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Kurzfassung

Der Ubergang zu erneuerbaren Energien erfordert die Entwicklung fortschrittlicher
Batterien mit innovativen Elektrodenmaterialien, die in der Lage sind, wichtige
Einschriankungen wie den tragen Ionentransport und die schlechte elektrische Leitfahigkeit
zu liberwinden. In dieser Dissertation wird eine neuartige Strategie zur Bewiltigung dieser
Herausforderungen vorgeschlagen, indem die Nanoconfinement-Bedingungen von
schichtstrukturierten, Ubergangsmetalloxid-basierten Elektrodenmaterialien verindert
werden. Es werden organische Molekiile als ,,Pillars* in die Zwischenschichtgalerien der
Elektroden eingebaut, wodurch die Zwischenschichtabstinde vergroBert und breitere
Diffusionskandle geschaffen werden. Mithilfe einer Reihe fortschrittlicher
Charakterisierungsmethoden zeigt diese Arbeit, dass der Pillaring-Ansatz die Interkalation
von solvatisierten Lithiumionen fordert, wobei der Mechanismus der lonen-Losungsmittel-
Kointerkalation zu einer verbesserten Ratenleistung beitrdgt und den Betrieb bei niedrigen
Temperaturen ermdoglicht. Der Pillaring-Ansatz ist auch im Natrium-lonen-System
wirksam, wo die aufgeweitete Struktur im Vergleich zur unmodifizierten Struktur eine

verbesserte Natrium-Ionen-Transportkinetik aufweist.

Neben der Verbesserung des lonentransports konnen die organischen Molekiile auch als
Prikursoren fiir die Bildung von Kohlenstoff-Metalloxid-Nanokompositen mit verbesserter
elektrischer Leitfahigkeit dienen. Durch einen Pyrolyseprozess werden die organischen
Molekiile in eine Kohlenstoffphase umgewandelt, die in Metalloxid-Nanodoménen
eingeschlossen ist. Diese Nanokompositstruktur weist nicht nur eine hohere elektrische
Leitfahigkeit auf, sondern verbessert auch das Ratenverhalten und die Coulomb-Effizienz
sowohl bei Interkalations- als auch bei Umwandlungsreaktionen. Es wird eine detaillierte
mechanistische Studie vorgestellt, die die mikrostrukturelle Entwicklung wéhrend der
Bildung des Nanokomposits sowie eine umfassende elektrochemische Analyse aufzeigt
und wertvolle Erkenntnisse fiir die Entwicklung von Metalloxid-Kohlenstoft-
Nanokompositen durch Pyrolyse mit mafigeschneiderten Mikrostruktureigenschaften

liefert.

Zusammenfassend zeigt diese Dissertation, dass die Modifizierung der Nanoconfinement-
Umgebung in schichtstrukturierten Metalloxiden mit Hilfe organischer Molekiile ein

effektiver Ansatz zur Verbesserung des lonentransports und zur Synthese von Metalloxid-



Kohlenstoff-Nanokompositen mit hoher elektrischer Leitfahigkeit ist. Dieser Ansatz bietet
einen vielversprechenden Weg zur Uberwindung der Limitationen des Ionentransports und
der elektrischen Leitfdhigkeit in schichtstrukturierten Elektrodenmaterialien und trégt

damit zur Entwicklung von Batteriematerialien der nachsten Generation bei.



Abstract

The transition towards renewable energy requires the development of advanced
rechargeable batteries. Innovative electrode materials play a key role in overcoming the
limitations of current state-of-the-art batteries related to ionic and electronic transport. This
dissertation proposes a novel strategy to address these challenges by modifying
nanoconfinement conditions in layered electrode materials based on transition metal
oxides. Specifically, organic pillar molecules are incorporated within the metal oxide
interlayer galleries, expanding the interlayer spacing and creating wider diffusion channels.
Using a range of advanced characterization methods, this work demonstrates that the
pillaring approach promotes the intercalation of solvated lithium ions, where the ion-
solvent cointercalation mechanism contributes to improved rate performance and enables
low temperature operation. The interlayer pillaring strategy is also effective when lithium
is replaced by sodium-ion charge carriers. Here, the pillared metal oxide structure enables
enhanced sodium-ion diffusion kinetics and initial Coulombic efficiency compared to the

unmodified structure.

In addition to improving ion transport, organic pillar molecules can serve as a precursor for
the formation of carbon-metal oxide nanocomposites with enhanced electrical conductivity.
Through a pyrolysis process, the organic pillars are converted into a carbon phase, confined
within metal oxide nanodomains. This nanocomposite structure not only exhibits higher
electrical conductivity, but also delivers improved rate capability and Coulombic efficiency
of both intercalation and conversion reactions. A detailed mechanistic study is presented,
elucidating the microstructural evolution during nanocomposite formation, alongside a
comprehensive electrochemical analysis. This provides valuable insights for the design of
metal oxide-carbon nanocomposites through pyrolysis with tailored microstructure

properties.

In summary, this dissertation demonstrates that modifying the nanoconfinement
environment in layered metal oxides using organic pillar molecules is an effective approach
to enhance ionic transport and to synthesize metal oxide-carbon nanocomposites with high
electrical conductivity. This approach offers a promising pathway to overcome ion
transport and electrical conductivity limitations in layered metal oxide-based electrode

materials, contributing to the development of next-generation battery materials.






1. Motivation

1. Motivation

Climate change poses an urgent and complex challenge, threatening not only the
environment but also the world’s economic, political, and ecological systems. Human
activities, particularly the reliance on fossil fuels for energy generation, have dramatically
increased the concentration of greenhouse gases in the atmosphere, leading to widespread
changes in climate patterns. Over the last decade alone, the average global surface
temperature has risen by 2 °C above the pre-industrial average (Fig. 1.1).! This rapid
temperature increase exacerbates extreme weather events, rising sea levels, and loss of
biodiversity. The pressing need to mitigate the effects of climate change has brought about
a global effort to transition towards alternative energy sources that can reduce our

dependence on fossil fuels and cut greenhouse gas emissions.

Daily global surface temperature anomaly
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Figure 1.1: Global surface air temperature anomalies from January 1940 to November 2023, with
reference to the 1850-1900 (pre-industrial period). Data from the European Centre for Medium-
Range Weather Forecasts (ECMWF), Copernicus Climate Change Service (2023).

The Paris Agreement, signed in 2015, aims to limit global temperature increase below 2 °C
with respect to pre-industrial levels, with efforts to further reduce it to 1.5 °C.> However,
reaching this ambitious target requires drastic and sustained efforts to reduce emissions,

mainly by transitioning away from fossil fuel-based energy sources to renewable ones.



1. Motivation

Renewable energy sources such as wind, solar, and hydropower have emerged as
alternatives to fossil fuels. However, a key challenge associated with renewable energy is
its intermittent nature. As the reliance on renewable energy grows, so does the need for
efficient storage technologies that can store surplus energy when generation exceeds
demand and release it when needed. Energy storage options are numerous and include
mechanical systems, such as pumped hydro, compressed air energy storage (CAES), and
flywheels, as well as electrical solutions such as superconductive magnetic energy storage
(SMES), and electrochemical devices such as batteries and supercapacitors.® Among the
most important performance indicators of energy storage devices are their specific energy

and power. These metrics are often displayed in a Ragone plot (Fig. 1.2).
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Figure 1.2: Ragone plot showing the status of power vs. energy densities of various electrochemical
energy storage systems. The arrows depict the trend towards higher specific power for batteries and
higher specific energy for electrochemical capacitors. Diagonal lines represent the time constant

(operation time). Reproduced from Ref.* with permission, copyright © 2020, Springer Nature
Limited.



1. Motivation

When comparing different electrochemical energy storage devices, batteries fall within the
high specific energy region. However, their specific power is limited, with typical durations
for a full charge/discharge cycle of up to several hours.* Electrochemical capacitors are
characterized by high specific power, but lower energy density compared to batteries, with
operation times ranging from a few seconds to minutes. The increasing demand for reliable
energy storage systems has led to significant advancements in electrochemical devices,
particularly in batteries and supercapacitors, with research efforts aiming to increase either
the specific power of batteries or the specific energy of electrochemical capacitors,
approaching a balance between high specific power and specific energy as exemplified by

the star on the Ragone plot.

Batteries are instrumental in the world’s transition to clean energy. The lithium-ion battery
(LIB) technology was commercialized in the 1990s and has since then played a crucial role
in the global shift toward clean energy, especially in the transportation sector, where they
power electric vehicles (EVs), reducing emissions and dependence on fossil fuels compared

to vehicles using internal combustion engines.’

Because state-of-the-art LIBs rely heavily on critical resources, alternative battery
chemistries, such as the sodium-ion battery (NIB), have been introduced as a more
sustainable option, particularly for large-scale energy storage. In both LIBs and NIBs,
layered materials represent an important class of electrode materials that are being widely
explored. These materials are characterized by a structure that allows the reversible
insertion of ions between the layers during charge and discharge cycles, enabling
electrochemically driven oxidation and reduction reactions through which electrons are
transferred. However, such reactions in layered materials are often kinetically limited by
sluggish solid-state diffusion of ions within the interlayer space of these materials and/or
the poor electrical conductivity of electrodes. Common strategies to solve ion diffusion
limitations include nanosizing and morphology control, which shorten diffusion pathways
and enhance solid-state ion transport.® To address the challenge of electrical conductivity,
strategies such as applying conductive coatings, forming composites, and introducing

dopants are commonly employed.®

Besides their chemical composition, the electrochemistry of such layered materials is also

determined by the properties of the space confined between their individual layers, i.e.,

10



1. Motivation

their interlayer space, where electrolyte ions are stored/released.” In this context,
nanoconfinement refers to the spatial restriction of ions or molecules within nanosized
pores or slits, which can significantly influence their behaviour during electrochemical
redox reactions. Altering the nanoconfinement environment in layered materials therefore
offers wide-ranging possibilities to influence various properties of the electrochemical

intercalation process, including ion diffusion kinetics and charge storage mechanisms.’

Studying nanoconfinement in layered electrodes targets not only ion transport, but also
electrical conductivity. This thesis shows that, by introducing carbon as a nanoconfined
conductive species within the nanodomains of an electrode material, electrical conductivity
can be greatly enhanced, addressing another common limitation of layered electrode

materials.

In summary, the urgent need to address climate change and transition to a clean energy
future has placed electrochemical energy storage at the forefront of scientific and
technological innovation. Developing advanced electrode materials, particularly through
the manipulation of nanoconfinement in layered structures, represents a promising strategy
for addressing ionic and electronic transport limitations. The continued research and
development of innovative electrode materials is pivotal in realizing a sustainable energy

future and addressing the global threat of climate change.

11



2. Introduction

2. Introduction

2.1 Basics of intercalation in lithium-ion batteries

Electrochemistry is the field describing chemical relationship involving electron transfers
that are driven by an electrical potential difference. Electrochemical energy storage devices,
such as batteries, rely on such oxidation and reduction reactions that reversibly convert
chemical energy into electrical energy and vice versa. These devices are capable of storing
(charging) and releasing (discharging) energy as needed, making them essential for various

applications.

Among rechargeable batteries, the lithium-ion battery (LIB) stands out due to its high
energy density and long cycle life.® LIBs are widely found in consumer electronics, electric
vehicles, and renewable energy storage systems. The operation of a LIB relies on the
shuttling, or "rocking," of lithium ions between two electrodes: the anode and the cathode.
This rocking chair mechanism is enabled by intercalation — a process that is essential for

modern-day batteries.

Intercalation is defined as the reversible insertion of guest species—such as ions, atoms,
organic and inorganic molecules—into the vacant sites of a layered crystalline solid lattice.
This process forms the foundation for contemporary electrochemical energy storage
devices.” Layered materials are particularly important as intercalation hosts due to their
ability to accommodate a variety of guest species.!? The interaction between guest and host
can vary broadly, encompassing weak van der Waals interactions as well as metallic, ionic,

and covalent bonding.'!

Intercalation reactions are ideally topotactic, meaning they involve reversible changes in
the structural lattice parameters and bond lengths without causing diffusive rearrangement
of host atoms.'? However, this reversibility is often challenged by thermodynamic or
kinetic constraints, limited by the structural stability of the host material in the forward and
reverse reactions.'’> The intercalation of a guest species A into a host matrix B can be

described by the reaction:

xA + 0y[B] © A0, _.[B] @2.1)

where O is a vacant lattice site.!?

12



2. Introduction

In LIBs, intercalation reactions enable the reversible storage of Li ions into the anode and
the cathode. The anode in most commercial lithium-ion batteries is made of graphite.
During the discharging process, lithium ions move from the anode to the cathode. This

process is reversible, meaning lithium ions re-insert into the graphite during charge.
The reaction at the anode during discharge can be expressed as:
LiCy » Co+ Lit + e~ (2.2)

Here, lithium ions (Li") leave the anode and transport through the electrolyte toward the

cathode, while electrons move through the external circuit, providing electrical energy (Fig.

2.1).

On the other hand, the cathode is often composed of a layered transition metal oxide
(TMO), such as lithium cobalt oxide (LiCoO3). During discharge, lithium ions insert into
the cathode material, coinciding with the reduction of the transition metal in the cathode.

The reaction at the cathode during discharging can be written as:
Liy_nMO, + nLi* + ne~ - Li,MO, (2.3)

Here, MO, represents the transition metal oxide, and n is the number of lithium ions

released or inserted during the charge and discharge processes.

11
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Figure 2.1: Schematic illustration of the cell setup of a lithium-ion battery.
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2. Introduction

2.2 Ton-solvent cointercalation

Electrochemical intercalation reactions consist of steps involving a) the transport of
solvated ions from the electrolyte bulk to the interface, b) full or partial desolvation of ions
at the interface, c) surface transport through the interphase layer to an insertion site, and d)
solid-state diffusion of the intercalant through the host lattice to a vacant site (Fig. 2.2).
The processes of desolvation and diffusion through the interphase are collectively termed
the “charge transfer step”. When intercalation reactions involve the insertion of multiple
species (i.e., ions and solvents) into the host lattice, it is known as cointercalation, resulting

in the formation of ion-solvent-host ternary intercalation compounds.'*

The kinetics of the charge transfer step are influenced by the desolvation of the intercalating
ion at the electrode-electrolyte interface. Full desolvation of the ion requires overcoming
substantial energy barriers. Thus, the cointercalation phenomenon allows for the
intercalation of (partially) solvated ions, with minimal reorganization of the solvation

sheath.'* This reduces the charge transfer resistance, enabling fast charging batteries.

The presence of a (partial) solvation sheath can shield Coulombic interactions between the
intercalating ions and the host material, enabling multivalent ion intercalation. Moreover,
reducing charge transfer resistance becomes particularly important during low temperature
operation, where overcoming the high energy barriers required for desolvation becomes

more difficult.

The ion-solvent cointercalation phenomenon can be triggered by two approaches: a)
electrolyte formulation, by selecting strongly solvating solvents, or adjusting electrolyte
composition (higher salt concentrations reduce solvation numbers due to increased ion pair
interactions), and b) controlling the electrode host’s nanoconfinement properties: tuning
the interlayer distance or pore size allows for the accommodation of large ion-solvent
complexes, and incorporating functionalities with adjustable polarity can enable matching
the interlayer chemistry with the solvent.'* Using either of these approaches, or a
combination of them, can promote (or inhibit) ion-solvent cointercalation, creating
opportunities for developing new cell chemistries, enabling fast charging kinetics, and

allowing a broader temperature range operation.

14



2. Introduction

Charge transfer
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ion-solvent cointercalation (**)
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Figure 2.2: Exemplary energetic profile of a transition state for an intercalant during the charge
transfer step, which is reduced for cointercalation. Schematic representation of a multi-step
electrochemical (co-) intercalation process. In this process, solvated ions first transport through the
liquid electrolyte towards the electrochemical interface, where ions either (partially) retain their
solvation sheath (cointercalation) or shed it during the charge transfer step. The ions finally diffuse
through the solid-state host to occupy a vacant lattice site. Reproduced with permission from

Ref.!*!15 © The Royal Society of Chemistry 2024.
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2. Introduction

2.3 Electrode materials in sodium-ion batteries

Since their introduction to the market in the 1990s,'® LIBs have enabled several modern-

day technologies, relying on critical mineral such as lithium, cobalt, and nickel.!”

However,
the increasing strain on lithium supplies, coupled with the demand for more sustainable
energy solutions, drives the need for other material chemistries, particularly sodium ion
batteries (NIBs). This need is especially critical for large-scale grid storage systems, where
the energy density is not the most crucial parameter, and the abundance and lower cost of
sodium and its compounds make it a promising candidate. For these reasons, there is a

growing exploration of alternative intercalation chemistries to meet the evolving needs of

energy storage devices.

NIBs have gained significant attention due to the wide availability and cost-effectiveness
of sodium-containing compounds. Recently, large-scale production of Na-ion batteries was
reported for the first time, motivating further research into advanced electrode materials.'®
Similar to LIBs, NIBs operate on the principle of intercalation electrodes, enabling a
“rocking chair” mechanism where the ions shuttle back and forth between an anode and a
cathode. A key challenge in advancing Na-ion batteries is identifying electrode materials
with high Na-ion intercalation capacities at low potentials. This comes with challenges due
to the larger ionic radius of Na“ compared to Li*, exemplified by the rather poor stability
of NaxCoO:> cathodes due to multiple phase transitions compared to the stable performance
of LixC00,." Several suitable cathode materials have been identified, such as sodium
layered oxides like NaxMnyNi Feo.1Mgo.102,2° polyanionic NASICON-like phases such as

Na3V2(POa4)3,2! and framework materials like Prussian blue analogues.'’

Despite the success in identifying Na-ion intercalation cathodes, the options for anodes
remain relatively limited. Current options are primarily categorized into alloying materials,
carbon-based materials, titanium-based materials, and some metal oxides and sulfides (Fig.
2.3). Although alloying and conversion anodes can deliver high capacities, they are prone
to large volumetric expansions and low cycle life due to particle pulverization during
cycling.?> This highlights the importance of intercalation anodes, which typically offer
more stable performance. Sodium does not intercalate into graphite in its bare form, and
research on sodium ion anodes has focused on hard carbons, which can uptake Na ions to

varying degrees. However, the low sodiation potential of hard carbon anodes in non-

16



2. Introduction

aqueous electrolytes (close to 0 V vs. Na/Na) raises important safety concerns because of
the risk of sodium plating, particularly during fast charging. .>> A possible alternative to
carbon anodes is layered titanates, which have shown ability for sodium intercalation at
moderately low potentials (0.3 V vs. Na*/Na for Na,Ti307),2* and even near zero-strain

intercalation properties such as in K>Tis09.%°

The versatility, low toxicity, and ease of synthesis of layered titanates have made them
attractive candidates for use as sodium intercalation anodes. Extensive research has been
conducted on sodium titanates, particularly the low voltage Na,Ti307, and their application
as sodium ion insertion anodes.’*?%2% A large portion of such research has focused
primarily on exploring new phases, capitalizing on the rich chemistries offered by ternary®*
and quaternary?’ layered titanates, to discover phases with lower intercalation potentials,?®

and minimal lattice strain.

Overall, the development of high-performance Na-ion anodes remains a challenge. Despite
the widespread use of hard carbons, layered titanates have emerged as an alternative due to
their safety, low toxicity, and ability to intercalate sodium at relatively low potentials.
Future research on sodium-ion anodes should focus on further exploring titanate-based

materials to fully realize their potential.
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Figure 2.3: Average voltages and specific capacities of anode materials for NIBs. Reproduced from

Ref.? with permission from the Royal Society of Chemistry.
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2. Introduction

2.4 Nanoconfinement in layered titanates

Layered transition metal oxides (TMOs) are common intercalation hosts utilized as cathode
materials, and also serve as alternatives for carbon-based anode materials in both lithium-
and sodium-ion batteries. Among them, titanate-based materials have attracted interest due
to their relative abundance, low toxicity and structural/chemical tunability. They can often

serve as host structures for both lithium- and sodium-ions making them highly versatile.?*

32

Hydrogen titanates are a family of metastable materials derived from layered alkali
titanates.**** They are typically synthesized in acidic solution by etching and topotactic
exchange of the alkali ion in the interlayer space by protons and/or water.?*-*® This provides
them with a high degree of structural/chemical tunability of their nanoconfined interlayer
composition, comparable to two-dimensional TizC>Tx MXenes derived via a similar
selective etching approach.®”*® These materials’ nanoconfinement environment, in turn, can

have an effect on their electrochemical ion intercalation properties.3**

In the layered hydrogen titanate HoTi307, it was found that confined interlayer protons are
the determining structural feature to enable electrochemical H' intercalation.*? This is
because they separate the titanate layers, allowing to effectively compensate
electrochemically induced strain by contraction/expansion without altering intralayer
structure.? Interlayer-expansion of layered titanate hollow spheres by confined Mg" ions
was demonstrated as a design strategy for electrochemical Na* intercalation hosts.** An
investigation into different types of confined alkali ions (Li", Na", K*, Cs") within
lepidocrocite-type layered titanates revealed that the interlayer spacing is expanded with
increasing ion size (0.68 to 0.85 nm).** However, sodium-modified titanate showed the
highest capacity for electrochemical Na* intercalation hosts (153 mAh g!), even though
this material has a smaller interlayer spacing than the cesium-modified titanate (95 mAh g
1), demonstrating the importance of nanoconfinement chemistry in addition to just
geometrical considerations.* In the layered hydrogen titanate H>Ti,0s system, it was found
that K" intercalation can be accomplished most efficiently, especially at low temperatures
(-40 °C), for the material with confined interlayer water (H2T120s-H2O, “HTO”), compared
to its dehydrated form with additional interlayer defects (“QTO”) that also exhibits smaller
interlayer spacing (0.78 nm for QTO vs. 0.84 nm for HTO).** The authors attribute this to

ion-solvent cointercalation from the organic electrolyte into HTO, which is enabled by
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strong K*/1,2-dimethoxyethane binding energy (electrolyte effect) and a charge shielding
effect of confined interlayer H,O (electrode effect).*

Besides interlayer modification of layered titanates with simple cations or crystal water, the
introduction of organic pillar molecules like alkylamines offers an even wider materials
design space.***® So far, to the best of our knowledge, only one study probed the
electrochemical ion intercalation properties in n-alkylamine pillared hydrogen titanate.>
The authors hypothesize that new ion storage sites can be created near alkyl chains in the
expanded interlayer space, but the hydrophobicity of such chains may hinder ion
diffusion.®® However, the electrochemically induced volumetric expansion/contraction
behavior or the possibility of solvent cointercalation in the widened interlayer galleries

were not considered.

