/dealloying redox couples between 0.44V/0.26 V (reduction)
and 0.50V/0.81V (oxidation) rapidly diminish after the first few cycles, confirming the
previously observed fading behavior. In contrast, the CV of the ground EBAPbI; in Fig-
ure d) shows a complete absence of lithiation and alloying reactions. Instead, a strong
irreversible reduction peak emerges at 0.92V (243mA g~!), accompanied by a weaker sig-
nal at 0.67 V. No identifiable reactions persist beyond cycle 1, suggesting that mechanical
grinding significantly alters or destroys the electrochemical activity, likely due to increased
dissolution into the electrolyte or disruption of the 1D crystal structure. The GCPL curves
of the pristine sample in Figure e) confirm the partial reversibility of alloying reactions.
Initial plateaus at 2.05V (lithiation), 1.4—0.8 V (conversion), and sharp alloying steps at
0.51V and 0.32V provide a combined capacity of approximately 375 mAhg~!. However,
only around 40 % of the specific capacity is recovered during upsweep, and no reconver-
sion or high-voltage delithiation is observed. In the ground sample (Figure f)), only
faint reduction plateaus at 1.29V and 0.72V are detectable, contributing a total initial
capacity of only 44mAhg~!. These features vanish entirely after the first cycle, indicat-
ing electrochemical irreversibility and supporting the hypothesis of structural degradation.
Finally, Figure g) compares the long-term GCPL cycling behavior of both samples.
The pristine material (blue) shows an initial capacity of 364mAhg™! which decays ex-
ponentially to 77mA hg~! by cycle 10, stabilizing at around 50mA hg~!. In contrast, the
ground sample (red) begins with a significantly lower capacity (44mAhg™!) and drops to
17mAhg! after the first cycle, stabilizing at only 1.25mAhg~! thereafter. Coulombic
efficiency analysis supports this loss in electrochemical activity, showing poor stability for

the ground material.

The electrochemical analysis of 1D EBAPDI3 highlights a complex and partially reversible
reactions involving lithiation, conversion, and alloying mechanisms. However, these pro-
cesses exhibit rapid fading, with most redox activity vanishing by the 10th cycle. Me-
chanical grinding, while successful in reducing particle size, significantly compromises the
structural integrity and electrochemical functionality of EBAPbI3. The resulting ground
material shows no meaningful lithiation, conversion, or alloying activity and retains almost

no capacity after initial cycling. These findings emphasize that while dimensional control
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and morphological tuning are often considered beneficial strategies in battery research, ex-
cessive mechanical treatment of 1D hybrid perovskites can lead to structural degradation
and a complete loss of active lithium storage mechanisms. Alternative approaches, such
as mild post-synthetic treatments, surface coating, or composite formation, may be more

promising routes for enhancing the stability and performance of such materials.

All-Inorganic CsMnBr; as Potential Anode Material
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