The studies demonstrate that there is a strong effect of the titanates’ nanoconfined interlayer
environment (geometry and chemical composition) on their electrochemical ion
intercalation properties (Fig. 2.4). Interlayer modification by introduction of simple cations
and/or larger molecules can influence diffusion barriers, storage sites, electrochemically-
induced volume expansion, or induce ion-solvent cointercalation with a reduced charge
transfer resistance.”® However, no clear materials design rules for titanate intercalation
hosts have emerged so far. Specifically, there is an urgent need to identify how
electrochemically induced strain is compensated in strongly expanded / pillared titanates
and whether layer-separating or cross-linking pillaring approaches favor electrochemical
kinetics. Furthermore, the nature of intercalating species as a function of nanoconfinement
properties must be analyzed with potential interactions between electrolyte solvent and

strongly expanded interlayers.

lon-solvent
cointercalation

Increased H*
intercalation capacity
]’>

New ion intercalation
sites

More active sites for
Na* storage

Altered ion diffusion

Figure 2.4: Nanoconfinement effects in layered titanates.

19



2. Introduction

2.5 Organic interlayer functionalization of layered materials

This section is reproduced from the review article “Organic interlayer functionalization of layered

materials”, in preparation.

In energy storage applications, the interlayer galleries in layered materials function as
diffusion channels for ionic species. While the electrochemical insertion of ions into
layered materials is typically termed intercalation, tuning the interlayer environment by
inserting ions or molecules is a deliberate chemical modification of the layered material,

2

and is commonly referred to as interlayer modulation>* interlayer engineering,”

5435 or interlayer doping.>® For consistency, this dissertation will use the term

pillaring,
“interlayer functionalization” to refer to this process. When organic ions or molecules are
used for this modification, the resulting compounds are sometimes referred to as “organic-

inorganic hybrids”>" “hybrid superlattices”® or “interlayer expanded materials”.’

Interlayer functionalization and can significantly impact the physiochemical and
electrochemical properties of the layered material. This includes improving ion diffusion

kinetics,%’ stabilizing the layered host structure,!®?

and improving the electronic
conductivity.®> The functionalization of the layered materials can be achieved by

introducing ionic, organic, or inorganic species.

There are various examples in the literature where interlayer engineering of layered
materials was explored, mainly using ions or water molecules as interlayer pillars, with
organic molecules only briefly mentioned.’>** %7 This chapter uniquely emphasizes the
broad potential of organic molecules as pillars across various types of layered hosts. As
outlined in Fig. 2.5, first, the structure of pillared electrodes is discussed, highlighting the
intricate nature of host-pillar interactions. Then, the properties of pillared electrodes are
summarized, particularly highlighting the influence of interlayer functionalization on ion
intercalation, structure stability of the layered host, and stability of the pillar molecule.
Finally, we explore the challenges and future directions in organic interlayer
functionalization, underscoring its versatility and paving the way for innovations in the

design of advanced layered electrodes for ion intercalation-based energy storage devices.

20



2. Introduction

/ Host-pillar interactions in pillared materials \
/ Host Material \ /) Pillar Molecule \

8 dﬁddd;ﬁducon

Q.

o w g e e e ey
ﬁC)D Alcohols Amides
J (o]

.- ‘0@, Ba’
/ ] ] 9 O
'70>v ) )Jj}"’%“d )QOQ"OOOJ

&8 ;;:;: %J 35 %0

m 2 > Redox-active
gd,g&,g 2 2
> Q ).
Q‘j,/-\ [JOCYOCQQ’J
o QR 2 02 O o @\ Ami (Crown) ethers 2 )
- c _ o = mines Polymers /
arbons /

/ Layered host material Interlayer functionalization New properties \
with organic pillars Influence on ion intercalation

. - Altered ion storage sites
- Improved ion diffusion kinetics

ayiuAs
¢

),
T e S

“L\

Influence on the host lattice
* Interlayer 36 - Buffered volumetric expansion

illarin § K § e ’
a a ’ § o ﬁ ”§ - Altered electronic conductivity
a T o Influence on the pillar molecule

oo — == T . . ..
\;\;\im/ . - Improved pillar electrochemical stablll)

Figure 2.5: Schematic illustration of the main topics discussed in this section, covering pillared
layered electrode structures and host-pillar interactions. New properties arising from the
functionalization of the layered structures with organic molecules are highlighted, and

characterization methods specific to them are discussed.

2.5.1 Structure of interlayer-functionalized materials

The abundance of layered materials capable of electrochemically intercalating ionic species
has driven extensive exploration of their structural and electrochemical properties. Due to
their inherent chemical and structural differences, different subclasses of layered materials
require specialized synthesis methods for effective interlayer functionalization with organic
molecules. For instance, layered oxides typically contain negative surface terminations, and
often house exchangeable water molecules within the interlayer space.®® In contrast, layered
chalcogenides typically feature more inert, dangling bond-free surfaces.®” These
differences lead to diverse host-pillar interactions, ranging from ionic and covalent bonding
to weaker hydrogen bonding and van der Waals interactions. This section provides an
overview of the key attributes of various types of interactions between organic pillar
molecules and layered hosts, highlighting the structural and electrochemical implications

of these combinations.
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2.5.1.1 Covalent host-pillar interactions
Covalent interlayer functionalization in transition metal dichalcogenides

Transition metal dichalcogenides (TMDs) are an important class of layered materials used
in energy storage, exhibiting an MX> stoichiometry (where M is a transition metal and X
is a chalcogen atom, such as S, Se, or Te). Notable examples of layered TMDs include
MoS,, TiS,, and WS>, which are commonly employed as electrodes for ion intercalation

(Fig. 2.6A).

Interest in intercalation within layered TMDs sparked in the 1970s, when it was discovered
that introducing organic molecules between the layers of metallic 2H TaS; could modify,
and sometimes increase, its superconducting onset temperture.”’ A few years later, Li
intercalation into TiS; was reported, leading to the first prototype Li-ion intercalation
cathode.” Since then, numerous TMDs have been investigated as potential hosts for ion

intercalation in electrochemical energy storage applications.

Interlayer functionalization of TMDs primarily aims to expand the d-spacing of the host
structure, enhancing the kinetics of ion diffusion. In layered TMDs, the basal planes are
typically inert,®” and functionalization is believed to occur by the covalent attachment of
organic molecules at chalcogen vacancies (Fig. 2.6B). Covalent bonding plays a critical
role in ensuring higher stability of the pillared structures in different environments.”” The
degree of functionalization, defined by the number of functional groups per sulfur atom,
can be tuned by inducing vacancy formation, allowing for greater control over the

concentration of pillars in the functionalized material.”

The covalent functionalization of TMDs with amine-terminated molecules has been
reported to occur through the interaction of nitrogen lone pairs with the transition metal
atom.”*”> However, group VI sulphides, such as MoS; are less likely to accept lone pair
electrons due to their filled d- band.” Therefore, the functionalization of group VI TMDs
with amines requires additional steps, such as exfoliation or ion exchange of lithiated
TMDs (Fig. 2.6C),’® creating strong NH—S interactions that contribute to stabilizing the
structure.”” Other methods, such as in situ pillaring, involve introducing electrolyte
additives that favourably bond to the TMD layers, contributing to stabilization and

enhanced ion intercalation kinetics (Fig. 2.6D).”®
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The functionalization of TMDs with amides, while slower than with amines, also relies on
covalent bonding (Fig. 2.6B).”* For example, the functionalization of exfoliated MoS,,
WS,, and MoSe; with amides is reported to proceed via reaction with amide-containing
organohalides, such as iodoacetamide.” In this process, the halide atom acts as a leaving
group and is absent from the final pillared structure. This covalent functionalization has
been shown to improve ion rejection rates of membranes in water desalination systems.®
These improvements in ion-sieving were attributed to nanoconfinement effects — a

phenomenon that is also relevant when studying electrochemical ion intercalation in

layered hosts.

Among the most commonly used pillar molecules in TMDs research are thiols (R—SH),
which can covalently bond to chalcogen vacancies within the TMD layers.’! These strong
chemical bonds contribute to the stability and functionality of the TMD structure, allowing
for the addition of other functional groups, such as —NH: and —F, which serve as dopants

).82 This covalent bonding

to fine-tune the electronic properties of TMDs (Fig. 2.6E
mechanism is crucial for optimizing TMDs, as it not only stabilizes the pillared structure

but also enables the precise control over the host’s electrical properties.

There is ongoing ambiguity regarding the interaction of organic pillars with TMD hosts,
with some studies attributing it to strong covalent bonding and others to physisorption.
Contradictory evidence for both mechanisms exists in the literature (Fig. 2.6F). For
instance, two studies on the functionalization of MoS; with thiol-terminated cysteine have
drawn different conclusions on the nature of bonding. Syari’ati et al. claimed covalent
functionalization of 2H-MoS, by cysteine,* whereas a similar study by Chen et al.
concluded that chemical modification of MoS:> is unlikely and suggested that the cysteine
itself might have undergone slight changes without forming chemical bonds with the host.®*
Both works based their conclusions on different interpretation of spectral data, leaving the

type of bonding between thiol-terminated molecules and 2H-MoS> open to debate. Further

research in area is necessary to resolve these discrepancies.
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Figure 2.6: A) Structures of common layered TMD electrode materials. Illustrated using VESTA
software with CIF data from the Materials Project.®® B) Schematic illustrations of functionalization
at the chalcogen vacancies and amide functionalization, reproduced from Ref.”*3¢ with permission
from Springer Nature Limited and Creative Commons public use license. C) Functionalization by
a pre-lithiation step, adapted from Ref.*” with permission from Wiley-VCH Verlag GmbH & Co.
KGaA, Weinheim. D) in situ pillaring of TiS, by electrolyte additive, adapted with permission from
Ref.”® E) TMD functionalization with a dual functionality thiol, reproduced with permission from
Ref# Copyright © 2015 American Chemical Society. F) Schematic of possible thiol-MoS,

interactions.

Covalent interlayer functionalization in layered carbon materials

Graphene, a two-dimensional material composed of sp>-hybridized carbon atoms arranged
in a honeycomb pattern, serves as the fundamental building block of various carbon-based
materials of diverse dimensionalities (Fig. 2.7A).% The unique electronic conductivity and
cost-effectiveness of graphene, along with its derivatives such as graphene oxide and
graphite, make it highly valuable in energy storage applications.®® However, pristine
graphene is chemically inert, necessitating functionalization to adapt it for various
applications.®®*° Covalent functionalization is an important approach for modifying
graphene and its related structures, enabling the integration of organic molecules through
robust chemical bonds. This functionalization can occur at the reactive edges of graphene,

t89

where dangling bonds are present,®” or on the basal plane through covalent attachment to

sp? carbon atoms.”!
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Covalent interactions in graphene typically involve reactions between free radicals and
C=C bonds, or between organic molecules and oxygen in graphene oxide. These reactions
can occur through wet-synthesis techniques, such as in diazonium chemistry,’> or
hydrothermal methods.”® Such covalent modifications are crucial for tuning graphene’s

properties, making it more versatile for various applications, particularly energy storage.

The applications of interlayer functionalization of carbon materials are particularly
impactful in the field of ion intercalation research. While graphite is a well-known host for
lithium intercalation, the reversible Na-ion intercalation in it is thermodynamically
unfavourable. To address this limitation, a promising strategy involves expanding the
interlayer spacing through covalent functionalization. Sun et al. demonstrated this by
synthesizing a Janus graphene phase, where graphene sheets were asymmetrically
functionalized with aminobenzene (AB) as a molecular pillar (Fig. 2.7B).°? The resulting
expanded structure enabled the study of bare Na" intercalation in stacked pillared graphene,

a process not feasible in pristine graphite (see section 2.5.2.1).

Beyond intercalation batteries, covalent functionalization of graphene also finds notable
applications in supercapacitors. For example, graphene oxide (GO) can be functionalized
with a variety of water-soluble non-aromatic amines, such as ethylene diamine (EDA),
butane-1,4-diamine (BDA), hexane-1,6-diamine (HDA), 1,4-cyclohexane diamine
(CHDA), ether diamine (EA148), and tris(2-aminoethyl) amine (Tris) (Fig. 2.7C).”
Following a hydrothermal reduction step, functionalized reduced graphene oxide (rGO)
forms, with a slightly smaller d-spacing compared to functionalized GO (Fig. 2.7D). In this
example, covalent functionalization with amine pillar molecules effectively prevents the

agglomeration of rGO sheets, thereby stabilizing the pillared structure.

Despite the advantages of covalent functionalization of layered carbons, excessive
expansion of interlayer gaps in these electrode materials can be detrimental. As the d-
spacing expands, the interlayer space could turn into an electrolyte-accessible surface,
leading to excessive solid electrolyte interface (SEI) formation.”* Therefore, managing
these undesired side effects of interlayer functionalization of graphite and other layered

carbon materials is crucial.

In summary, the extensive study of covalent interlayer functionalization in graphene-based

materials is motivated by their broad applications. Beyond energy storage, functionalized
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graphene and its related pillared structures are employed in various fields, such as flexible
electronics,” biosensors,”’® and organic pollutant management,’’ unlocking their potential

in a wide range of advanced applications.
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Figure 2.7: Covalent pillaring of layered carbon materials. A) [llustrations of carbon materials used
in energy storage, drawn using VESTA. GO illustration was reproduced with permission from
Ref.”® Copyright © 2022, American Chemical Society. B) Schematic illustration of graphene
functionalization yielding stacked Janus graphene films. Reproduced from Ref.””> with permission
from AAAS. C) XRD patterns of GO-amine compounds and D) d-spacing values of amine-GO and
amine-rGO pillared compounds (i.e., before and after the reduction of GO). Reproduced from Ref.”

with permission from Elsevier Ltd.

2.5.1.2 Ionic host-pillar interactions
Ionic functionalization in transition metal dichalcogenides

Beyond the covalent functionalization of TMDs at chalcogen vacancies, ionic interactions
offer a versatile approach to modifying TMD layers through the attachment of charged
pillars, such as alkylammonium ions. For example, hexylammonium-functionalized TiS:
(HA-TiS»), synthesized by electrochemical intercalation in dimethyl sulfoxide (DMSO)
followed by solvent exchange with water (Fig. 2.8A), exhibits improved thermoelectric
performance and mechanical flexibility compared to pristine TiS>.”” The impact of the ionic

pillars is evident in the significant increase in in-plane electrical conductivity observed in
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HA-TiS,, demonstrating that interlayer functionalization with ionic organic species can

effectively tune electronic transport properties in layered TMDs (see Section 2.5.2.2).

Redox-active organic molecules, a class of pillar species commonly used in layered host
matrices, also rely on ionic interactions to bond to the host lattice. These molecules,
typically aromatic or heterocyclic with delocalised m systems, are capable of producing
stable radicals through oxidation/reduction processes.!”” These characteristics are

commonly found in molecules containing quinone,'® imide,!” carbazole,'*

4 5

metallocene,'™ and triphenyl-amine groups,!® among others (Fig. 2.8B). Kuo et al.
explored the confinement of ferrocene, a molecule consisting of two cyclopentadienyl
anions bound to an Fe*" centre, within the interlayer of MoS> and WS (Fig. 2.8C, D). It
was observed that the ferrocene pillar and the TMD lattice engage in an electron transfer,
suggesting that strong ionic interactions stabilize the pillared structure. The confinement of
redox-active ferrocene pillars has significant implications on ion storage mechanisms (see

Section 2.5.1.1).

In summary, ionic interactions play a pivotal role in the interlayer functionalization of
TMDs with organic pillars, significantly influencing their structural, electronic, and
electrochemical properties. Charged organic species, such as alkylammonium ions, not
only expand the interlayer spacing but also may alter the host structure’s properties, such
as electronic conductivity. Moreover, the integration of redox-active organic pillars
introduces additional functionality, enabling complex charge storage mechanisms. As the
field progresses, understanding and harnessing ionic host-pillar interactions, and ion-pillar
interactions, will be critical for optimizing the performance and stability of pillared TMDs

in next-generation devices.
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Figure 2.8: lonic interactions in pillared TMDs. A) Schematic of electrochemical functionalization
of TiS, by hexylammonium ions. Reproduced from ref.”” with permission from Springer Nature
Limited. B) Chemical structures of key functional groups in redox-active organic molecules. C)
Schematic of ferrocene-functionalized MoS; and D) XRD patterns of MoS, functionalized with
ferrocene (Cp.Fe), 1,1'-dimethylferrocene ((MeCp).Fe), and decamethylferrocene ((MesCp):Fe).
The interlayer spacing expands to various extents depending on the identity of the metallocene.

Reproduced with permission from Ref.!™ Copyright © 2022, American Chemical Society.

Tonic functionalization in transition metal oxides

Layered transition metal oxides (TMOs), represented by the general formula MOy (where
M is a transition metal and O is oxygen), are known for their versatility and high specific
capacities, making them attractive candidates for ion intercalation electrodes (Fig. 2.9A).1%
Despite their advantages, layered TMO electrodes suffer from poor electrical conductivity
and limited cycling stability due to significant volumetric changes during cycling,

particularly in multivalent ion systems.!”” Interlayer functionalization with organic

molecules aims to address these limitations by expanding the interlayer gap, which
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improves ionic transport and buffers volumetric changes, as well as introducing conductive

pillars that enhance electronic conductivity.®?

In TMOs, surface —OH groups facilitate interlayer functionalization by ionic interactions
with positively-terminated organic species.!”® Amines (R—NH,), particularly alkylamines
(Fig. 2.9B), are a commonly used class of pillar molecules for interlayer functionalization,
as their Bronsted basic -NH> groups act as electron donors and readily participate in ionic
interactions with the acidic —OH groups on the TMOs surface.!”” This proton transfer

reaction results in the formation of alkylammonium ions according to:
RNH, + (H;0)* s (RNH3)*" + H,0 24)

which are incorporated into the interlayer space, expanding the d-spacing of TMOs and

forming a pillared compound of the formula (RNH3)x"(RNHz)y(MX,)* 109110

Additionally, it has been proposed that alkylamines can also interact with transition metal
ions through coordination, provided that the metal centres have available coordination
sites.!® These two mechanisms (proton transfer and coordination) highlight the versatility

of alkylamines in interlayer functionalization of layered materials.

In TMOs like MoOs3, alkylamine functionalization can be achieved via simple wet
chemistry reactions.!!"!1? Different alkylamine lengths produce structures with varying d-
spacings and morphologies (Fig. 2.9C, D). However, due to steric effects, the insertion of
linear amines becomes increasingly challenging as the number of carbon atoms in the chain
increases. To address this limitation, a common solution involves pre-functionalization
with a shorter amine molecule before introducing a longer one.!!* This sequential approach
facilitates the insertion of larger molecules, expanding the range of possible pillared TMO

structures.

The amount of pillar molecules occupying the interlayer space plays a critical role in the
performance of TMOs. Studies have shown that the pillar molecule packing density
influences the thermal stability and overall properties of the pillared material. In general,
the alignment of linear amines in layered structures depends on the surface layer charge
density and the chain length of the alkylammonium ion.!® Shorter chains typically form
monolayer arrangement, while longer chains give rise to bilayer arrangements (Fig.

29E)."'* As packing density increases, pseudo-trimolecular and paraffin-type
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arrangements prevail. Airoldi et al., studied the functionalization of n-alkyldiamines into
layered titanates and attributed the increased thermal stability of the pillared structure to
the paraffin-like arrangement of the organic pillars,'"> highlighting the importance of

considering pillar arrangement in the interlayer space.

In multivalent-ion batteries, such as the Al-ion system, interlayer functionalization has been
explored to improve performance. For example, MnO: pillared with benzoquinone-
coordinated Al ions (BQ-Alx) was obtained via a hydrothermal bottom-up method, where
the pillared compound was formed in situ from precursors of the host and pillar species
(Fig. 2.9F).!'® Although the type of pillar-host interaction was not explicitly determined,
the reduced average oxidation state of Mn in the pillared compound suggest the possibility
of ionic interaction. This pillaring approach enables stable long-term cycling and enhanced
intercalation kinetics by shielding the strong electrostatic interactions between the MnO>

lattice and the intercalating Al** ions (see Section 2.5.1.2).

In hydrous oxides, layered titanates have emerged as promising TMOs for ion intercalation
anodes.!!” Hydrous layered titanates, such as H>Ti307 and H2Ti4O9-nH>O can uptake polar
organic molecules, such as n-alkylamines, via wet chemistry process.!!®!!5 Interestingly,
some similar structures, such as potassium titanate (K>Ti409) do not uptake n-alkylamine
molecules, suggesting that the functionalization reaction strongly depends on the nature of
the cation occupying the interlayer space. Similarly, in some non-hydrous layered TMOs,
such as KxMnOa, functionalization is often preceded by the intercalation of protons, which
subsequently react with the organic pillar molecules (Fig. 2.9G).!" Therefore, it is likely
that protonation is essential to establish ionic functionalization with alkylammonium ions,
as suggested earlier in Eq. 2.4. In some applications, such as aqueous batteries, the presence
of interlayer water molecules is often beneficial, because they shield the electrostatic ion-

host interactions, improving intercalation kinetics.!'*

However, in non-aqueous
electrolytes, where the presence of interlayer water is undesirable, it is crucial to control

the functionalization process to ensure the complete removal of interlayer water.

Despite extensive research into TMO interlayer functionalization, several areas remain
unexplored. For example, alkali-rich ternary layered oxides, such as lithium-rich layered
oxides (LLOs), offer high capacities and energy densities, but suffer from structural
instability due to lattice dislocations and transition metal migration.'”! Doping the

interlayer (where Li" ions occupy the spaces between the TM-O slabs) has been suggested
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to enhance the structural stability,'?? but organic pillaring remains largely unexplored.
However, the sodium ternary oxide Naop.71CoO, (NCO) has demonstrated the ability to
incorporate organic pillars via a two-step process involving first, partial Na" exchange with
protons, then reaction with n-alkylamines, similar to the mechanism illustrated in Fig.
2.9G.'?* This strategy may also enable alkylamine functionalization in other alkali-rich

layered oxides, potentially improving their structural stability and performance.

Polyfunctional amines, which feature other functional groups in addition to -NH>, can also
serve as pillars in interlayer functionalization and engage in an ionic interaction with the
host matrix. For example, alkanolamines combine the nucleophilic amino group, which
drives the functionalization reaction, with the hydrophilic hydroxyl group. This
combination offers advantages in aqueous electrochemical systems by leveraging both
interlayer expansion and wettability, optimizing interaction with the electrolyte and

contributing to enhanced electrochemical behaviour in aqueous systems. >4

In conclusion, amines present an attractive choice of pillar molecule due to their versatility
and reactivity toward many layered materials through ionic pillar-host interactions,
addressing limitations in ion transport and structural stability in TMOs, and providing

avenues for fundamental studies on nanoconfinement in pillared layered electrodes.
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patterns, and D) SEM images of alkylamine-pillared MoOs. PA: propylamine, BA: butylamine,
OA: octylamine, DDA: dodecylamine, and HDA: hexadecylamine. Reproduced with permission
from Ref '3 Copyright © 2006, American Chemical Society. E) Schematics of alkylammonium ion
arrangements in the interlayer of silicates, reproduced with permission from Ref.!"* Copyright ©
2006, © 1997 The Chemical Society of Japan. F) Schematic of bottom-up hydrothermal synthesis
of BQ-Alx-pillared MnO,, reproduced with permission from ref.!'¢ © 2024 Wiley-VCH GmbH.G)
Tetramethyl ammonium (TMA") interlayer functionalization of KMnO, by protonation and

subsequent ion-exchange. Adapted with permission from ref.!"” © 2019 Elsevier B.V.

2.5.1.3 Hydrogen bonding in host-pillar interactions
Hydrogen bonding in pillared MXene structures

First reported in 2011, MXenes are a novel class of 2D materials with the general formula
Mn+1XnTx, where M is a transition metal, X is carbon or nitrogen, and T denotes surface
terminations such as ~OH, —F, or —Cl (Fig. 2.10A).!* The rich surface chemistry of
MXenes is largely dictated by these surface terminations, which can render them either
hydrophilic or hydrophobic and play a significant role in their electrochemical activity.!'?®
The nature of these surface terminations is primarily controlled by the synthesis method

used to obtain the MXene phase.'?’

Due to their diverse surface chemistries, MXenes can be functionalized with a variety of
species. The inherent hydrophilicity of most MXenes, stemming from —O and —OH surface
terminations, enables functionalization with organic molecules of high dielectric constants.
For example, molecules such as dimethyl sulfoxide (DMSO) and hydrazine monohydrate
(HM) have been shown to spontaneously insert into MXenes.!”® An array of
functionalization methods are employed for interlayer and surface functionalization of
MXenes, ranging from soft-chemistry synthesis and hydrothermal methods to in situ

29

polymerization and vacuum-assisted filtration,'”® each offering different levels of

complexity and control over the process.

Owning to their exceptional electronic conductivity and versatile electrochemical
applications, MXenes and their pillared structures are extensively explored as energy
storage materials.%>%¢ An example of the application of functionalized MXenes in capacitor
electrodes is shown by Xia et al., who successfully incorporated a large surfactant
molecule, hexaethylene glycol monododecyl ether (Ci2E¢) into Ti3C, using a facile wet

chemistry synthesis (Fig. 2.10B). This process resulted in a liquid crystal MXene phase
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(MXLLC) with a large d-spacing of ca. 5.8 nm (Fig. 2.10C). The authors propose that
strong hydrogen bonds form between the —OH groups of Ci2Es and the MXene’s —F and —
O surface terminations. This unique structure enables the vertical alignment of MXene
sheets with respect to the current collector, providing unique thickness-independent

electrochemical behaviour (See section 2.5.2.1).!%°

Hydrogen bonding between MXene sheets and pillar molecules is essential in interlayer
functionalization. A recent molecular dynamics (MD) study examined the pillaring
behaviour of six different organic pillars in bilayer Ti3C20: (Fig. 2.10D)."3! In this context,
effective pillaring is defined as the complete separation of MXene sheets in a manner that
prevents restacking. The simulations revealed the number of molecules required to achieve
pillaring and the resulting interlayer spacing for each pillared compound (Fig. 2.10E).
Notably, the study found that branched pillars occupy less surface area on MXenes
compared to ring structures, which tend to adopt flat conformations with high surface area.
Such insights are crucial for tailoring the interlayer environment to meet specific

application needs.

An example of pillars which engage in hydrogen bonding with layered hosts is presented
by amides, which are organic molecules where a nitrogen atom is connected to a carbon
atom of a carbonyl group (C=0) (Fig. 2.10F). Primary amides are expressed as R—ONH>,
and are weaker bases than amines, therefore, in many cases they do not feasibly
functionalize layered materials such as TMOs. However, their hydrogen bonding
capabilities make them suitable for other hosts such as layered double hydroxides (LDHs)
and MXenes.!**!33 In MXenes, common amides such as urea and N, N-dimethylformamide
(DMF) have been used for interlayer expansion.'** However, the thermal stability of these
systems presents a limitation, as the pillars tend to desorb when heated above their boiling
point. The mechanism behind amide functionalization is believed to involve weak
hydrogen bonding between the amide and the —OH surface groups on the MXene, similar
to what is observed in clay chemistry,'** and in LDHs (Fig. 2.10G)."** While hydrogen
bonding facilitates interlayer functionalization, the weak nature of these bonds limit
applicability of the resulting functionalized structures, particularly in environments

requiring thermal stability.

In summary, understanding hydrogen bonding in pillar-host interactions is important in

interlayer functionalization of MXenes and other layered materials. Pillared MXenes
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exhibit a range of desirable qualities that make them suitable for applications beyond
energy storage, such as electromagnetic interference shielding,'*® humidity sensing,'*” and
flame retardancy.'*® Much like how MXenes have benefited from insights gleaned from
clay chemistry,'** many lessons learned from MXene chemistry can be extended to other
2D and layered materials. Future research on interlayer functionalization of energy
materials should leverage these similarities and build upon the foundational knowledge

established with MXenes to advance the development of novel materials and applications.
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the Materials Project. Surface terminations not shown. B) Schematic illustration of ion transport in
horizontally (left) and vertically (right) aligned TizC,Tx MXenes. Vertical alignment allows for
shorter diffusion paths and therefore fast kinetics. C) Small-angle X-ray scattering (SAXS)
measurements of the functionalized (liquid crystal) MXenes (MXLLC) and the hydrogen-bonded
pillar molecule Ci2Es. The scattering vector g of the (100) peak is 0.108 A, from which the d-
spacing is calculated to be ca. 5.8 nm. Reproduced with permission from Ref.!*° Copyright © 2018,
Macmillan Publishers Ltd. D) Schematic of 6 molecules insertion into MXene (IPA:
isoproplyamine; HQ: hydroquinone; NMP: N-methyl-2-pyrrolidone; PY: pyrrole; PPY:
polypyrrole; and TMA: tetramethylammonium) and E) Dependence of average interlayer distance
on the number and type of pillar molecules. Adapted with permission from Ref."*! Copyright ©
2023, American Chemical Society F) Structures of some amides. G) Amide functionalization by

hydrogen bond formation in LDH. Reproduced with permission from Ref.!** © 2017 Elsevier B.V.

2.5.1.4 Adsorption in pillared layered materials
Weakly-bonded molecules in layered TMOs

Other types of interactions between pillars and layered materials exist, such as physical
adsorption, where molecules are bound to the surface of the material via weak,
intermolecular van der Waals forces. These interactions, though weaker than covalent or

ionic bonds, are crucial in many functionalization strategies for layered materials, as they
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offer a means of modifying material properties while preserving the intrinsic electronic

structure of the host.

Alcohols, organic molecules featuring at least one hydroxyl group (—OH) bound to an
aliphatic carbon atom (Fig. 2.11A), provide an example of weak host-pillar interaction.
Only a few systems have been reported to spontaneously incorporate alcohols into their
interlayers via weak intermolecular interactions. One notable example is V20snH>O, which
has strong affinity to the adsorption of alcohols with carbon chains up to seven atoms
long.'*® Despite this potential, no reports currently exist demonstrating the use of alcohol-

functionalized layered materials in electrochemical energy storage applications.

Unlike amines, which engage readily in one-step acid-base reactions, alcohols, with their
weaker proton-accepting ability, generally require a more complex insertion process.'#!
Typically, a two-step approach is employed: first, pre-functionalization with an amine,
followed by the introduction of the alcohol. This method has been successfully applied to
materials such as HTiNbOs'*! and various layered perovskite phases (Fig. 2.11B),'*
highlighting the versatility of multi-step functionalization reactions, particularly when

relying on weak intermolecular forces, to insert pillar molecules like alcohols into layered

materials.

In redox-active organic pillars, which we discussed previously in Section 2.5.1.1, several
kinds of host-pillar interactions can be achieved, whether weak interactions leveraged
through simple mixing methods, or covalent bonding through diazonium chemistry
methods (Fig. 2.11C). Each method results in different electrochemical properties of the

1,'* with non-covalent functionalization often favoured when

resulting pillared materia
maintaining the host’s structural and electronic integrity is critical. For example, the
functionalization of MXenes with redox-active quinones is particularly notable, as it
combines the intrinsic mechanical robustness and electronic conductivity of the MXene

host, with the pseudocapacitive properties of the quinone pillar.'*

Another example of weak host-pillar interactions is seen in oxyethylene (CH2CH>O)
pillars, which are well-known for their ability to complex metal ions.'** These materials,
with their stability in organic solvents and electrolyte solutions, offer significant potential
for electrochemical applications when confined within layered hosts. Extensive work by

Lara and Ruiz-Hitzky led to the development of several oxyethylene-MoS; pillared
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),'#> which showed increased Li* diffusion, demonstrating the

compounds (Fig. 2.11D
effectiveness of the pillaring approach. The interaction of the oxyethylene pillar with the
host lattice is likely weak, given that the organic pillars can be removed by simply washing
with water. Other similar pillars like azacrowns likely interact with host lattice via weak

interactions.

In layered carbons, while most functionalization reactions are reported to occur by covalent
functionalization (see Section 2.5.1.1), there has been a growing interest in non-covalent
functionalization methods. In non-covalent functionalization, m — m interactions, van der
Waals forces, and weak hydrogen bonds are employed (Fig. 2.11E), allowing for
modification of carbon materials like graphene without significantly disrupting their

electronic properties.'*®

In summary, weak interactions, such as van der Waals forces, play a crucial role in the
functionalization of layered materials. These methods offer a less invasive alternative to
covalent functionalization, enabling the enhancement of material properties while
preserving key characteristics of the host matrix. The continued exploration of van der
Waals interactions in pillared materials holds promise for the development of advanced ion
intercalation electrode materials. However, due to the inherent weak nature of these
interactions, some important questions remain regarding the long-term stability of the

pillars during electrode cycling.
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Figure 2.11: A) Examples of alcohols, B) Illustration of a two-step insertion of alcohols in layered

titanoniobates. Reproduced with permission from Ref.!*! Copyright © 2017, American Chemical
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Society. C) Schematic of covalent and non-covalent functionalization routes of MXenes with
aminoquinone (AQ). Adapted with permission from Ref.!** Copyright © 2020, American Chemical
Society. D) Left: Illustration of Li\MoS, functionalized with a crown ether, 15C5. Reproduced with
permission from Ref.!*> Copyright © 1996 Sociedade Brasileira de Quimica. Right: Illustration of
azacrown insertion in metal sulfide MS,. Adapted with permission from ref.'*” Royal Society of
Chemistry. E) Modes of non-covalent interactions in pillared layered carbons. Reproduced with

permission from Ref.'*® Copyright © 2015 American Chemical Society.

Weakly-bonded or adsorbed polymers in layered hosts

Extensive research into the functionalization of layered materials with organic molecules
has led to the use of macromolecules and polymers as interlayer pillars. Polymers offer a
dual functionality: they serve as structural pillars, expanding the interlayer spacing, and act
as conductive additives due to their ionic or electrical conductivity. Among polymers, two
key classes are particularly relevant for energy storage applications: ionically conducting
polymers, which enable ion transport; and electrically conducting polymers, which enhance

the electrical conductivity in layered materials (Fig. 2.12A).

The incorporation of polymers into layered materials can be achieved through two primary
methods: direct insertion, which involves inserting pre-formed polymers into the interlayer
space; and in situ polymerization, where monomers are introduced into the layered structure
and then polymerized within the interlayer region.'* The choice between these methods
and the type of polymer used depends on the desired properties and application of the
pillared material. Typically, the interaction between polymer pillars and the host lattice
involves weak van der Waals forces or electrostatic interactions.!**!>! These weak forces
are critical for achieving uniform dispersion of the polymer within the solid matrix while
preserving the chemical structure of the host. This allows for the enhancement of ionic or

electrical conductivity without compromising the host's intrinsic properties.

Poly(ethylene oxide) (PEO), a polymer with the formula (CH2CH20-),, is a popular choice
of pillar in layered materials due to its electrochemical inertness, ability to complex alkali
metal ions, and ionic conductivity, qualities that also make it the most extensively studied
solid polymer electrolyte (SPE) system.!>>!33 PEO has been successfully incorporated into
TMOs such as V,0s xerogel matrices through wet chemistry methods by mixing aqueous

solutions of the polymer and TMO.!'>* On the other hand, in TMDs, PEO functionalization
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requires a preliminary lithiation and exfoliation step to facilitate organic molecule

insertion. !>

The flexibility of PEO chains introduces some uncertainty regarding their arrangement
within the interlayer space of the host material. Predictions based on geometric calculations
and d-spacing values calculated from XRD suggest that PEO chains might adopt various
conformations, such as straight-chain, helical, or zig-zag structures (Fig. 2.12B). However,
experimental evidence to confirm these theoretical arrangements is still limited.'>* !¢ As
discussed in Section 2.5.1.2, it is possible that conformations of the organic pillar in the

interlayer space have implications on the pillared host properties.

While ionically conductive polymers are well-suited as pillar species in conductive or semi-
conductive hosts such as TMDs, electronically conducting polymers are valuable for
enhancing the conductivity of poor electrical conductors, like TMOs. These polymers,
characterized by conjugated bonds within their macromolecule, offer substantial benefits

for energy storage applications.'*

Polypyrrole (PPy, Fig. 2.12A) is an electrically conducting polymer that is characterized
by facile synthesis, good thermal stability, eco-friendliness, and low cost.!>” It is formed
through the oxidative polymerization of pyrrole, making it particularly suitable as a pillar
in oxidizing layered hosts, such as hydrated V20s and VOPO4.'*® In non-oxidizing hosts
like MoS,, oxidative polymerization is achieved using external oxidants such as FeCls,'>’
or through electrochemical oxidation.!®® Interactions between PPy and MoS; are mainly

attributed to non-covalent van der Waals forces.'>!

In hydrated layered host materials, the introduction of PPy often results in the expulsion of
interlayer water. This expulsion can sometimes be undesired; for example, in hydrated
VOPOq, pillaring with PPy decreases the d-spacing as higher PPy loading expels more
water molecules.!®® One effective strategy to counteract this shrinkage is a pre-
functionalization step using another organic pillar, such as pyridine sulfonic acid (PSA).
PSA not only helps to open up the structure but also promotes the polymerization of PPy
within the interlayer space, mitigating the d-spacing reduction caused by the loss of

interlayer water.'®!
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Polyaniline (PANI) is an electrically conductive polymer whose structure consists of
repeating units of vinyl rings featuring —NH groups (Fig. 2.12A). PANI has received
attention as a pillar species due to its ability to: a) expand the interlayer spacing, creating
larger diffusion channels for intercalating ions, b) maintain structural stability by acting as
a structural pillar, and c) form an intermediate energy band across the Fermi level,
facilitating electron transport during electrochemical processes.’® Additionally, PANI is
redox-active through protonation and deprotonation within the polymer backbone in acidic
electrolytes,'®? or by amine (-NH—) to imine (-N=) transformation in alkaline

electrolytes.'®®

Through surface redox reactions, PANI is reported to exhibit
pseudocapacitive behaviour, albeit with limited cycle life due to instability of the backbone

during cycling.!%*

PANI is typically incorporated into layered materials through the insertion of aniline,
followed by in situ polymerization within the interlayer region.'® In layered carbons, weak
pillar-host interactions, mainly 7 — m interactions, allow for effective insertion into the
structure, which not only expands the d-spacing of the structure, but also serves as a carbon

and nitrogen source in subsequent carbonization processes.>*

Although van der Waals forces are often cited as the main host-pillar interaction in TMDs
and carbon layered materials, there is some debate regarding the nature of interactions in
polymer-pillared TMOs. In V20s, the insertion of PANI occurs through in situ
polymerization, and has been shown to effectively expand the interlayer spacing (Fig.
2.12C), not only enhancing electrical conductivity, but also the capacity and rate capability
for Zn*" intercalation.'®® Contrary to studies suggesting weak pillar-host interactions, this
study reports the presence of C=0O bonds, suggesting the formation of strong chemical
bonding with the host material.!*® Other similar studies on PANI-pillared V205 suggest the
presence of hydrogen interactions between the ~NH> group and the V-O layers.'¢” As a
result, it remains unclear whether in situ polymerization of PANI in layered hosts proceeds

via weak interactions or through the formation of stronger chemical bonds.

Poly(3,4-ethylenedioxythiophene) (PEDOT) is a conjugated conductive polymer known
for its high stability, conductivity, and mechanical flexibility.!® In TMDs, PEDOT can
attach to the layered material by weak electrostatic interactions.!® PEDOT can be obtained
by chemical oxidation or electrochemical polymerization, therefore its incorporation into

oxidative hosts, such as V:Os, facilitates the polymerization reaction.!”® Interlayer

39



2. Introduction

functionalization of V05 with PEDOT occurs through a facile soft chemistry synthesis at
ambient temperature. Here, hydrogen bonding between the oxygen atoms in V205 and the

EDOT’s hydrogen is believed to facilitate the polymerization reaction.'*

Despite PEDOT’s promising features, the main drawback of PEDOT is its poor water

I Moreover, interlayer

solubility, which makes aqueous processing challenging.!”
functionalization with PEDOT has been reported to result in ultrathin nanostructures of
lower crystallinity. Additionally, PEDOT is prone to decomposition upon thermal
treatment.!’’ These limitations should be carefully considered when designing PEDOT-

functionalized layered electrodes to ensure optimal performance and stability.

In summary, many ionically and electrically conductive polymers can function as effective
interlayer pillars in layered electrode materials, facilitating interlayer expansion, enhanced
conductivity, and, in some cases, pseudocapacitive behaviour. Van der Waals interactions,
which often govern these systems, provide a flexible and minimally invasive means of
functionalization, enabling the tuning of host material properties without significant
chemical modification. However, not all polymer-host interactions are governed by van der
Waals forces. The literature also presents cases where stronger interactions, particularly in
pillared transition metal oxides (TMOs), play a significant role. Clarifying the nature of
these interactions is crucial to understanding the stability of these structures and their

viability for electrochemical energy storage across varying conditions.
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Figure 2.12: A) Structures of common polymers used as pillars in layered materials. B) Proposed
conformations of PEO in layered hosts, reproduced with permission from Ref.!>*!5>!7> Copyright
© 1991, American Chemical Society, Copyright © 1993 Verlag GmbH & Co. KGaA, Weinheim,
Copyright © 1993 Verlag GmbH & Co. KGaA, Weinheim. C) Schematic illustration of in situ
PANI polymerization in V,0s leading to the expanded hybrid PVO, reproduced with permission
from Ref ' Copyright © 2021, American Chemical Society.

2.5.2 Properties of interlayer-functionalized materials

The insertion of organic pillar molecules into the interlayer space of layered host materials
induces significant modifications to the ion intercalation process, as well as properties of
the host and the pillar itself. In this section, we review the diverse properties that emerge
from interlayer functionalization and analyse their impact on ion intercalation, the

structural characteristics of the host lattice, and the stability of the pillar molecules.
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2.5.2.1 Influence on electrochemically intercalating ions
Modification of ion storage sites and mechanisms

The insertion of organic molecules into inorganic layered hosts can significantly alter the
ion storage sites within the lattice, leading to the formation of energetically favourable
environments for ion intercalation. Graphene, which typically does not allow bare Na* ion
intercalation, benefits from interlayer functionalization. The covalent attachment of AB
pillars to graphene layers (see Section 2.5.1.1) effectively creates favourable sites for
reversible Na" intercalation, as indicated by DFT calculations (Fig. 2.13A). Operando
Raman spectroscopy measurements reveal a clear G-band shift (Fig. 2.13B), indicative of
C—C bond contraction due to Na" intercalation. This demonstrates the potential of covalent
interlayer functionalization in graphene to unlock new intercalation chemistries that would

otherwise be energetically unfavourable.

Modifications to ion storage mechanisms can also arise from complexation. In
ethylenediamine-functionalized vanadium oxide (EDA-VO), the amine pillars not only
expand the d-spacing, resulting in good cycling stability (Fig. 2.13C), but also contribute
to charge storage by forming complexes with Zn ions, as confirmed with spectral studies.’’
Moreover, the pillared EDA-VO structure exhibits a high average voltage plateau (vs.

Zn**/Zn) when compared to other vanadium-based Zn hosts.

Another modification to ion storage mechanisms can arise from the introduction of redox-
active molecules. For example, when ferrocene is confined as a pillar in MoSa, it not only
retains its redox activity (Fig. 2.13D), but also is influenced by the electrolyte cations,
which play a key role in regulating the charge within the partially reduced MoS: interlayer.
The redox potentials of ferrocene were observed to vary with cation strength (Fig. 2.13E),
and when crown ether was used to impede cation movement, the Faradaic processes were
suppressed as charge regulation was disturbed (Fig. 2.13F), confirming the role of cations
in enabling the redox of confined ferrocene. This emphasizes the importance of considering
the interplay between intercalating ions and the redox-active pillar species, as this

interaction can alter the charge storage mechanism of the overall pillared compound.

In summary, the interlayer functionalization of layered materials with organic pillars
introduces a range of beneficial effects on ion storage mechanisms. By modifying the

interlayer environment in the host lattice, new ion storage sites can be created, redox-active

42



2. Introduction

pillars can be leveraged for charge storage, and complexation reactions between the
intercalating ion and the pillar species can occur, expanding the range of possible charge
storage mechanisms. These multifaceted enhancements offer significant opportunities for

optimizing ion intercalation and tuning electrochemical performance, highlighting the
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Figure 2.13: A) DFT modelling of Na" intercalation in AB-functionalized graphene at different
configurations. The relative energy is indicated with respect to the most stable position. B) Raman
shift of G band position during Na" intercalation for highly oriented pyrolytic graphite (HOPG),
graphene, and AB graphene. The G band shift in AB graphene is indicative of Na" intercalation.
Reproduced from Ref.”? with permission from AAAS. C) Galvanostatic cycling of EDA-VO
electrode against Zn**/Zn. Insets: structure of EDA-VO and the corresponding dQ/dV curve.
Adapted with permission from Ref.’” © 2021 Wiley-VCH GmbH. D) Cyclic voltammograms (CVs)
of restacked MoS; (black) and ferrocene-functionalized MoS; (red). Dashed lines represent the Au
substrate to account for background current. E) CVs of ferrocene-functionalized MoS; in 0.5 M
Li,SOy4 (blue), Na;SO4 (purple), and K>SO4 (red). F) CVs of ferrocene-intercalated MoS; in 0.5 M
K>SO4 (blue) and in 0.5 M K,SO4 with 2 equivalents of 18-crown-6 (red). Reproduced with
permission from Ref.!* Copyright © 2022, American Chemical Society.

Modification of ion transport Kinetics in interlayer-functionalized materials

The manipulation of electrode’s d-spacing is a well-established strategy for enhancing ion
intercalation kinetics by expanding the diffusion channels, improving ion diffusion within
the crystalline lattice. The diffusion coefficient of the intercalating ion, D, depends on

several factors that are influenced by the interlayer environment, according to:
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D = pA%v*exp (— i—?) 2.5)

where p is a geometrical factor, 4 is the hopping distance, v* is the vibrational frequency,
and EB is the activation energy barrier for hopping. This energy barrier in particular is
sensitive to changes due to the interlayer environment, such as the introduction of pillar
molecules, and has an exponential effect on the diffusion coefficinet.®®!”® This suggests
that even minor modifications to the interlayer environment can lead to significant changes
in the diffusion coefficient. For example, in PANI-V20s, the expansion of the d-spacing
enables fast Zn®>* ion diffusion in V20s, as evidenced by D calculations (Fig. 2.14A) and
by the lower charge transfer resistance (Fig. 2.14B) compared to hydrated vanadium oxide

(HVO).%

However, in a similar work involving PANI-V>0s, the improvements in Zn-ion diffusion
were attributed to not only the physical expansion of the diffusion channels, but also the
interactions between Zn ions and PANI pillars. In the pillared PANI-V,0s, the binding
energy for Zn ions is remarkably lower than that for pristine V20s due to the repulsion
between the positively charged Zn?" and the H atoms of PANI, improving intercalation
kinetics (Fig. 2.14C).% This demonstrates that both interlayer expansion and the chemical
interaction between pillar species and intercalating ions contribute to enhanced ion

diffusion kinetics in functionalized layered materials.

Similarly, interlayer pillar molecules can enhance ion diffusion by improving ion
adsorption. For example, thiol groups have been shown to exhibit large affinities towards
certain ions, such as Zn*".!”* In rGO, the incorporation of covalently-bonded thiol pillars
lowers the energy barrier for Zn adsorption, facilitating the adsorption and desorption of
Zn ions during charge and discharge and enabling pseudocapacitive surface redox of the
Zn-ion on the rGO (Fig. 2.14D).>!*? This strategy builds upon previous quantitative
estimations of thiophilicity and oxophilicity of various ions, guiding the selection of

appropriate pillar molecules based on the specific ion engaging in charge storage.!”

Organic pillars can also enhance ion diffusion kinetics by charge shielding. In multivalent
ion batteries, such as Al-ion batteries, strong electrostatic interactions between the ion and
the host can hinder intercalation. MnQO., a promising host for Al-ion intercalation, benefits
from interlayer functionalization using a pillar species like BQ-complexed Al (BQ-Alx, see

Section 2.5.1.2), which not only expands the interlayer of MnO, but also mitigates
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electrostatic field of AI** ions by charge shielding, enabling fast intercalation kinetics. This
strategy results in improved -electrochemical performance and cycling stability,
outperforming both Al-preintercalated MnO» (AlxMnQO3) and BQ alone (Fig. 2.14E). This
work presents an effective strategy to enhancing Al diffusion through charge shielding,

thus using the pillar beyond acting as a spacer.

Another innovative approach to improving ion diffusion involves using organic pillars to
align sheets of 2D materials vertically, shortening diffusion pathways. In MXenes, the
insertion of hexaethylene glycol monododecyl ether (Ci2E¢), as discussed in section
2.5.1.3, enables the vertical alignment of MXenes with respect to the current collector.
Vertically aligned MXene sheets exhibit enhanced capacitive performance compared to
their horizontally aligned counterparts prepared by vacuum filtration, demonstrating film
thickness-independent behaviour (Fig. 2.14F). This is an innovative approach, leveraging
the ability of large pillar molecules to direct 2D materials in a desired orientation favourable

to fast ion diffusion.

While ion diffusion kinetics typically benefit from interlayer pillaring, the effectiveness of
this strategy is highly dependent on the nature of the pillar molecule. In oxyethylene-MoS>
compounds, ether pillars improve Li* diffusion in a Li-ion system, as indicated by the quasi-
open circuit potential values at various stages of lithiation (Fig. 2.14G).!* However, slight
modifications to ether pillar can significantly impact electrochemical performance.
Nitrogen-containing crown ether pillars (azacrowns) in TiS» were found to decrease the Li"
ion diffusion coefficient drastically (Fig. 2.14H).'*” One of the possible explanations is that
the N atoms in the crown may engage in charge transfer with the host matrix, limiting its
ability for electrochemical reduction. This example highlights that both the physical
expansion of the interlayer and the nature of the pillar molecule play important roles in

governing diffusion kinetics.

In conclusion, the insertion of organic pillar molecules into layered materials represents a
powerful strategy for enhancing ion intercalation kinetics, particularly through expanding
diffusion channels and modulating the properties interlayer environment. While the
primary effect of interlayer pillaring is the physical expansion of the electrode’s d-spacing,
the chemical nature of the pillars introduces additional mechanisms that influence
electrochemical performance. These include ion adsorption, charge shielding, and

interactions between the pillars and intercalating ions. Therefore, a deeper understanding
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of both the structural and chemical roles of pillar molecules is crucial for the rational design

of pillared layered materials with optimized ion transport properties.
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Figure 2.14: Modifications of ion transport kinetics in layered materials. A) Zn-ion diffusion
coefficient in PVO and HVO, B) Nyquist plots of PVO and HVO and 1* and 10" cycles.
Reproduced with permission from Ref.®* © 2020 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. C) Calculated binding energy for Zn ion intercalated in V205 and PANI-V,0s and the
corresponding differential charge density illustrations. Yellow and cyan regions represent charge
accumulation and depletion. Adapted with permission from Ref.®* © 2020 WILEY-VCH Verlag
GmbH & Co. KGaA, Weinheim. D) Capacitance of chemically reduced GO (CrGO) and thiol-
functionalized GO (rGOSH) at different current densities in Zn-ion system. Reproduced with
permission from Ref.'™ E) cycling of BQ-Al,-MnO; (pink), compared to AI-MnO, (blue) and BQ
(green), in Al-ion cell vs. Zng sAl s anode. Reproduced with permission from Ref.!'® © 2024 Wiley-
VCH GmbH. F) CVs of horizontally aligned (6 um and 35 um filtration) Ti3C,Tx, showing
thickness-dependent capacitance, and MXLLC of two different thicknesses showing superior and
thickness-independent capacitance. Reproduced with permission from Ref.!*° Copyright © 2018,
Macmillan Publishers Ltd. G) Evolution of quasi-equilibrium potential at various states of lithiation
in LixMo0S,-12C4, as compared to PEO- and Li- MoS,. Reproduced with permission from Ref.!7®
Copyright © 2007 Elsevier Ltd. H) Diffusion coefficient of TiS,-diaza-15C5 compared to pristine
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TiS; at different stages of lithiation. Reproduced from Ref.'*” with permission from the Royal

Society of Chemistry.

2.5.2.2 Influence on host lattice
Buffering volumetric changes and stabilizing the structure

The mechanical behaviour of electrode materials during cycling is a critical factor for
battery cycle life. During charge-discharge cycles, electrodes undergo internal stresses and
strains due to volumetric expansion and contraction, a phenomenon commonly referred to
as lattice breathing.!”” The accumulation of these mechanical stresses can cause structural
disintegration of electrode particles, decreasing their lifespan and performance. Interlayer
functionalization with organic molecules has proven effective in buffering these volumetric
changes, contributing to higher cycling stability by relieving lattice strains.!®® For example,
in PANI-V,0s, PANI pillars stabilize the material by buffering volumetric changes and
maintaining the integrity of the electrode during Zn-ion (de-)intercalation, as demonstrated

by the evolution of d-spacing of the (001) plane (Fig. 2.15A).5

Organic interlayer functionalization is particularly valuable in 2D materials like graphene,
MXenes, and 2D-TMDs, whose unique properties such as high electrical conductivity and
surface area are realized in their 2D form. In their pristine state, strong van der Waals
interactions between the layers promote restacking (aggregation) during electrode
processing, causing a drop in the active surface area and losing desirable 2D properties.!’®
Introducing organic pillars into the interlayer space not only prevents restacking (Fig.
2.15B), contributing to higher cycle stability, but can also potentially adds other desirable
properties such as ionic conductivity or redox activity. This approach expands the

applications of 2D materials in energy storage applications.

In summary, organic pillar molecules play a vital role in stabilizing the structure of layered
and two-dimensional (2D) host materials. By buffering volumetric changes during cycling,
they enhance the cycle life and durability of electrode materials. Additionally, they prevent
the agglomeration and restacking of 2D sheets, thereby preserving their unique properties

and improving overall performance in energy storage applications.

Altering the electronic structure
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Interlayer functionalization with molecules that serve as conductive additives can alter the
properties of the pillared compound, extending beyond expanding the interlayer spacing.
The insertion of electronically conducting polymers as pillars in poorly conducting
inorganic matrices can enhance the conductivity of the resulting pillared structure. In this
context, the pillared compound can be viewed as a (nano-)composite, where the rule of
mixtures applies, and bulk properties can be predicted based on the properties of the

individual constituents.

However, interlayer functionalization often induces chemical modifications in the host
material, which further influence its properties. In layered transition metal compounds, the
insertion of organic molecules can change the average oxidation state of the transition
metal, leading to what is known as mixed transition metal valence, a phenomenon that is
believed to enhance electronic conductivity (Fig. 2.15C)."°%!" In carbon materials, a
similar effect is observed, for example the functionalization of GO with organic molecules
leads to the reduction of GO, which also improves its electronic conductivity (Fig.
2.15D).** These chemical changes in the oxidation states of the host atoms are often

advantageous for the overall electronic conductivity of the pillared electrodes.

In other cases, the introduction of pillar molecules leads to changes in the bandgap energy
of the material. For example, in functionalized rGO structures, as discussed in Section
2.5.1.1, BDA-functionalized rGO demonstrates nearly twice the capacitance of unmodified
rGO across different scan rates. Despite not resulting in the largest d-spacing increase
among the studied pillars, DFT calculations reveal that BDA-rGO and EDA-rGO possess
the smallest band gaps, enhancing charge carrier mobility and resulting in superior rate
performance. Conversely, the poor rate performance of CHDA-rGO can be attributed to its
higher band gap, likely caused by the cyclohexane ring impeding charge propagation
through the graphene layers.”® These observations highlight the importance of selecting

appropriate pillar molecules to meet specific performance requirements.

In TMOs, a similar effect is observed. The incorporation of the electronically conducting
polymer PEDOT was found to significantly reduce the bandgap from 2.63 to only 0.37 eV,
as indicated by density of states calculations (Fig. 2.15E).!”® This illustrates a case where
apillar is used to simultaneously improve the diffusion kinetics for ion (Mg*") intercalation,

as well as improve the overall electronic conductivity of the pillared structure.
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In summary, organic pillar molecules can effectively enhance electronic conductivity, not
only through their inherent conducting nature, such as in the case of conductive polymers,

but also through altering the valence states or the bandgap properties of the host material.

Altering surface properties

In addition to modifying the electronic structure, the insertion of organic molecules can
change the surface properties of the host material by adding hydrophobic or hydrophilic
functionalities. For example, in graphene, interlayer functionalization with hydrophilic
group-containing molecules, such as aminobenzene (AB) and nitrobenzene (NB) induces
hydrophilic surface properties, as indicated by contact angle measurements (Fig 2.15F).”
Hydrophilic interlayer properties are particularly relevant in aqueous battery systems,
where enhanced surface interaction with the electrolyte promotes fast charge and discharge

kinetics.'®°
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Figure 2.15: A) Structural evolution during cycling of PANI-V,0Os: Interlayer distance d estimated
from the (001) diffraction peak (blue) and an additional peak (001)* appearing at lower voltages
(red). Reproduced with permission from Ref.®> © 2020 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. B) Pillaring prevents restacking of graphene layers. C) I-V curves of functionalized and
pristine V205 showing higher electronic conductivity due to enhanced mixed valence in Pyridene-
V20s. Adapted with permission from Ref.!”” © 2019 WILEY-VCH Verlag GmbH & Co. KGaA,
Weinheim. D) Carbon-to-oxygen ratio and resistivity vales for (left to right): ethylenediamine, 2,6-
diaminoanthraquinone, and 1,4-phenylenediamine- functionalized GO. Adapted with permission
from Ref.** © 2022 Elsevier Inc. E) Structures of expanded vanadium oxide (EVO) and PEDOT-
functionalized vanadium oxide (VOP) and the corresponding calculated density of state. Adapted
with permission from Ref.!”® © 2021 Wiley-VCH GmbH. F) Contact angle measurements for AB,
NB- functionalized, and pristine graphene. Reproduced from Ref %> with permission from AAAS.
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2.5.2.3 Influence on the pillar molecule

The incorporation of organic pillar molecules into inorganic host matrices can induce
significant changes in the properties of the pillar molecule itself, which can influence
overall pillared material performance in electrochemical applications. For instance,
although polyaniline (PANI) is known for its pseudocapacitive properties, it faces
challenges with cycling stability when used in isolation. However, by confining PANI into
layered matrices such as MoS:, its stability and performance can be substantially
improved.'®* In MoS.-PANI nanocomposites, the specific capacitance shows up to 86%
retention after 1000 cycles, in stark contrast to the 42% retention after 600 cycles for pure
PANI (Fig. 2.16A). This example demonstrates that interlayer pillaring not only modifies
the properties of the host lattice but also stabilizes the pillar molecules themselves,

enhancing the durability and functionality of the composite material.

However, while PANI can benefit from increased stability through its incorporation into
layered hosts, it can also experience a reduction in electronic conductivity compared to its
free-standing form. Layered compounds containing PANI generally exhibit lower
electronic conductivity than pure PANI (Fig. 2.16B),'* with the notable exception of
PANI-Ti3C2Tx, which benefits from the highly conductive nature of its MXene host
matrix.'®! This suggests that while interlayer functionalization can improve stability, it may
also impose limitations on the electronic properties of the pillar molecule. Therefore,
optimizing the balance between stability and conductivity is essential for maximizing the

utility of PANI in energy storage systems.

In summary, interlayer functionalization not only brings changes to the host lattice and the
intercalation of ions, but can also significantly impact the behaviour of the pillar molecules
themselves. Careful attention to the interplay between the host and the pillar molecules,
and the intercalating ions, is essential for maximizing the electrochemical performance and

long-term stability of functionalized layered materials.
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Figure 2.16: A) Capacity retention of PANI and MoS,-PANI. Reproduced with permission from
Ref. 1% Copyright © 2014 Elsevier B.V. B) Electrical conductivity of PANI and PANI-based
composite electrodes. Reproduced with permission from ref.'* Copyright © 1993 Verlag GmbH &
Co. KGaA, Weinheim.

2.5.3 Challenges and outlook of organic interlayer functionalization

The increasing demand for novel electrochemical energy storage materials has catalysed
innovations in electrode engineering approaches, with interlayer functionalization
emerging as a promising strategy. This approach has been widely explored to enhance
electrochemical properties such as ion intercalation kinetics, rate performance, and
capacity, as well as to induce desired physiochemical properties, such as electronic
conductivity (see Section 2.5.2.2). It has been suggested as a method of enabling ion-
solvent cointercalation — a phenomenon that unlocks multivalent ion chemistries, low
temperature cycling, and fast intercalation kinetics.!* However, interlayer functionalization

is not without its drawbacks (Fig. 2.17).

Modifying certain materials with organic pillars can lower redox potentials, induce
structural disorders, and result in poorly defined redox plateaus, which are undesirable in
many battery applications.!>?> Additionally, designing new electrodes for energy storage
requires meeting stringent performance criteria. The resulting structures must exhibit
thermal, electrochemical, and structural stability, which can be challenging to achieve with

organically functionalized electrodes.

Another limitation stems from the volatile nature of many pillar molecules and their
solubility in many organic solvents used in electrolytes. Researchers in the field must

consider that organic pillar molecules can leach out of the interlayer, evaporate, or sublime
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during electrode processing and slurry drying, or later during cell cycling. Therefore, it is
crucial to study the nature of interactions between host lattice and pillar molecules, as well

as their evolution during electrode storage and cycling.

Moreover, an excessive amount of organic pillar can decrease the overall gravimetric and
volumetric capacity by adding electrochemically inactive mass and volume to the active
material’s structure. This excess may also induce unfavourable phase transformations due
to weakened van der Waals interaction.!®? Therefore, rational interlayer engineering
requires careful regulation of both interlayer spacing and the amount of pillar species, to
ultimately achieve a balance between enhanced diffusion paths and maintaining high

energy density.

Additionally, it is worth noting that pillaring with organic molecules can lead to the
exfoliation of the inorganic host into single- or few-layered 2D structures. While exfoliation
can provide unique electrochemical properties, it also introduces new challenges that must
be managed, such as increased activity toward electrolytes and poor volumetric energy

density.

In conclusion, while interlayer functionalization with organic pillar molecules presents
promising avenues for developing advanced ion intercalation electrodes, the field is still in
its infancy, and much remains to be explored. Fully exploiting the potential of organically
functionalized layered materials requires meticulous optimization of material design.
Tailoring the combination of pillar molecule and layered host, while carefully considering

their interactions is essential for advancing this innovative approach.

Opportunities Challenges

Figure 2.17: Opportunities and challenges of interlayer functionalization of layered materials.
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2.6 Organically pillared materials as precursors of carbon nanocomposites

This section is partially reproduced from the published article: “Mechanistic
understanding of microstructure formation during synthesis of metal oxide/carbon
nanocomposites”’, J. Mater. Chem. A, 2023, 11, 17125-17137, DOI: 10.1039/D3TA01230A. See
also section 6.3.

Transition metal oxides (TMOs) can electrochemically react with Li* via intercalation'®?
and conversion reactions.'®* The exact mechanism depends on the extent of electron transfer
which determines the degree of structural distortion, with intercalation reactions favored
for up to ~ 1 Li*/e” per transition metal and conversion reactions for > 1 Li'/e” per transition
metal. Many TMOs are semiconductors or insulators and require the addition of conductive
carbon to the electrode for high-rate operation. Electrochemical conversion-type reactions
in TMOs are further associated with large volumetric changes, leading to reduced
efficiency and cycle life. One strategy to alleviate this issue is to confine TMO particles in
a carbonaceous matrix to buffer volumetric expansion.*®>!# Both functionalities - improved
electronic percolation and volumetric buffering - can be achieved with TMO/carbon

(nano)composite electrodes.®”188

Among many synthesis approaches for TMO/carbon nanocomposites, one of the most
widely adopted is the addition of an organic species to the TMO particles and its subsequent
carbonization (Fig. 2.18).1818° Recent works have shown that the carbonization of amine
molecules added into the interlayer of layered TMOs can produce TMO/C nanocomposites
with a well-dispersed carbon phase.'®¢''* In some cases, it was described that this
synthesis route yielded heterostructured TMO/C**°!%* (and transition metal dichalcogenide
/ carbon'®®) nanocomposites, where layers of dissimilar phases alternate. This particular
microstructure results in abundant heterointerfaces which may synergistically combine
beneficial electrochemical properties of the individual building blocks (redox-activity,

electrical conductivity).*#6%

Comparison of these studies'®®!%-'%* reveals variations in structural properties of the
resulting TMO/C materials, especially in terms of nanocomposite microstructure (i.e.,
phase distribution), degree of TMO reduction, and carbon hybridization. A more
generalized understanding of the synthesis process is required to be able to precisely tune
the resulting nanocomposite properties. Therefore, it is important to develop mechanistic

insights into the microstructure evolution during carbonization. Understanding the process
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via in situ characterization methods, as well as microscopic analysis representative of the
bulk volume of the nanocomposites can give valuable insights into the microstructure
evolution. This is essential to further optimize nanocomposite electrode materials for

electrochemical energy storage applications and beyond.

TMO with limited TMO/C with improved
electrical conductivity electrical conductivity

Pyrolysis

Carbon
phase

Nanocomposite

Figure 2.18: Schematic of nanocomposite formation from the pyrolysis of as pillared TMO

precursor.
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3. Objectives of the dissertation

The demand for innovative energy storage solutions is critical in today's world, and battery
electrode materials play a central role in addressing this challenge. Among these materials,
layered structures are of particular importance due to their capacity for reversible ion
intercalation. To enable new battery chemistries, novel energy storage mechanisms, and
fast intercalation kinetics, controlling nanoconfinement within the interlayer space of
layered materials is a novel and innovative approach. It offers the unique possibilities not
only to improve ion transport properties but also to enhance electrical conductivity, and it

can be applied to a variety of intercalation chemistries, including lithium- and sodium-ion.

To address the challenge of limited ion diffusion kinetics, the dissertation firstly focuses on
the interlayer functionalization of layered titanate electrodes using organic pillar molecules,
altering the nanoconfinement environment in the interlayer. In the context of lithium-ion
batteries, the pillared electrodes are explored in detail, with particular emphasis on the role
of nanoconfinement design in enabling ion-solvent cointercalation, enhancing diffusion

kinetics, and altering intercalation potentials. Hence:

Objective 1: Enhancing Li-ion diffusion Kinetics in layered electrode materials by

promoting ion-solvent cointercalation.

The second part of the dissertation expands the scope to sodium-ion batteries. It examines
how the nanoconfinement environment in layered titanates influences the energy storage
mechanism in a Na-ion system, where titanate electrodes are employed as anodes. The
study highlights the versatility of the interlayer functionalization approach and its ability to
unlock new charge storage behaviours in sodium-ion intercalation electrodes. The part

contributes to:

Objective 2: Enhancing Na-ion intercalation kinetics in layered electrode materials

by altering the host material’s interlayer environment.

Finally, the dissertation addresses the challenge of electrical conductivity in TMO-based

electrode materials. Interlayer-confined organic molecules within a layered oxide can also
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serve as sources for a highly electrically conducting carbon phase. Through a pyrolysis
treatment, these organic pillars are converted into carbon, forming a transition metal
oxide/carbon (TMO/C) nanocomposite, where a carbon phase is confined within the
nanodomains of TMO phases. A detailed mechanistic analysis is provided, examining the
steps involved in the formation of the carbon phase from the pillar molecules. A
comprehensive analysis of the nanocomposite’s electrochemical intercalation and

conversion reactions is provided.

Objective 3: Improving electrical conductivity in layered electrode materials

through the formation of carbon nanocomposites.

As summarized in Figure 3.1, this dissertation establishes interlayer functionalization with
organic pillar molecules as a versatile strategy for designing advanced layered electrodes
with deliberately designed nanoconfinement conditions, with improved ionic transport and
enhanced electrical conductivity, thereby contributing to the development of next-

generation battery materials.

Addressing ionic Layered electrode Addressing electrical
transport limitations material conductivity limitations

Carbon
phase

* Objective 1: Enabling Li-solvent

cointercalation Challenges: * QObijective 3: Enhancing electrical
* Objective 2: Improving Na-ion diffusion = Sluggish ion diffusion conductivity by carbon
kinetics « Limited electrical conductivity nanocomposite formation

Figure 3.1: Overview of the objectives of this dissertation, aimed at addressing challenges related

to layered electrode materials.
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4. Theory: Techniques and Instruments

4.1 Physicochemical Techniques
4.1.1 X-ray Diffraction (XRD)

X-ray diffraction (XRD) is a powerful analytical technique used to study the structure of
crystalline materials. It is based on the principle that X-rays, when directed at a crystal, are
scattered in specific directions due to their interaction with the crystal's periodically
arranged atomic planes. The technique relies on Bragg's Law, which relates the wavelength
of the incident X-rays to the angle of diffraction and the spacing between the crystal

planes.!” Bragg’s law is expressed as
niA = 2d sin 6 (4.1)

where n is the order of diffraction, A is the wavelength of the X-rays, d is the distance

between the crystal planes, and 6 is the angle of incidence.

X-ray 2 X-ray 1
A

Figure 4.1: Schematic representation of Bragg diffraction.

An XRD apparatus typically consists of an X-ray tube, a sample holder, a detector, and a
goniometer that precisely controls the angle of incidence and detection. The X-ray tube
generates a beam of X-rays, usually produced by bombarding a metal target (in this work,
Cu and Mo metal targets were used) with high-energy electrons. The sample is then placed
in the path of the X-ray beam, and as the goniometer rotates, the detector records the

intensity of the diffracted X-rays at various angles.
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In the context of layered electrode materials, operando XRD is used to detect changes in
the crystal structure during battery cycling. For in situ studies, an electrochemical cell can
be integrated within the XRD setup, allowing real-time monitoring of structural changes as
the battery is charged and discharged. This capability is crucial for understanding phase
transitions, structural evolution, and stability of electrode materials under operating

conditions.

XRD can be performed in either reflection or transmission geometry. In reflection mode,
the X-ray beam strikes the sample at an angle 6 relative to the sample surface, and the
scattered X-rays are detected at the same angle, following Bragg’s law. In transmission
geometry, the X-ray beam passes through the sample perpendicularly. In this work, in situ
XRD was performed in transmission geometry. An in situ electrochemical cell for
transmission XRD requires two openings to allow the X-rays to pass through the cell, where
Kapton tape was used. The cell used in in situ XRD measurements discussed in this

dissertation is presented in Fig. 4.2.
I 7 Top, Kapton window

- Electrode

/ Separator
o Li/Na metal disc

o Spacer

P Spring
. Bottom, Kapton window

Figure 4.2: Components of a coin cell designed for in situ XRD experiments.

4.1.2 Fourier Transform Infrared Spectroscopy (FTIR)

Infrared (IR) spectroscopy is a vital analytical technique used to study the chemical
structure of materials by examining how molecules or lattices absorb infrared light. This
absorption occurs at specific frequencies that correspond to the energy of molecular or
lattice vibrations, making IR spectroscopy particularly useful for identifying functional
groups within a molecule or bonds in a crystalline lattice. The Fourier transform (FT) refers

to a mathematical method used to convert the raw data (an interferogram) into a readable
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spectrum that represents the sample's molecular vibrations and chemical bonds. The

absorption frequencies are typically measured in wavenumbers (cm™).

When molecules absorb infrared light, the photon energy is sufficient to induce vibrational
excitations rather than electronic transitions. Covalent bonds within molecules behave like
stiff springs that can stretch and bend, and the absorption of IR radiation causes these
vibrations. Each type of bond or functional group (e.g., O-H, C=0) absorbs infrared light
at characteristic frequencies. Consequently, IR spectroscopy provides a unique spectrum

for each organic compound, reflecting its specific molecular structure.

In this work, IR spectroscopy is performed using Attenuated Total Reflection mode (ATR),
which involves directing the IR beam through a crystal, causing multiple reflections at the
interface between the crystal and the sample (Fig. 4.3). ATR can be used to analyse
materials either deposited on the crystal or pressed against it. This approach enhances
sensitivity and provides detailed information on molecular functionality within a layered

electrode sample.!®”

While FTIR spectroscopy is a fast and relatively straightforward characterization
technique, it faces some limitations such as the detection of species at only one spot rather
than providing comprehensive mapping of the sample. Additionally, FTIR spectroscopy
can be susceptible to contaminants and artefacts, depending on the environmental
conditions.?” Repeating measurements at several spots and combining FTIR with other
characterization tools is advantageous to minimize measurement errors and enhance

accuracy.

ATR Crystal

Figure 4.3: Schematic showing the basic principle of ATR-FTIR.
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4.1.3 Raman Spectroscopy

Raman spectroscopy is a powerful analytical technique widely used in the study of solid
materials and liquids, and is important in the field of battery research. It is a non-destructive
method that provides detailed information about the vibrational modes of molecules and
inorganic crystalline lattices, which can be directly related to the chemical composition,
structure, and interactions within a material. This makes Raman spectroscopy an invaluable
tool for investigating the complex processes occurring when the structure of battery

materials is modified, e.g. with organic pillar molecules.

Raman spectroscopy is based on the inelastic scattering of a monochromatic laser light.
When light interacts with a material, most photons are scattered elastically (Rayleigh
scattering), retaining their original energy. However, a small fraction of the light is
scattered inelastically, resulting in an energy shift corresponding to the vibrational modes
of the molecules or crystal lattices in the material (Fig. 4.4). This shift provides a unique
spectral fingerprint that can be used to identify the material’s structure and bonds.
Furthermore, Raman spectroscopy can be performed under various environmental
conditions, including operando, allowing the study of battery materials in real-time during
operation.?®! This capability is crucial for understanding the dynamic processes that occur

during battery cycling, such as phase transitions and bond length changes.

Raman spectroscopy offers the advantages of accessibility and straightforward sample
preparation. However, interpreting the spectra can be rather complex, and laser irradiation

may induce structural transformations in sensitive host materials,?*

or decomposition of
organic pillar molecules. Along with Raman spectroscopy, other methods, such as X-ray
photoelectron spectroscopy (XPS), are frequently used in conjunction to probe the chemical

environment of functionalized electrode structures.?®
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Figure 4.4: Types of interactions of incident light with sample. Adapted from Ref.?*

4.1.4 Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a technique used to measure mass changes in a
sample as it undergoes temperature variations.?% It operates by continuously recording the
mass of a sample as it is heated or cooled in a controlled environment, typically in the
presence of an inert gas like nitrogen or helium, or a reactive gas such as oxygen or
synthetic air. The sample is put in a crucible made of aluminium, alumina, or other
materials, then placed on a high-precision balance within a furnace (Fig. 4.5). As the
temperature increases, the sample may undergo various changes at certain temperatures or
within temperature intervals, such as decomposition, oxidation, reduction, or evaporation,

each of which results in a measurable change in mass.
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Figure 4.5: A) Schematic showing the main parts of a TGA instrument and B) an illustration of the

resulting mass loss vs. temperature plot.

61



4. Theory: techniques and instruments

TGA is particularly valuable in the study of functionalized layered materials, as it enables
quantifying the amount of organic species incorporated within the layers. This
quantification facilitates the determination of the optimal amount of guest molecules
necessary to achieve pillaring while avoiding the addition of excessive pillar molecules that
act as dead weight. Additionally, TGA offers insights into the thermal stability of the hybrid

material, indicating how well the pillars withstand various thermal conditions.

When coupled with online FTIR and/or mass spectrometry (MS), the types of gaseous
species evolving during mass change can be identified, providing detailed understanding
of the thermal behaviour of the material.?% In pillared layered electrodes, this allows for a

better understanding of the mechanism of guest molecule decomposition.

Despite its advantages, TGA faces certain limitations in the characterization of pillared
layered materials. The simultaneous evolution of multiple species can complicate their
quantification, particularly if they evolve or decompose within overlapping temperature
ranges. Additionally, TGA measurements are susceptible to errors that can arise from

balance inaccuracies and sample inhomogeneity.?%

4.1.5 Scanning Electron Microscopy

Scanning Electron Microscopy (SEM) is a powerful and versatile technique used to study
the surface morphology and composition of materials at high resolution. SEM uses a
focused beam of electrons (typical incident energies of primary electron: 2 — 20 keV) to
scan the sample surface, enabling imaging with nanometre-scale detail. This makes SEM
an essential tool in analysing battery electrode materials. SEM operates by scanning across
the sample surface with a finely focused electron beam in a high vacuum environment. The
primary electron beam interacts with a certain sample volume (pear shaped, depth
depending on material and primary electron energy), and it generates several types of
signals, including secondary electrons, backscattered electrons, and characteristic X-rays
(Fig. 4.6). These signals originate from different sample depths; they are detected and used

to create detailed images and gather compositional information.?’
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Figure 4.6: Schematic of electron beam interaction with a sample in electron microscopy.

Secondary electron imaging mode is among the most common modes of SEM imaging,
which is highly sensitive to surface features. Secondary electrons are low-energy electrons
(<50 eV) that are ejected from the atoms in the sample due to inelastic scattering with the
incident primary electrons. 2°® Because of their low energy, these electrons originate from
a shallow depth within the sample, typically a few nanometres, allowing SEM to produce

images with fine surface detail and high resolution.

Backscattered electrons, on the other hand, have much higher energy and are scattered back
from deeper within the sample. This mode provides contrast based on the atomic number
of the elements in the sample—heavier atoms scatter electrons more effectively, resulting
in brighter regions in the image. This atomic number contrast makes SEM particularly

useful for differentiating between different materials, for example in a composite electrode.
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In addition to imaging, SEM also allows for elemental analysis through the detection of
characteristic X-rays emitted from the sample. When the primary electron beam interacts
with the atoms in the sample, it can eject inner-shell electrons. This leaves behind an
electron hole, which is subsequently filled by an outer shell electron of a higher energy
state, leading to the emission of an X-ray with a characteristic wavelength corresponding
to the energy difference between the inner and outer electron shells. These X-rays have
energies that are characteristic of the elements present in the sample, allowing for
qualitative and quantitative analysis of the material's composition through the Energy
Dispersive X-ray (EDX) technique. For this purpose, SEMs are often equipped with an
EDX detector.

4.1.6 Atomic Force Microscopy

Atomic Force Microscopy (AFM) is a widely used technique that enables detailed
investigation of surfaces and structures at the nanometre to micrometre scale. It operates in
various environments, including ambient air, liquids, and vacuum, making it a versatile tool
for analysing different types of materials in different environments. AFM works by
scanning a probe tip across the sample surface to collect localized information about
topography and other surface properties, with scan sizes ranging from over 100

micrometres to the angstrom scale.

In AFM, a sharp tip mounted on a flexible cantilever is brought into proximity with the
sample surface. The interaction between the tip and the surface—whether repulsive or
attractive—generates forces that cause the cantilever to deflect. These deflections are
monitored using a laser beam reflected from the cantilever onto a position-sensitive
photodetector (Fig. 4.7).2” The data collected allows the AFM to map the surface
topography with high precision, producing images that reveal surface structures down to

molecular resolution.

The two most common AFM imaging modes are contact mode and intermittent (tapping)
mode. In contact mode, the tip remains in constant contact with the sample surface, and the
cantilever’s deflection is kept constant by a feedback loop. This mode allows for detailed
mapping of surface topography and can measure both repulsive and attractive forces
through force—displacement curves, which are used to analyse mechanical properties and

adhesive interactions.

64



4. Theory: techniques and instruments

However, contact mode AFM can exert shear forces on the sample, potentially deforming
or damaging soft materials. Furthermore, some materials might exhibit strong electrostatic
interaction with the tip. To mitigate this, intermittent contact modes, such as tapping mode
AFM, are used. In tapping mode, the cantilever is oscillated at or near its resonance
frequency, and the tip only intermittently contacts the surface. This reduces shear forces,
making it more suitable for analysing samples with surface charges, such as layered
transition metal oxides. The feedback loop in tapping mode adjusts the cantilever’s position
to maintain a consistent oscillation amplitude, providing topographical data with minimal

sample disturbance.

AFM’s ability to operate in diverse environments without requiring extensive sample
preparation is a significant advantage. This capability makes it a powerful tool for studying
a wide range of materials, including layered battery electrodes, both in their native states

and in operando.*'°
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Figure 4.7: Schematic of AFM working principle

4.1.7 Transmission Electron Microscopy

Transmission Electron Microscopy (TEM) is a crucial analytical tool in battery research,
enabling the exploration of microstructural and atomic-level details of electrode materials.

TEM provides exceptional resolution and the ability to analyse the composition and
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structure of battery materials, making it indispensable for understanding and optimizing

their performance, durability, and safety.

TEM works by transmitting a focused beam of electrons through an ultra-thin specimen
(typically <100 nm). The interaction between the electrons and the sample generates
detailed images that reveal the internal structure of the material at the nanoscale. The high-
energy primary electron beam used in TEM (typically 80 — 300 keV) has a short
wavelength, allowing for atomic-level resolution. As the primary electrons pass through
the specimen, they are scattered by the atoms, and these interactions are recorded to create

high-resolution images.

In battery research, TEM is particularly valuable because it can visualize features as small
as individual atomic columns, allowing for the examination of key materials like electrode
components, (solid or vitrified liquid) electrolytes, and interfaces. This capability is
essential for analysing the micro- and nanostructure of battery materials, which directly

influence the electrochemical performance.

When the electron beam is aligned parallel to the basal plane, high resolution transition
electron microscopy (HRTEM) can directly measure lattice spacings,® providing detailed

structural information of layered electrode materials.

Beyond imaging, TEM facilitates other analytical techniques, such as selected area electron
diffraction (SAED), which offers crystallographic insights into the material, and energy-
dispersive X-ray spectroscopy (EDX), which provides data on elemental composition and

spatial distribution of elements.?!!

Despite being powerful analytical techniques for layered electrodes, electron microscopy
techniques come with limitations. The electron beam may damage sensitive host-guest
materials, and the high-vacuum environment might not be suitable for imaging layered
materials containing weakly-bound interlayer species. Cryogenic electron microscopy
(Cryo-TEM) has been proposed as a solution to this issue,?'? potentially preserving guest
molecules in the interlayer space. Additionally, TEM requires extremely thin samples,
typically less than 100 nanometres thick, which can be challenging to prepare without
altering the material’s structure. These challenges require careful sample preparation to

ensure accurate and meaningful results.

66



4. Theory: techniques and instruments

4.1.8 Electrochemical Quartz Crystal Microbalance

Electrochemical Quartz Crystal Microbalance (EQCM) is a powerful analytical tool that
combines electrochemistry with an indirect mass measurement at the nanogram level,
making it particularly valuable in the study of battery materials. By utilizing a quartz crystal
resonator, EQCM can monitor changes of the resonance frequency in real-time as an
electrochemical reaction occurs, which can be converted to mass changes on an electrode's
surface and/or bulk. This capability is crucial for understanding the dynamic processes in
battery systems, such as ion intercalation, electrodeposition, and the formation of solid-

electrolyte interphases (SEI).

EQCM operates on the principle of the Sauerbrey equation, which is relates the change in
resonance frequency of a quartz crystal resonator to the mass change on its surface.?'® The

equation is given by:
Am = —-Cn-Af 4.2)

where 4 m is the mass change on the crystal surface, C is the mass sensitivity constant
(which depends on the properties of the quartz crystal, such as its density and shear
modulus), n is the overtone number (where the fundamental frequency corresponds ton =

1), and 4 f is the change in resonance frequency.

For the Sauerbrey equation to be valid, it is crucial that no significant change in the
dissipation factor (D) occurs. D is defined by the ratio of the full resonance width peak W
to the related resonance frequency f. In other words, D represents the hydrodynamic

contribution to EQCM responses,>'* as expressed by
D = W/m)/(f/n). 4.3)
This requirement relies on two main conditions (Fig. 4.8):

a) The electrode coating must be rigidly attached to the quartz crystal surface and
maintain its rigidity both in air and in contact with the electrolyte during cycling,
regardless of the applied potential. This ensures that there is minimal internal

dissipation within the solid matrix of the electrode.
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b) The electrode must not undergo significant volume or porosity changes during
cycling, as such changes can alter hydrodynamic interactions at the electrode-

electrolyte interface, leading to dissipation changes.?!?

When these conditions are satisfied, the electrode's frequency response can be considered
purely inertial, meaning the mass changes can be directly related to the frequency shift as

indicated by the Sauerbrey equation.

In battery research, EQCM is often used to track the mass of ions as they intercalate into
electrode materials during charge and discharge cycles. For instance, EQCM can provide
insights into the (de-)solvation behaviour of lithium ions in electrolytes, revealing whether
these ions intercalate in their bare or solvated forms. This real-time data is essential for
understanding fundamental phenomena, such as ion-solvent cointercalation in battery

materials.

The sensitivity of EQCM allows the detection of even minor changes in mass, enabling the
study of subtle processes that would be difficult to observe using other techniques. This
includes monitoring the growth of SEI layers, which play a critical role in the performance
and safety of batteries. By understanding these processes at a fundamental level,
researchers can design better materials and improve the overall performance of energy

storage devices.

' 3
N
=
Y
e <
Time
Non-rigid film
Q
q e ——
Rigid film
Time

Figure 4.8: Schematic of EQCM crystal response when measuring a rigid and a non-rigid film.
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4.2. Electrochemical techniques
4.2.1 Electrochemical Cell Setups

Electrochemical cells are fundamental tools in the study of electrochemical processes. An
electrochemical cell typically consists of a working electrode (WE), which is the active
material where the electrochemical reactions of interest take place, a counter electrode (CE)
which completes the circuit by allowing the flow of charge, and a reference electrode (RE),
which ideally has a fixed potential, allowing to control and monitor the potential of the WE.
The design of electrochemical cells varies depending on the specific application, with most
falling into two main categories: 2-electrode and 3-electrode setups (Fig. 4.9). The choice
between them depends on the experiment's objectives and the nature of the system under

study.

In a 2-electrode electrochemical cell, the system consists of a WE and another electrode
that acts as both RE and CE. At the working electrode side, electrochemical reactions of
interest occur, while at the counter electrode completes the circuit by allowing charge to
flow. The potential of the WE is monitored with respect to the RE. In this dissertation,
metallic Li and Na discs were used in 2-electrode setups as RE/CE. It should be noted that
metallic Li and Na are called pseudo-reference electrodes, since they are subject to
reactions with carbonate-based electrolytes, which may influence the value of the measured
potentials. The key advantage of the 2-electrode setup is its simplicity, as these cells are

typically easy to assemble and sufficiently stable during cycling.*'¢

In the 3-electrode cell setup, the system consists of a WE, RE, and CE. The RE can monitor
the potential of the WE independently from the CE. The major advantage of a 3-electrode
setup is the ability to isolate the behaviour of the WE, therefore eliminating any errors
arising from the CE, therefore, this configuration is often used in studying full cells. When
working with full cells, The N/P ratio, or the negative-to-positive electrode capacity ratio,
is a crucial parameter, representing the balance between the capacity of the anode and the
cathode. An optimal N/P ratio allows efficient utilization of both electrodes and helps
prevent issues such as lithium plating on the anode or degradation of the cathode.?!” The
N/P ratio is often set slightly higher than 1 to compensate for irreversible capacity losses

during the first few cycles, especially at the anode, which undergoes SEI (solid electrolyte
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interphase) formation. A well-balanced N/P ratio is critical for improving the cycle

stability, initial coulombic efficiency, energy density, and safety of the cell.
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Figure 4.9: Illustration of 2- and 3-electrode configurations of lithium-ion battery cells.
Reproduced with permission from Ref.?!® © 2019 Elsevier Ltd.

4.2.2 Cyclic Voltammetry

Cyclic voltammetry (CV) is a widely used electrochemical technique that provides detailed
information about the redox behaviour of a chemical species. It is particularly useful in
studying the electron transfer processes of various systems, especially between electrode

materials and ionic charge carriers in the electrolyte.

In a cyclic voltammetry experiment, the potential of a working electrode is swept linearly
over time, first in one direction and then reversed, forming a cyclic voltammogram. This
potential sweep induces a current that is recorded as a function of the applied potential. In
battery materials, the resulting plot, a cyclic voltammogram, typically features peaks
corresponding to the oxidation and reduction processes occurring during the potential
sweep. However, in materials where charge storage is dominated by surface processes, e.g.,

capacitor-like materials, the resulting CV is typically rectangular. In pseudocapacitive
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materials, where redox processes happen near the surface or by fast intercalation processes,

the CV typically looks rectangular with small redox features (Fig. 4.10).

Cyclic voltammetry is highly versatile and can be applied under various conditions, such
as in different electrolytes, at various temperatures, and at different scan rates. This
versatility makes it an essential tool in the study of complex redox processes, especially in

the development of new materials for electrochemical applications.

Capacitor-like Pseudocapacitive Battery-like
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Figure 4.10: Schematic of cyclic voltammograms of capacitive, pseudocapacitive, and batter-like
behaviour, inspired by Ref.?!? with permission from the American Chemical Society, Copyright ©
2018.

4.2.3 Galvanostatic Charge and Discharge

Galvanostatic charge and discharge (GCD) is a fundamental technique used to evaluate the
performance and stability of electrochemical energy storage devices, such as batteries and
supercapacitors. The technique involves applying a constant current to an electrochemical
cell while monitoring the voltage response over time. This method is particularly valuable
in determining key parameters such as capacity, energy density, power density, rate

handling, and cycle life of electrodes.

During a galvanostatic charge, a constant current is applied to the electrochemical cell,
causing the cell voltage to rise as the battery charges. This process continues until a
predetermined voltage limit is reached (called the upper cut-off voltage), at which the
current is turned off or switched to a discharge mode. In the discharge phase, the current is
reversed, and the voltage is monitored as it decreases until a lower voltage limit is reached
(called the lower cut-off voltage). The voltage response during both charging and

discharging provides insight into the internal processes occurring within the cell. When
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choosing a three-electrode electrochemical cell setup employing working, counter and
reference electrodes, it is possible to monitor the electrode potential of the working
electrode (versus the reference electrode) instead of monitoring the cell voltage. This will

yield useful information on a materials level instead of cell level.

One of the primary functions of GCD is its ability to simulate real-world operating
conditions, as many applications of batteries and supercapacitors involve charging and
discharging at constant currents. This method allows the measurement of the gravimetric

specific capacity C, given by

It

C =

(4.4)

mam

Where C is gravimetric specific capacity, I is applied current, t is time, and my,, is the

mass of electrode active material.

GDC also helps determine the Coulombic efficiency, which is the ratio of the charge output
during discharge (negative current) to the charge input during charging (positive current).
A high Coulombic efficiency indicates minimal losses due to irreversible reactions, i.e., a

high chemical reversibility of the electrochemical reactions.

Similar to CV, the shape of the voltage profiles obtained by GCD also indicates the charge
storage mechanism, from capacitor-like, to pseudocapacitive, to battery-like (Fig. 4.11).2"°
Additionally, by repeating the charge-discharge cycles, one can assess the cycle life of the
device, which indicates how many cycles the device can undergo before its capacity

significantly fades, making it a vital metric for the longevity of batteries and capacitors.
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Figure 4.11: Schematic of GCD profiles of capacitive, pseudocapacitive, and battery-like

electrodes showing linear and non-linear evolution of potential with time.
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4.2.4 Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful, versatile, and non-
destructive analytical technique used to characterize the electrical properties of
electrochemical systems. EIS provides insights into electronic and ionic conductivity,
charge transfer, and other dynamic processes occurring within electrochemical energy

storage systems.?2

In EIS, the impedance that a system presents to an alternating current (AC) over a range of
frequencies is measured. Impedance is a complex quantity with both amplitude and phase
components, which vary depending on the frequency of the applied signal (as opposed to

the resistance, which is frequency-independent). The impedance is expressed by:
Z(w) = |Z|(cosp + jsing) = Z' +jZ" 4.5)

where Z' is the real component of impedance, representing resistance, and Z” is the
imaginary component representing reactance, |Z|, the module of impedance, and ¢ = wt, is

the phase.??!

By sweeping through a range of frequencies, EIS generates a spectrum that can be used to
infer various properties of the system under study, typically represented as a Nyquist plot
(Fig. 4.12). In a Nyquist plot, the real part of the impedance, Z', is plotted against the
imaginary part, Z". These plots provide a representation of the system's response to the
applied AC signal and can be used to distinguish between different processes, such as

resistive, capacitive, and inductive responses.

The interpretation of EIS data often depends on equivalent circuit models, which simulate
the battery's behaviour through a network of simple electrical circuit elements. Such circuit
elements include resistors (R), capacitors (C), and Warburg impedance (W), which is a
complex quantity representing the mass transfer of redox species to the electrode surface,
typically appearing as a 45° line at the low frequency range. These models allow us to
calculate physical quantities, such as individual contributions of difference sources of
impedance in the battery. However, it's crucial to recognize that they provide only a partial
understanding of the battery's physical processes. This limitation stems from the fact that

the correlation between the electrical elements in the circuit and the electrochemical
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processes within the battery is largely phenomenological, rather than being a direct measure
of the underlying physical phenomena.??? Therefore, effective interpretation of EIS data

requires careful selection of equivalent circuit model.
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Figure 4.12: [llustration of a Nyquist plot and the corresponding equivalent circuit representation.
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5. Materials and Methods

5.1 Materials and methods for the study on: nanoconfinement-induced

electrochemical ion-solvent cointercalation into layered titanate host materials

The experimental details discussed in this chapter were reported in submitted or published

manuscripts, see Chapter 6. 1.

5.1.1 Materials synthesis

Hydrogen tetratitanates (H2T1409 H20, hereon referred to as HTO) was synthesized as per
the process reported by Izawa et al where first a potassium tetratitanate (K>Ti4O9) precursor
was obtained by heating a mixture of potassium carbonates (K2CO3, VWR Chemicals) and
titanium (IV) oxide (TiO2, Thermo Scientific) in a 1:3.5 molar ratio at 800°C for 20h in a
muffle furnace (Nabertherm P330) and then another 20h after grinding with a mortar and
pestle.®® Then, to obtain HTO, 1 g of the obtained K>Ti4O9 was stirred in 200 mL of 1 M
hydrochloric acid (HCI, VWR Chemicals) for 3 days at 60°C. The acid solution was
changed daily to remove the exchanged K. The obtained product was filtered and dried at

room temperature under air flow before subsequent characterization.

To obtain alkylamine-pillared HTO, the HTO powder was stirred in aqueous solutions of
the alkylamine at room temperature for 3 days as per a modified protocol similar to Izawa’s.
%> For HTO-PA, 200 mg of HTO powder was added to 6.66 ml of a 50 vol% aqueous
solution of propylamine (CsH9oN, Thermo Scientific). For HTO-HDA, 200 mg of HTO were
added to 6.66 ml of 60 vol% aqueous solution of /,6-Hexanediamine (CsHisN2, VWR
Chemicals). The obtained powder was filtered and washed with deionized water several

times until the pH of the solution was neutral, then left to dry in air at room temperature.

5.1.2 Structural and morphological characterization

Powder X-ray diffraction (XRD) patterns of the samples were obtained using a Bruker D8
Advance equipped with a Cu K, radiation source (A = 0.15406 nm). The patterns were
recorded in Bragg-Brentano mode in the 26 range between 2° and 40° 20 with 0.02° step

size.
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Scanning electron microscopy (SEM) imaging was performed using a ZEISS Crossbeam
340 electron microscope operated at 5 kV and working distance of 7.4 mm. Raman spectra
were obtained using a Renishaw Invia Raman spectrometer equipped with an Nd:YAG
laser with a wavelength of 633 nm using 1.7 mW laser power. Thermogravimetric analysis
of the powder samples was performed using a NETZSCH TG 209 F1 Libra thermal
analyzer under O/N, flow at a heating rate of 5 K min in Al crucibles loaded with ca. 5

mg of material.

Fourier-transform infrared spectroscopy (FTIR) spectra of the LP30 electrolyte and the
cycled electrodes were obtained using a PerkinElmer Spectrum Two™ spectrometer in the
wavenumber range 4000 to 400 cm™!. Prior to obtaining the spectra, the electrodes were
cycled in coin cells at constant current of 50 mA g!, held at the desired potential for 12
hours, then recovered from coin cells and washed in an Ar-filled glovebox with DMC
solvent, and finally dried in vacuum for 5 minutes at room temperature. For postmortem

TEM imaging, the electrodes underwent a similar washing and drying step after 50 cycles.

Inductively Coupled Plasma (ICP) analysis was performed using a Spectro ARCOS FHS12
inductively coupled plasma optical emission spectrometer (ICP-OES). The sample was
dissolved in aqua regia (mixture of HCI:HNO3 with molar ratio 3:1), and treated in a

microwave twice to dissolve the solid powder particles.

X-ray photoelectron spectroscopy (XPS) of the synthesized powder samples was performed
in a fixed analyzer transmission mode, using a monochromatic Al Ka (hv = 1.487 eV) X-
ray and a Phoibos 150 XPS spectrometer (Surface Concept) with a micro-channel plate and
Delay Line Detector (DLD). High resolution Ti 2p, C 1s, N 1s, and O Is regions were
acquired with an X-ray power source of 200 W (12 kV), pass energy of 30 eV, and 0.1 eV
energy steps. The spectra analysis was carried out by CasaXPS software, using a nonlinear

Shirley-type background.

Transmission Electron Microscopy (TEM) of the HTO, HTO-PA, and HTO-HDA samples
was performed using a ThermoFisher Talos F200i TEM at a low acceleration voltage of 80
kV. Samples were prepared for TEM analysis by collecting a small amount of powder on

a holey carbon TEM grid.
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Density functional theory (DFT) calculations were performed using the Vienna ab initio
Simulation Package (VASP)?>*??* with the Perdew—Burke—Ernzerhof (PBE)?* form of the
generalized-gradient-approximation exchange correlation functional. The projector
augmented wave (PAW) potential was used to describe the electron—nuclei interaction.??
An energy cutoff of 450 eV was used for the plane wave basis sets. Based on the ratios of
HTO to HDA (1:1), HTO to PA (1:1.5), and the different symmetries in the distribution of
PA, we constructed the following structures: the structures of HTO-HDA were simulated
by a supercell containing 4 H>Ti409 and 4 NH2CsH12NH> formula units, HTO-PA were
simulated by a supercell containing 4 H>Ti409 and 6 C3H7NH; formula units or 8 H2Ti4O09
and 12 C3H7NH: formula units. All degrees of freedom were relaxed with a force
convergence criterion of 0.05 eV A™! and energy convergence criterion of 10° eV. A 1 x 2

x 2 Monkhorst—Pack k-point grid was adopted for Brillouin zone integration.??’” DFT-D3

was used to account for the van der Waals interaction.?%?

5.1.3 Electrochemical characterization

The synthesized powder samples were used to make electrode slurries where the active
material, conductive carbon (C65, C.Energy), and polyvinylidene fluoride (PVdF, Solvay)
binder (2 wt.% PVDF dispersed in N-Methyl-2-pyrrolidone, NMP, Thermo Scientific)
were mixed in an 8:1:1 mass ratio. The slurries were then cast on carbon-coated aluminium
current collector using a Doctor Blade, and the wet thickness was set to 60 um. The cast
electrodes were then left to dry overnight in circulating air (fume-hood) at room

temperature, and then further in vacuum at room temperature overnight.

Electrochemical measurements in the Li-ion system were performed in 2032-type coin cells
versus 12 mm diameter metallic Li (Honjo) disc electrode, LP30 (1M LiPF¢ in 1:1 vol%
EC:DMC, Solvionic) was used as electrolyte, and a 19 mm diameter Whatman glass
microfiber (grade GF/A) was used as a separator. For electrochemical impedance
measurements, three-electrode cells (stainless-steel Swagelok-type “T-cells”) were used
with a 12 mm diameter Li metal disk and a small, 5 mm diameter Li metal piece were used
as counter and quasi-reference electrodes, respectively. A 13 mm diameter Whatman glass
microfiber disk was used as separator. For full-cell characterization, electrodes

compromising 92 wt.% LiNio.sMno2Co00202 (NMC622, BASF), 4 wt.% C65 conductive
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carbon, and 4 wt.% PVDF were used as positive electrodes in T-cell configuration with a

5 mm diameter Li-metal disk as an auxiliary quasi-reference electrode.

To make electrode slurries for in situ X-ray diffraction measurements, the active material
powder, conductive C65 carbon, and PVDF were mixed in 7:2:1 ratio. The slurry was drop-
cast onto a 12 mm diameter Ti mesh, achieving a mass loading of ca. 5 mg cm™, and left
to dry under air circulation, then later under vacuum at room temperature. In situ X-ray
diffraction patterns were recorded during galvanostatic cycling of the cast electrodes
against Li metal in LP30 electrolyte with a current rate of 50 mA g’! using a Bio-Logic SP-
300 potentiostat, in a coin cell setup with x-ray-transparent thin Kapton® windows on both
sides of the coin cell. The diffractograms were recorded using a STOE STADI-p
diffractometer in transmission geometry with Mo Kg radiation (0.70932 A), equipped with
a DECTRIS MYTHEN 1 K strip detector.

Staircase potential electrochemical impedance spectroscopy (SPEIS) measurements in the
Li-ion system were recorded using 3-electrode T-cells in the frequency range 200 kHz to
100 mHz, with a voltage amplitude of 10 mV. The potential was changed from OCV to 1
V vs. Li"/Li in 100 mV increments, with a 2-hour holding step at each potential prior to

recording an impedance spectrum.

Galvanostatic intermittent titration technique (GITT) measurements were conducted in
coin cells after one galvanostatic cycle at 50 mA g™ current rate. The measurements were
performed by applying a 30-minute, 20 mA g current pulse followed by a 2-hour rest.
Internal resistance was calculated by dividing the overpotential (difference between the
voltage at the end of the current pulse step and the voltage at the end of the relaxation step)

by the applied current.

For EQCM measurements, electrodes were prepared by drop casting 35 pL of a dispersion
of HTO or HTO-PA onto a gold-coated (Au with Ti adhesion layer) 5 MHz quartz crystal
(AWSensors). The dispersions consisted of 95 wt.% active material powder to 5 wt.%
PVDF binder dispersed in NMP at 2 mg ml™! concentration. This resulted in active material
loadings of ca. 60 ug cm™. Dispersions were sonicated for 2 hours in an ice-cooled
sonication bath prior to drop casting. Hermetically sealed EQCM cells were assembled in
a glovebox, with Li metal strip as CE/RE and 1M LiClO4 in EC:DMC as electrolyte. The
hexafluorophosphate salt from typical LP30 electrolyte must be avoided in EQCM
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experiments due to side reactions with the gold coating of the sensor. The measurements
were conducted using an AWSensors X1 Platform was used in combination with Bio-Logic

SP-300 potentiostat with the temperature control unit set to 23°C.

Electrochemical dilatometry (ECD) measurements were conducted using an ECD-4-nano
dilatometer (EL-CELL Co.). Free-standing electrodes were prepared by mixing the active
material, conductive carbon (C-NERGY Super C65, Imerys), and polytetrafluoroethylene
(PTFE, 60 wt. % aqueous solution, Sigma-Aldrich) in a ratio of 80 wt. %, 10 wt. %, and 10
wt. %, respectively. Once the mixture achieved a dough-like consistency, it was calendared
to form a sheet with a uniform thickness of ca. 50 um. The sheet was then dried under
vacuum at 60 °C, and 8 mm diameter electrodes were subsequently cut. After assembly,
the ECD cell was allowed to rest at open circuit potential (OCP) for 6 hours before the
electrochemical measurements. All ECD measurements were carried out in a climate-

controlled chamber at 22 °C.

5.2 Materials and methods for the study on: pillared layered titanates promote

fast Na-ion intercalation

The experimental details discussed in this chapter were reported in submitted or published

manuscripts, see Chapter 6.2.

5.2.1 Materials synthesis

Hydrogen tetratitanates (HTO), propylamine-pillared tetratitanate (HTO-PA) were
synthesised using the same procedure described in Section 5.1.1.

5.2.2 Structural and morphological characterization

Powder X-ray diffraction (XRD) patterns of the samples were obtained using a Bruker D8
Advance equipped with a Cu Ka radiation source (A = 0.15406 nm). The patterns were

recorded in Bragg-Brentano mode in the 26 range between 2° and 40° with 0.02° step size.

Atomic force microscopy (AFM) measurements were recorded using a Bruker Dimension
Icon® device and a Bruker SCM-PIT-V2 tip in tapping mode. Prior to imaging, the powder
samples were dispersed in N-Methyl-2-pyrrolidone (NMP) solution, sonicated, then drop

cast on glassy carbon substrates and left to dry in circulating air overnight.
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Scanning electron microscopy (SEM) imaging was performed using a ZEISS Crossbeam

340 electron microscope operated at 5 kV and working distance of 7.4 mm.

5.2.3 Electrochemical characterization

The synthesized powders were used to make electrode slurries where the active material,
conductive carbon (C65, C.Energy), and polyvinylidene fluoride (PVdF, Solvay) binder (2
wt% PVDF dispersed in N-Methyl-2-pyrrolidone, NMP, Thermo Scientific) were mixed in
a 8:1:1 mass ratio. The slurry was then cast onto carbon-coated Al current collectors using
a DoctorBlade with a wet film thickness set to 60 um. The cast slurries were set to dry
overnight in circulating air, then subsequently cut into 12-mm discs and dried overnight in

vacuum at room temperature.

Except for electrochemical dilatometry, all electrochemical measurements in the Na-ion
system were performed in 2032-type coin cells versus a 12 mm diameter metallic Na disc
electrode (Acros Organics, 99.8%), IM NaPFs in EC:PC (UBE) was used as electrolyte,
and Whatman glass microfiber (grade GF/A) as separator. All electrochemical

measurements of Na-ion cells were conducted at 20 °C.

Electrochemical dilatometry (ECD) measurements were conducted using an ECD-4-nano
dilatometer (EL-CELL Co.). Free-standing electrodes were prepared by mixing the active
material, conductive carbon (C-NERGY Super C65, Imerys), and polytetrafluoroethylene
(PTFE, 60 wt.% aqueous solution, Sigma-Aldrich) in a ratio of 80 wt.%, 10 wt.%, and 10
wt.%, respectively. Once the mixture achieved a dough-like consistency, it was calendared
to form a sheet with a uniform thickness of ca. 50 um. The sheet was then dried under
vacuum at 60°C, and 8 mm electrodes were subsequently cut. After assembly, the ECD cell
was allowed to rest at open circuit potential (OCP) for 6 hours before the electrochemical
measurements. All ECD measurements were carried out in a climate-controlled chamber at

22°C.
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5.3 Materials and methods for the study on: Mechanistic understanding of
microstructure formation during synthesis of metal oxide/carbon

nanocomposites

The experimental details discussed in this chapter were reported in submitted or published

manuscripts, see Chapter 6.3.

5.3.1 Materials synthesis

Molybdenum oxide dihydrate (MoOs3-2H>O) was synthesized via a modified Freedman
method.??® 50 grams of sodium molybdate dihydrate Nax2MoO4-2H,O (VWR International)
were dissolved in 100 mL of deionized H>O and slowly added to 300 mL of 5 mol L"!
HNO;3 (VWR International) through a burette under continuous stirring. The solution was
stirred at room temperature for about 2 weeks, then the stirring was stopped for another
week, until a significant amount of yellow precipitate was visible. The precipitated
MoOs;-2H>0 was recovered via filtration of the solution through a Biichner funnel (reaction
yield around 20 g), subsequent washing with about 3 L of deionized H2O and drying at

room temperature for 1 week.

Octylamine-functionalized molybdenum oxide (MoOx-OA) was synthesized by dispersing
2 grams of M0O3-2H>0 in 57 mL of ethanol under stirring, before adding 1.43 grams (1.825
mL) of octylamine (Sigma Aldrich) to obtain a molar ratio of Mo:OA of 1:1. The solution
was stirred for 3 days at room temperature until a white precipitate formed. The precipitate
was recovered by washing and centrifugation with ethanol at 2000 rpm for 5 minutes for 3
times and drying at 80 °C overnight. While in this study, a molar ratio of Mo:OA of 1:1

was chosen, variation of the ratio yields structures with similar crystallography (Fig. S3.1).

Octylamine-derived molybdenum oxide-carbon composite (MoOx-C) was synthesized by
pyrolysis of MoOx-OA in a tube furnace under flowing argon atmosphere at 700 °C for 2

hours, with a heating rate of 5 K min!, then allowed to cool to room temperature.

In order to compare the electrochemical properties to conventional molybdenum oxide,
Mo0Os-2H,0 underwent the same thermal treatment described above, but without assembly of OA
in the interlayer (i.e., in absence of the carbon source). This led to a partially reduced form of

molybdenum oxide (MoOs.).
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5.3.2 Structural and morphological characterization

Powder X-ray diffraction (XRD) patterns of all the samples were obtained using a Bruker
D8 Advance equipped with a Cu Ko radiation source (A = 0.15406 nm). The patterns were
recorded in Bragg-Brentano mode in the 20 range between 2° and 60° 260 with 0.02° step

size.

X-ray photoelectron spectroscopy (XPS) of MoOx-C powder was performed in a Fixed
Analyzer Transmission mode, using a monochromatic Al Ka (hv =1.487 eV) X-ray and a
Phoibos 150 XPS spectrometer (Surface concept) equipped with a micro-channel plate and
Delay Line Detector (DLD). High resolution Mo 2p, C 1s, and O 1s regions were acquired
with a X—ray power source of 200 W (12 kV), pass energy of 30 eV, and 0.1 eV energy
steps. The spectra analysis was carried out by CasaXPS software, using a nonlinear Shirley-

type background and 70% Gaussian and 30% Lorentzian profile functions.?*°

Scanning electron microscopy (SEM) imaging was performed using a ZEISS Crossbeam
340 electron microscope operated at 5 kV and working distance of 7.7 mm. Raman spectra
were obtained using a Renishaw Invia Raman spectrometer equipped with an Nd:YAG
laser with a wavelength of 532 nm using 0.25 to 5 mW laser power. Thermogravimetric
analysis coupled with simultaneous mass spectroscopy (TGA-MS) and Fourier transform
infra-red spectrometry (TGA-FTIR) of the pyrolysis gas was performed using a NETZSCH
TG 209 F1 Libra thermal analyzer under Ar flow at a heating rate of 10 K min™! from 40 to
700 °C in ALlO; crucibles of 80 pL loaded with ca. 20 mg of material. MS data were
acquired with a QMS 403 Aéolos Quadro mass spectrometer in the 10-300 m/z range, while
FTIR spectra were recorded using a Bruker Invenio spectrophotometer in absorption mode,

in the range of 4500-650 cm™ and at a resolution of 2 cm™'.

Scanning transmission electron microscopy (STEM) was carried out at 200 kV and with a
semi-convergence angle of 24.7 mrad in an aberration-corrected Titan G2 60-200
CREWLEY microscope (ThermoFisher Scientific, formerly FEI, Netherlands) equipped
with a high-brightness field emission electron gun and a Super-X energy-dispersive X-ray
spectroscopy (EDS) system. High-angle annular dark-field (HAADF) images were
acquired to make use of the associated Z-number contrast with a semi-collection angle of

69-200 mrad.
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Samples for STEM were prepared using a dual-beam Helios NanoLab400S
(ThermoFischer Scientific, formerly FEI, Netherlands) focused ion beam (FIB). Powder
particles were fixated on a conventional scanning electron microscope stub using glue.
Afterwards, regions of high particle density were identified, and Pt was deposited on top to
make a good connection between the particles. A conventional lift-out technique was
applied to transfer the thick TEM lamella onto a TEM grid. Before thinning the lamella,
the side of it was again glued with Pt to maintain a good particle connection during thinning.
Finally, the sample was thinned down to electron transparency with a final thinning step
consisting of 5 kV ion polishing to reduce beam damage and Ga contamination as much as

possible.

5.3.3 Electrochemical characterization

The electrode slurries were prepared by mixing 80 wt.% active material and 10 wt.%
conductive carbon black (Super C65, C-NERGY) in an agate mortar, followed by the
addition of 10 wt.% polyvinylidene fluoride (PVDF, Solef 6020, Arkema Group) in N-
Methyl-2-pyrrolidone solvent (NMP, anhydrous, Sigma-Aldrich, 2 wt.% of PVDF in
NMP). The slurries were homogenized using a planetary mixer (Thinky, ARE-250) and
then cast onto aluminium and copper foil current collectors (Wellcos Corporation) using a
laboratory scale doctor blade (wet film thickness set to 60 um). The cast electrodes were
further dried in an oven set at 80 °C overnight. Electrode discs 12 mm in diameter were
then punched with active material loading ranging between 0.7 to 0.9 mg cm™, and dry

coating thickness ranging between 12.0 to 13.8 pm.

All cyclic voltammetry and galvanostatic cycling measurements were done in 2-electrode
configuration coin cells, where 12 mm diameter metallic Li discs were used as a counter
and reference electrode and glass microfiber (Whatman grade GF/A) as separator. Standard
LP30 (1 M LiPF¢ in 1:1 volume mixture of ethylene carbonate and dimethyl carbonate,
Solvionic) was used as the electrolyte. Electrochemical measurements were performed in
temperature-controlled chambers (Binder) at 20 °C using a potentiostat/galvanostat (Bio-
Logic VMP3). The potential window was between 1.1 and 3.1 V vs. Li"/Li (for MoOx-C)
or 1.5 and 3.5 V vs. Li"/Li (for MoO3.) to study the Li" intercalation reaction. To study the
conversion reactions at more negative potentials, the electrodes were cycled between 0.01

and 3 V vs. Li"/Li.
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Electrochemical impedance spectroscopy (EIS) measurements were performed in custom-
made 3-electrode cells, where the components are sandwiched between two spring-loaded
titanium pistons, and Li foils were used as separate counter and reference electrodes.
Detailed description of the cell is found in ref.?*!. Impedance spectra were recorded under
open circuit potential conditions with sinusoidal potential amplitude of 10 mV, in the

frequency range between 200 kHz and 100 mHz.
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6. Results and Discussion

The results discussed in this chapter have been reported in the following either already

published articles or ones under preparation:

e Section 6.1: Mennatalla Elmanzalawy, Haohong Song, Maciej Tobis, Robert
Leiter, Jachoon Choi, Hyein Moon, Wan-Yu Tsai, De-en Jiang, and Simon
Fleischmann (2025), Nanoconfinement-Induced Electrochemical Ion-Solvent
Cointercalation in Pillared Titanate Host Materials, Angewandte Chemie

International Edition, 64, €202423593. DOI: 10.1002/anie.202423593

e Section 6.2: Mennatalla Elmanzalawy, Maciej Tobis, Wan-Yu Tsai, and Simon
Fleischmann. Interlayer expansion of hydrogen titanate anodes improves
electrochemical Na" intercalation kinetics and reversibility, pre-print. DOI:

10.26434/chemrxiv-2024-d9x01

e Section 6.3: Mennatalla Elmanzalawy, Alessandro Innocenti, Maider Zarrabeitia,
Nicolas J. Peter, Stefano Passerini, Veronica Augustyn and Simon Fleischmann
(2023), Mechanistic understanding of microstructure formation during synthesis of
metal oxide/carbon nanocomposites. Journal of Materials Chemistry A, 11(32),

17125-17137. DOI: 10.1039/D3TA01230A
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6.1 Nanoconfinement-induced electrochemical ion-solvent cointercalation into
layered titanate host materials

This section is reproduced from the published article: Nanoconfinement-Induced Electrochemical
lon-Solvent Cointercalation in Pillared Titanate Host Materials, Angewandte Chemie International

Edition, 64, e202423593. DOI: 10.1002/anie.202423593

Abstract

Electrode materials for Li-ion batteries require both high capacity and power capability.
However, the kinetics of Li" intercalation in layered materials are often limited by the
charge transfer step, which involves (partial) desolvation and ion transport to intercalation
sites within the host material. Expanding the interlayer spacing of layered materials through
the insertion of molecular pillars offers a promising strategy to improve Li" intercalation
kinetics by enabling the cointercalation of solvent molecules, thus reducing the energy
barrier for charge transfer. In this study, we investigate the effects of interlayer pillaring on
the Li" intercalation kinetics in a layered hydrogen titanate, (H.TisOoH,O, HTO),
functionalized with two types of organic pillars: a non-cross-linking monoamine,
propylamine (PA), and a cross-linking diamine, hexanediamine (HDA). Electrochemical
characterization reveals that HTO functionalized with propylamine (HTO-PA) outperforms
both unmodified HTO and HTO functionalized with hexanediamine (HTO-HDA) in terms
of capacity, rate capability, cycling stability, and reduced charge transfer resistance across
various potentials. A range of advanced characterization techniques suggested that the ion-
solvent cointercalation mechanism plays a key role in HTO-PA, leading to improved
intercalation kinetics. Operando XRD showed a large expansion of the d-spacing during
lithiation of HTO-PA, in contrast to a contraction observed during lithiation in HTO, and
these results were supported by electrochemical dilatometry, indication the insertion of a
larger species, such as solvated Li" ions. Ex situ FTIR measurements suggest the presence
of solvent molecules in the lithiated state of the HTO-PA electrodes, and EQCM
measurements confirmed the insertion of a species with a large molar mass during
lithiation. Overall, our findings demonstrate the potential of molecular pillars to modify the
interlayer nanoconfinement environment, promoting ion-solvent cointercalation and

facilitating fast intercalation kinetics and low temperature operation.
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In this work, we investigate the layered titanate H2Ti4O9-H20O and increase its interlayer
spacing from 0.88 to 1.58 nm by chemical insertion of organic molecular pillars. This
allows in a first step to study the influence of nanoconfinement geometry on the
electrochemical ion intercalation properties. Furthermore, using either n-propylamine (PA)
or /,6-hexanediamine (HDA) pillars, an identical expanded interlayer spacing is obtained.
But while HDA pillars with two ammonium groups cross-link the titanate layers, PA pillars
are non-crosslinking, likely impacting how electrochemically induced strain is
compensated within the host lattice. We utilize a combination of experimental and
theoretical methods to derive precise structural models of the pillared titanates.
Electrochemical Li" intercalation capacity from organic electrolyte can be increased from
ca. 2.1 to 2.95 Li" per tetratitanate when pillaring with non-cross-linking PA molecules.
Using a combination of operando X-ray diffraction (XRD), electrochemical dilatometry
(ECD) and electrochemical quartz crystal microbalance (EQCM), we unambiguously
identify a pillaring-induced change in intercalation mechanism from solid-solution

intercalation to ion-solvent cointercalation.

6.1.1 Physicochemical characterization

Layered potassium tetratitanate is synthesized via a solid-state approach, yielding
monoclinic K>Ti409 (KTO) with a rod-like morphology (Fig. S1.1-2). The confined
interlayer potassium is subsequently exchanged by protons and water via treatment in HCI

according to earlier work of Izawa et al.®

. The resulting hydrogen tetratitanate
H>Ti40O9H20 (HTO) retains the rod-like morphology of KTO as indicated by scanning
electron microscopy (SEM, Fig. 6.1A). The rods measure up to several microns in lengths
and several hundreds of nanometers in diameter, in agreement with previous reports.?*> The
chemical composition of the nanoconfined interlayer environment of HTO can be further
modified with organic amine-based molecular pillars replacing interlayer water*® without
leading to any visible modification of the macroscopic rod-like morphology as shown by
SEM micrographs (Fig. 6.1A-C). Propylamine (PA) and 1,6-hexanediamine (HDA) are
selected as molecular pillars with one or two anchoring amine groups, respectively. The
reason is the assumption that monofunctional PA bonds to one layer of the titanate host

resulting in a separated HTO structure, while bifunctional HDA interacts with two adjacent

titanate layers leading to a cross-linked HTO structure. Hence the pillar choice allows to
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compare the influence of interconnectivity of the pillared structure on the volumetric

expansion behavior when used as electrochemical ion intercalation hosts.

To examine the pillar-induced changes in crystal structure, powder X-ray diffraction
(XRD) patterns of the pristine HTO and the molecularly pillared HTO-PA and HTO-HDA
are shown in Fig. 6.1D. The XRD pattern of as-synthesized HTO is in close agreement
with that reported in literature (PDF 00-036-0655), which indicates the successful synthesis
of the protonated/hydrated phase from the precursor K»>Ti4O9. ICP results (Table S1.1)
show that only negligible amounts of potassium remain in the structure (ca. 0.2 wt.%),
indicating successful ion exchange by acid treatment. Upon the introduction of the
molecular pillars, both HTO-PA and HTO-HDA exhibit a strong shift of the peak of the
(200) set of planes to lower angles, indicative of an increase in the interlayer spacing from
0.88 nm in the pristine HTO to 1.58 nm in both HTO-PA and HTO-HDA. The similar
interlayer spacing and morphology of the two molecularly pillared titanates, HTO-PA and
HTO-HDA, permits to exclusively assess the impact of cross-linking versus layer-

separating/non-cross-linking molecular pillars on the electrochemical properties.

Quantification of nanoconfined interlayer molecules (water, or organic pillars) is conducted
using thermogravimetric analysis (TGA, Fig. 6.1E). Heating to 600 °C in synthetic air
atmosphere converts H>TisO¢ into 4 TiO> by dehydration/dehydroxylation®**>3
(corresponding to 94.7 % of the initial mass). At the same time, there is a complete removal
of nanoconfined molecular species by combustion and/or evaporation, hence any additional
mass loss can be attributed to interlayer molecules.?*> Powder XRD patterns recorded after
each mass loss step show the structural changes occurring during heating (Fig. S1.3). For
pristine HTO, an overall mass loss of 10.1 % is measured, indicating an initial composition
with a structural formula H2Ti409:0.99H20. The measured overall mass loss for HTO-PA
i1s 24.7 %, indicating the initial composition H>Ti4O9-1.47PA, and for HTO-HDA it is
28.8 % suggesting the structural formula H>Ti4O9-0.96HDA. Hence it is reasonable to
approximate the nanoconfined interlayer chemistry of HTO, HTO-PA and HTO-HDA as 1
H>O, 1.5 PA and 1 HDA molecules, respectively. These values are further utilized for

theoretical calculation of the structure.

Considering the measured interlayer spacing of HTO-PA and HTO-HDA, as well as the
quantification of nanoconfined pillaring molecules from TGA, the energetically favourable

pillar conformation within the interlayer space is calculated using density functional theory
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(DFT, Fig. 6.1F-G). For the HTO-PA system, since PA is a smaller molecule, we
considered three main configurations: fully perpendicular, fully parallel, and mixed models
with respect to the HTO basal plane. The calculations show that, in the fully perpendicular
configuration, the d-spacing is only 1.38 nm. As more PA molecules align parallel to the
basal plane, the d-spacing gradually increases. The PA bilayer structure allows the
monofunctional PA molecules to interact effectively with the —OH groups on both the upper
and lower HTO layers, forming hydrogen bonds, thereby achieving a d-spacing of 1.58 nm

and a relatively low energy state.

For the HTO-HDA system, we mainly considered two scenarios: HDA aligned parallel or
perpendicular to the HTO basal plane. DFT structural optimization revealed that in the
perpendicular configuration, both —NH> functional groups of HDA can symmetrically
interact with the —OH groups of the top and bottom HTO layers, forming hydrogen bonds
and achieving the lowest relative energy. In contrast, when HDA is aligned parallel to the
basal plane, the d-spacing is 1.51 nm. Due to the mismatch between the length of HDA
single molecule and the spacing between —OH groups in HTO, insufficient hydrogen
bonding occurs, resulting in slightly higher energy compared to the perpendicular

configuration.
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Figure 6.1: Structure and composition of HTOs: Scanning electron microscopy images of (A)
H,Tis0yH,0 (HTO), (B) HTO-HDA and (C) HTO-PA. (D) Powder XRD patterns of HTO, HTO-
PA, HTO-HDA, and the PDF of H,TisO9H>O as reported in the literature. (E) TGA and dTG
(derivative thermogravimetry) plots for HTO, HTO-PA and HTO-HDA, showing mass loss steps
and quantities. Optimized crystal structures of (F) HTO-PA and (G) HTO-HDA, obtained from

DFT calculations and considering structural formulae derived from TGA.

The structural properties of hydrogen titanate oxides (HTOs) with different
nanoconfinement chemistries were analysed at the nanoscale using transmission electron
microscopy (TEM, Fig. 6.2). All samples—HTO, HTO-PA, and HTO-HDA—exhibit a
consistent rod-like morphology (Fig. 6.2A-B, 6.2D-E, 6.2G-H), in agreement with the
images obtained from SEM. This morphology allows for the further analysis of individual
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free-standing rods via selected area electron diffraction (SAED). The recorded SAED
patterns for single crystals were subsequently compared with density functional theory

(DFT)-calculated crystal structures to validate the proposed models.

For the pristine HTO sample, the SAED pattern (Fig. 6.2C) aligns well with the simulated
powder XRD pattern (see Fig. S1.4 for the simulated powder XRD patterns and supporting
information for the crystallographic information file, CIF). Specifically, the (002)
reflection gives a d-spacing of 5.6 A, which closely matches the 5.7 A obtained from the
calculated powder XRD pattern. Similarly, the (110) and (220) reflections, with d-spacings
of 3.7 A and 1.9 A, respectively, correspond precisely to the values derived from the XRD
diffractogram (3.7 A and 1.9 A).

For the HTO-PA sample, the SAED-measured (008) reflection with d-spacing measuring
2.9 A was comparable to the simulated XRD value of 2.87 A, and the (220) reflection at
1.9 A also agreed with the simulated XRD diffractogram. Similarly, for the HTO-HDA
sample, the SAED-derived (40-4) reflection with d-spacing of 3.0 A and (1-10) with d-
spacing of 3.8 A were consistent with the corresponding simulated XRD values of 3.0 A

and 3.8 A, respectively.

Overall, the TEM and SAED analysis confirm the validity of the proposed structural
models for the pillared tetratitanates. It should be noted that the experimental structural
analysis is limited to the titanate host, while the conformation of organic pillars is indirectly
concluded based on minimized free energy and previous literature reports of confined

alkyl(di)amine pillars'23&238
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Figure 6.2: Transmission electron microscopy images and selected area electron diffraction pattern

(area indicated by red circle) of (A-C) HTO, (D-F) HTO-PA, and (G-I) HTO-HDA.

The interaction between nanoconfined pillars within the interlayer and the HTO-based host
lattice is analysed by Raman spectroscopy (Fig. 6.3A). This allows to assess any organic
pillaring-induced changes in bonding environment. The presence of organic pillars in HTO-
PA and HTO-HDA is confirmed by signals in the C-H stretching region (2800 to
3000 cm™).2* Moreover, the spectra of HTO, HTO-PA and HTO-HDA are highly
comparable in the wavenumber region below ca. 900 cm™ typically assigned to the Ti-O
lattice vibrations,?*® with no new major signals appearing. Shifts or broadening of certain
signals can provide information about host-pillar interactions. In HTO, the band at 267 cm”

I attributed to the Ti-OH bonds?*'**? blue shifts to 275 cm™! after pillaring with either PA
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or HDA. The Raman signals of HTO at 394, 452, 681 and 866 cm™ have previously been
assigned to protonated tetratitanate.?**>** They are still present (394 and 452 cm™), red shift
(681 to ca. 661 cm™) or broaden (866 cm™) after organic pillaring with PA and HDA. Other
peaks arising from the organic pillars are present in HTO-PA and HTO-HDA and can be
attributed to different components of the organic molecules (Fig. S1.5). The overall strong
similarity of the spectra is indicative of the tetratitanate intralayer structure remaining intact
after pillaring. Slight shifts/broadening of protonated titanate related signals suggests an

interaction between the organic pillars and the terminal protons of the titanate layers.

The nature of this interaction is further elucidated using X-ray photoelectron spectroscopy
(XPS, Fig. 6.3B-C). The Ti 2p region in pristine HTO and pillared HTO-PA and HTO-
HDA all contain a mixture of Ti oxidation states Ti*" and Ti** (Fig. 6.3B). The Ti**/Ti*
signal intensity ratio increases from 0.196 in pristine HTO to 0.212 in HTO-PA and further
to 0.355 in HTO-HDA. Pillaring of HTO with PA or HDA therefore results in the reduction
of the average Ti oxidation state, with more reduction in the case of HTO-HDA. This could
be explained by the overall higher number of amine groups in HTO-HDA compared to
HTO-PA (ca. 2 versus 1.5 amine groups per H2Ti4Oo, respectively). The N 1s core-level
spectra (Fig. 6.3C) reveal the coexistence of NH3 ™ and NH; species in the pillared materials,
suggesting that the organic pillar exists in the structure in both its free and ionic
(alkylammonium ion) forms.?*> The ratio of NH3" to NH, was estimated to be ca. 4 to 1 in
HTO-PA, and 2.5 to 1 in HTO-HDA, respectively. The higher NH3"/NH; peak intensity
ratio in HTO-PA suggests a higher tendency for the organic pillars to exist in their ionic
form compared to HTO-HDA, where the alkyldiamine molecule might contain an ionized
NH?" on one end and a neutral NH; on the other. Moreover, it is unlikely that covalent Ti-
N bonds are forming due to the absence of a Ti-N peak at 397.2 eV.?* These findings agree
with previous works that detected mixed NH, and NH3" species in alkylamine-pillared

titanates*® and alkyldiamine-pillared vanadia.?*®
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Figure 6.3: (A) Raman spectra, and XPS of (B) Ti 2p and (c) N 1s regions of HTO, HTO-PA, and
HTO-HDA samples.

6.1.2 Electrochemical characterization

With HTO, HTO-PA and HTO-HDA samples exhibiting highly comparable morphology
and intralayer crystal structure, the influence of their interlayer properties on the lithium
intercalation reaction can be analysed. Specifically, the comparison of pristine versus
pillared HTO allows to study the influence of interlayer spacing on the ion intercalation
mechanism. For pillared HTOs, nanoconfined propylamine (PA) or hexanediamine (HDA)
pillars lead to separated or cross-linked titanate layers, respectively. With both HTO-PA
and HTO-HDA exhibiting the same interlayer spacing, insights into the impact of

electrochemo-mechanics on the ion intercalation reaction can be gained.

Galvanostatic charge/discharge (GCD) profiles of the first five cycles of HTO, HTO-PA
and HTO-HDA at 50 mA g! in standard organic electrolyte (LP30) are shown in Fig. 6.4A-
C. All three samples exhibit a pronounced plateau for the lithium intercalation reaction.
The reduction plateau is located at ca. 1.7 — 1.5 V for HTO and at ca. 1.5 - 1.3 V for HTO-
PA and HTO-HDA, indicating a slight shift to a lower lithiation potential. All three samples
exhibit comparable initial coulombic efficiencies (72 - 77 %) with slight performance
degradation over the first five cycles (least pronounced for HTO-PA). This indicates that
organic pillars do not contribute to a decrease in initial efficiency or stability compared to

pristine HTO.

Cyclic voltammograms at a sweep rate of 0.1 mV s’ (Fig. 6.4D) give additional insights
into the (de)lithiation process. The shift to a lower lithiation potential for PA- and HDA-

pillared materials is clearly visible. The position of the delithiation (oxidation) peak for the
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three materials is different, showing a variation of the overpotential of the (de)lithiation
reaction. HTO-PA shows the lowest overpotential (ca. 150 mV) compared to HTO-HDA
(ca. 280 mV) and HTO (ca. 220 mV), indicating the highest electrochemical reversibility
of the three different host materials for nanoconfined PA pillars. Additionally, there is an
identical lower intensity set of redox peaks visible around 1.75 — 1.8 V for all samples.

247 indicative of minor

These can be attributed to (de)lithiation of anatase TiO> impurity,
secondary phases across all three titanate samples resulting from unreacted TiO> precursor
of the solid-state synthesis of K,>TisO9. Since it is present equally in each sample, its

influence on the overall comparability between the samples is negligible.

Quantitative analysis of the lithium intercalation capacity and kinetics is carried out by
GCD at varying rates between 50 — 5,000 mA g (Fig. 6.4E). The specific delithiation
capacities at low rates (fifth cycle) of HTO, HTO-PA and HTO-HDA are 157, 186 and 150
mAh g’!, respectively. There is a varying mass contribution of the different nanoconfined
interlayer molecules in the three samples, which are not participating in the reversible
charge storage process, namely 1.0 H20, 1.5 PA, or 1.0 had. The normalized maximum
reversible lithium storage capacities of the materials per tetratitanate is calculated as ca.
2.10 Li* for HTO, 2.95 Li* for HTO-PA, and 2.52 Li" for HTO-HDA. This demonstrates
that the maximum reversible ion storage capacity per transition metal is increased in
interlayer-expanded, organically pillared HTO materials. At increasing GCD rates, the
performance of HTO-PA remains superior compared to HTO and HTO-HDA. This
indicates superior charge storage kinetics when using separating/non-cross-linking PA
pillars compared to cross-linking HDA pillars, in line with the reduced overpotential
observed in HTO-PA and the lower internal resistance at low potentials obtained from
galvanostatic intermittent titration technique (GITT) measurements (Fig. S1.6). However,
the capacity retention of cross-linked HTO-HDA at high rates is still superior compared to
pristine HTO, indicating the general favourability of increased interlayer spacing for charge
storage kinetics. This is also in line with previous reports of our group on alkyldiamine-

pillared vanadium oxide host materials.”

The cycling stability of HTO-based materials is tested by GCD at an intermediate rate of
500 mA g! (Fig. 6.4F). The performance degradation is most severe for pristine HTO, with
a retention of 36 % of its initial capacity, while HTO-PA and HTO-HDA both retain about

55 % of their initial capacity after 1,000 cycles. The strong performance degradation for
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HTOs in organic lithium ion-based systems has been observed before and attributed to
hydrogen gas evolution at strongly reductive potentials.>*® This adverse effect on the
cycling stability appears to be weakened in HTO-PA and HTO-HDA. We hypothesize that
this is due to a stabilization of confined structural protons due to NH*" formation after
introduction of amine groups. Postmortem TEM images were recorded after cycling the
show no visible signs of exfoliation or structural degradation (Fig. S1.7). However, follow-

up work on the precise degradation mechanism of pillared HTO is required.
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Figure 6.4: Electrochemical performance of HTO and pillared HTO in the Li-ion system. A-C)
Galvanostatic charge and discharge plots of HTO, HTO-PA, and HTO-HDA showing the first 5
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cycles at specific current rate 50 mA g™ and the number of Li ions per Ti. D) CVs of HTO, HTO-
PA, and HTO-HDA showing the 2™ cycle, cycled at scan rate 0.1 mV s E) Rate handling of HTO,
HTO-PA, and HTO-HDA, showing anodic capacity at various values of specific current and the
corresponding coulombic efficiency of each cycle. F) Cycling performance of HTO, HTO-PA, and
HTO-HDA at specific current rate 0.5 A g and the corresponding coulombic efficiency.

The higher charge storage capacity, the shifted lithiation potential and the superior kinetics
of pillared HTOs (HTO-PA and HTO-HDA) compared to pristine HTO suggest that the
materials exhibit a different lithium intercalation mechanism. Therefore, the lithiation-
induced structural changes occurring in the different host materials are analysed during
electrochemical cycling using operando XRD. The electrode materials are cycled by GCD
at 50 mA g! in a modified coin cell setup with Kapton-sealed windows, while X-ray
diffractograms are continuously recorded in Debye-Scherrer geometry (transmission) with
a focus on the signal representative of the interlayer spacing, i.e., the (200) set of planes.
For pristine HTO, a continuous shift towards smaller interlayer spacing is observed during
electrochemical lithiation (Fig. 6.5A), indicating a contraction of titanate layers upon
insertion of a positive charge in the interlayer space. In the fully lithiated state, the HTO
interlayer spacing contracted from ca. 0.8 to 0.74 nm. The interlayer spacing reversibly
expands to its initial value after full electrochemical delithiation, suggesting a solid-
solution intercalation mechanism of Li". The behaviour is fully reversible and is in line
with previous observations of interlayer contraction of titanates upon proton or lithium

insertion.'3

For HTO-PA and HTO-HDA, the operando XRD profiles show a different behaviour
(Fig. 6.5B-C). For interlayer-expanded HTO-PA, upon lithiation, the interlayer spacing
further increases from 1.54 nm to ca. 1.68 nm. Upon delithiation, a further expansion to ca.
1.73 nm is observed. Similarly, the interlayer spacing of HTO-HDA further expands upon
initial lithiation to ca. 1.66 nm. Furthermore, in the second lithiation cycle, the signal
corresponding to the (200) plane loses intensity for both HTO-PA and HTO-HDA, which
indicates a loss of long-range crystalline order in these structures. This behaviour is
indicative of a different lithium intercalation mechanism in the two pillared HTO materials,
where the intercalating species apparently leads to stronger structural changes compared to
pristine HTO. We hypothesize that this is due to the intercalation of (partially) solvated Li"
from the electrolyte (ion-solvent cointercalation mechanism) induced by the different

nanoconfinement properties of the HTO hosts. The intercalation of large ion-solvent
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complexes could qualitatively explain the observed further expansion of the interlayer

spacing. Furthermore, this electrochemically induced expansion is likely facilitated by the

non-cross-linked structure of HTO-PA, explaining its superior kinetics compared to HTO-

HDA.
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Figure 6.5: Operando X-ray diffraction for A) HTO, B) HTO-PA, and C) HTO-HDA, highlighting
changes to the (200) plane peak during 2 cycles of galvanostatic charge and discharge at a current

rate of 50 mA g,

Given the difficulty of analysing the structural changes of electrode materials with reduced
crystalline long-range order during electrochemical cycling with XRD, we employ
complementary electrochemical dilatometry (ECD) analysis on HTO and HTO-PA
electrodes. The technique assesses the macroscopic height change of electrodes upon
electrochemical (de)lithiation.**® This allows us to verify the hypothesis of a
nanoconfinement-induced change in intercalation mechanism in HTO-PA. Electrochemical
(de)lithiation of HTO and HTO-PA electrodes over five consecutive cycles at a rate of 50
mA g ! and the associated dilatometric responses are shown in Fig. 6.6A, B. The significant
dilatometric height change in HTO-PA is in line with previously identified cointercalation
phenomena by ECD, such as the sodium-diglyme system in graphite, though smaller in
absolute magnitude.”® This can be explained by the already pre-expanded structure of
pillared HTO-PA that can more readily accommodate (partially) solvated ions. It underlines
that nanoconfinement-design of host materials can address the issue of excessive
volumetric change of cointercalation reactions that was identified, for example, in the

graphite case.?*
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With strong indications of cointercalation phenomena in HTO-PA given from the
perspective of the host material response, we now employ electrochemical quartz crystal
microbalance (EQCM) measurements to directly probe the nature of the intercalating
species. The method makes use of the linear relation between the change of resonance
frequency of a gold-coated quartz sensor and its mass according to the Sauerbrey
equation.?!3 The dissipation of the crystal at different overtones was monitored in air, prior
to cycling, to ensure the rigidity of the film. To verify the rigidity of the coating, values of
changes in dissipation AD should be minimal and the frequency shift (Af/n) should be
independent of overtone (Figure S1.8).°2 The linearity between frequency and mass
change is only valid for ideally rigid coatings on the sensor, which is why we employ a thin
film coating of active material and binder by drop-casting. This now allows us to investigate
the mass change of the HTO-based electrodes during electrochemical intercalation (Fig.
6.6C-D). Plotting of the electrode mass change against the stored charge then allows for
(semi-)quantitative analysis of the intercalant, where the slope can be combined with
Faraday’s law of electrolysis to obtain the molar mass of the intercalant (Fig. 6.6E,F). For
pristine HTO, lithiation is accompanied by a mass increase that becomes especially
pronounced at the region below 1.5 V. Analysis of the molar mass of the intercalant in HTO
yields two slopes, with an intercalant of relatively low molar mass of 18 g mol! and 34 g
mol™! (Fig. 6.6E). While the molar mass of lithium is only 6.9 g mol™', the excess mass

likely corresponds to solvent molecules adsorbed at the electrode interface. 2>

In HTO-PA, three distinct lithiation regimes (1-3) are identified (Fig. 6.6F). Initial
lithiation likely occurs in the desolvated state (Mw,1 = 51 g mol™"), coinciding with the initial
shrinking detected by ECD. Subsequently, a drastic increase in the intercalant mass is
detected (Mw, = 110 g mol™), indicating Li* intercalation together with solvent molecules.
Finally, the mass is decreased when the electrode is almost fully reduced, 1.e., the interlayer
space is almost completely filled (My3 = 69 g mol!). The larger average intercalant molar
mass observed in HTO-PA further supports the hypothesis of solvent co-intercalation

during the lithiation process.
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intercalating species is indicated by the slope.

The charge transfer resistance of electrochemical intercalation reactions is strongly affected
by the ion desolvation step at the electrochemical interface.>>*2°® Hence cointercalation
reactions are hypothesized to exhibit a reduced charge transfer resistance compared to the

corresponding desolvated ion intercalation process. We probe this behavior using
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electrochemical impedance spectroscopy (EIS) at various states of charge (“staircase
potentio electrochemical impedance spectroscopy’). The Nyquist plots of HTO and HTO-
PA at open circuit voltage (OCV, ca. 3.1V vs. Li"/Li) are shown in Fig. 6.7A. An equivalent
circuit consisting of the elements described in Fig. S1.9 is used to model the impedance
response of the intercalation process.?>” Plotting the extracted charge transfer resistance
clearly shows strongly reduced values for the charge storage process in HTO-PA compared
to HTO across the entire potential range (Fig. 6.7B). The results clearly support the
assignment of the cointercalation mechanism in HTO-PA and demonstrate the potential of
nanoconfinement-driven cointercalation reactions to contribute to superior kinetics of

intercalation reactions.

The electrolyte solvent molecules EC and DMC can be detected using Fourier-transform
infrared spectroscopy (FTIR). Different fingerprint signals of free solvent (1392 cm™! for -
COO stretching in free EC and C-O-C stretching at 1293 cm™! for free DMC) and Li'-
coordinating solvent (1422 cm™! for Li*-EC and 1321 cm! for Li*-DMC) can be detected
in the FTIR spectrum of LP30 electrolyte (Fig. 6.7C). To examine the presence of solvent
molecules in the electrodes at different stages of cycling, ex sifu FTIR spectra were obtained
after the electrodes were cycled to 1.0 V and to 3.0 V, recovered from coin cells then rinsed
with DMC and dried briefly in vacuum. For comparison, uncycled electrodes were soaked
in LP30 solvent then washed and dried similarly to the cycled electrodes. The signals
corresponding to Li"-EC and Li"-DMC can be identified in ex situ FTIR spectra of the
lithiated HTO-PA electrode at 1.0 V vs. Li*/Li. However, these signals cannot be detected
neither for HTO-PA cycled back to 3.0 V vs. Li*/Li nor for the HTO-PA electrode simply
submerged in the electrolyte, suggesting that solvent cointercalation is an electrochemically
induced process. On the other hand, HTO and HTO-HDA did not show similar peaks
relating to solvated Li in either potential (Fig. S1.10).
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Figure 6.7: A) Electrochemical impedance spectroscopy (EIS) Nyquist plots for HTO and HTO-
PA at OCV, fitted using the equivalent circuit shown in the inset. B) R values at different stages
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of lithiation and delithiation for HTO and HTO-PA. Error bars are based on multiple measurements.
C) FTIR spectra for LP30 and HTO-PA electrodes at various states of charge. Peak positions for
the vibration of EC- and DMC-solvated Li are highlighted by dashed lines.

Due to ion-solvent co-intercalation being associated with a reduced diffusion energy
barrier, as evidenced by the decreased charge transfer resistance, it is expected to facilitate
intercalation at low temperatures. Galvanostatic cycling of HTO, HTO-PA, and HTO-HDA
electrodes at -20°C revealed the lowest polarization for the HTO-PA electrode, consistent
with its reduced charge transfer resistance (Fig. 6.8A). Additionally, low-temperature rate
handling tests showed that HTO-PA delivered a higher capacity at increased current
densities (Fig. 6.8B). The enhanced rate capability and lower polarization of HTO-PA at
low temperatures support the hypothesis that solvent co-intercalation takes place in the

pillared structure.

To further assess the performance of the HTO-PA electrode, both HTO and HTO-PA were
tested in full cells, using NMC622 as the positive electrode, with an N/P ratio of 1.4,
meaning the capacity of the negative electrode is higher than the capacity of the positive
electrode by a factor of 1.4 (Fig. 6.8C). Additionally, a spectator reference electrode is used
to monitor the potential development of both anode and cathode. When cycled between 1.8
and 3.0 V, the HTO-PA cell delivered a charge capacity of 56 mAh g', while the HTO cell
achieved a charge capacity of 46 mAh g'. Importantly, the average discharge voltage of
the HTO-PA based cell is higher by ca. 240 mV, leading to a higher cell energy compared
to HTO-based cells. Further optimization of parameters, such as the N/P ratio and voltage
window, may unlock additional performance benefits from the HTO-PA negative

electrode.
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Figure 6.8: A) Voltage profiles for HTO, HTO-PA, and HTO-HDA cycled at -20 °C at current rate

50 mA g, showing the second cycles. Overpotential is calculated by the difference in voltage at
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the midpoint of capacity. B) Rate handling of the three materials at different current rates, C) Full
cell voltage profiles for HTO against NMC (dashed lines) and HTO-PA against NMC (solid lines)
at N/P ratio of 1.4. Dashed lines refer to HTO-based cells, solid lines refer to HTO-PA-based cells.

6.1.3 Conclusion

In summary, interlayer functionalization of layered titanates was achieved using two types
of pillar species: a short-chain monoamine and a longer diamine. Notably, the monoamine-
pillared titanate (HTO-PA) exhibited superior electrochemical properties, including high-
rate capability, reduced charge transfer resistance, and lower polarization at low
temperatures. Comprehensive experimental investigations using FTIR, operando XRD,
ECD, and EQCM supports the presence of solvent molecules in lithiated HTO-PA
electrodes, indicating that ion-solvent co-intercalation is the charge storage mechanism in
play. This phenomenon is closely linked to the improved rate performance observed in
HTO-PA. While most research on ion-solvent co-intercalation focuses on electrolyte
formulation, this work demonstrates that the co-intercalation mechanism can be activated
in layered electrodes through the deliberate design of the interlayer nanoconfinement
environment with the use of organic pillar molecules. The ion-solvent cointercalation
mechanism leads to favourable electrochemical kinetics, resulting in improved low
temperature and full cell performance. This work paves the way for further exploration of
tailored interlayer nanoconfinement environments in layered materials, offering new

directions for advancing the design of layered electrodes in next-generation batteries.
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6.1.4 Supporting information
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Figure S1.1: powder XRD pattern of as-synthesized K, Ti4O09 and the corresponding PDF data.

Figure S1.2: SEM image of as-synthesized K, Ti4Oo, showing rod-like morphology.
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Table S1.1: ICP analysis of elements present in as-synthesized HTO, showing trace amounts of

K, indicating successful proton exchange.

Sample Element Mass (%)
HTO K 0.22
Ti 52.1
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Figure S1.3: Powder XRD patterns obtained for the as-synthesized powder samples before heating

(bottom diffractograms), and after holding at different temperatures corresponding to mass loss

stages in A) HTO, B) HTO-PA, and C) HTO-HDA. Different phases appear at various stages of

heating. A: anatase, B: brookite, R: rutile. The peaks are indexed according to PDF 00-021-1272

(anatase), PDF 00-015-0875 (brookite),

PDF 00-021-1276 (rutile),

PDF 01-080-9016

(H,Ti307H20), and simulated XRD patterns from The Materials Project®™ for TiO»(B) and

TigH2O13.
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Figure S1.4: Calculated powder XRD patterns of HTO-PA and HTO-HDA, using the CIF data

obtained from DFT calculations.
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Figure S1.5: Raman spectra in the range 1000 to 3000 cm’!, showing the peaks characteristic of the

organic pillar amine molecules.

106



6. Results and discussion

In pillared HTO-PA and HTO-HDA, spectral features relating to the organic components
are detected, which are absent in pristine HTO. Particularly, the peaks at 1054, 1310, 1444,
cm! is characteristic of C-N stretching, C—C—H, and CH, vibrations, respectively. Low
intensity peaks at 1530 cm™ are assigned to ammonium bending mode, which is consistent
with previous reports stating that n-alkylamines are present in the interlayer of titanate
compounds in their cationic forms. The high wavenumber bands at 2859 and 2912 cm! can

be assigned to CH, symmetric and CHz asymmetric stretching modes, respectively.?*-26
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Figure S1.6: Internal resistance values for the three electrodes during the first lithiation cycle,

obtained from GITT measurement.

The internal resistance is calculated by dividing the overpotential (1) by the current. The
overpotential n is defined by the difference between quasi-open circuit voltage (QOCV,
potential after 2h of rest) and the measured potential after the current pulse (closed circuit

voltage, CCV).2¢!
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Figure S1.7: Post-mortem TEM images of HTO, HTO-PA, and HTO-HDA electrodes A) before
cycling, and B) after 50 cycles. The rod-like morphology is maintained after cycling and no signs

of exfoliation or structural degradation are visible.
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Figure S1.8: Dissipation vs. frequency plots verifying the stiffness of A) HTO and B) HTO-PA

coatings on the quartz crystal.

For a stiff coating where the Sauerbrey equation can be applied, the frequency shift of the

electrode, in air, should be independent of n, and the dissipation factor changes D /n should
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be relatively small across all overtones. The overtone number, n, refers to the multiple of
the fundamental frequency the crystal is vibrating at. For example, in this work, the
fundamental frequency (n = 1) of the crystal is 5 MHz, hence the 3™ overtone (n = 3)

would be 15 MHz, and so on. >

A\ A\
/7 /7

R1 —J S W
R2 R3 W3

Figure S1.9: Equivalent circuit used in the fitting of impedance spectroscopy data shown in this
work. R1: bulk resistance of the cell, compromising electrolyte, separator, and electrodes. R2, Q2:
resistance and capacitance of the interfacial layer, respectively. R3: charge transfer resistance, Q3:
double-layer capacitance, and W3: Warburg diffusion element.?** Constant-phase elements (Q) are

used instead of capacitors (C) to represent non-ideal double layer behaviour.
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Figure S1.10: FTIR spectra of A) HTO and B) HTO-HDA electrodes after rinsing with DMC and
drying in vacuum. The dashed lines indicate wavenumbers for solvated Li: Li*-DMC at 1321 cm™

"and Li*-EC at 1422 cm’!.
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6.2 Pillared layered titanates promote fast Na-ion intercalation

This section is reproduced from the article “Interlayer expansion of hydrogen titanate anodes
improves electrochemical Na intercalation kinetics and reversibility”, pre-print. DOI:
10.26434/chemrxiv-2024-d9x01

Abstract

Layered titanate materials are a promising class of anodes for sodium-ion intercalation due
to their abundance, low cost, and low sodium-ion intercalation potentials. However, their
performance is often limited by low sodium ion diffusivity. One effective strategy to
overcome these transport limitations is the introduction of molecular pillars, which act as
spacers to increase interlayer spacing, enhancing ion diffusivity. Layered hydrogen titanate
(H2Ti409-H20, HTO) was functionalized with a monoamine molecule, propylamine (PA),
yielding HTO-PA with expanded interlayer spacing. SEM and AFM analyses show that the
morphology and surface topography of the titanate remained unaffected by the
functionalization. Thorough electrochemical characterization using cyclic voltammetry,
galvanostatic charge-discharge cycling, and GITT, revealed that HTO-PA exhibited
improved initial coulombic efficiency, enhanced rate capability, and higher apparent Na-
ion diffusion coefficients compared to unmodified HTO. Dilatometric measurements
indicate that a larger electrode height change during sodiation of HTO-PA compared to
HTO, suggesting the possible intercalation of solvated Na® in the expanded titanate
structure. These results demonstrate that the modification of titanate structures using
molecular pillars is a promising approach for improving ion diffusion kinetics for sodium-

ion batteries.
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In this work, we explore the functionalization of a layered hydrogen tetratitanate host,
H,Ti409'H20 (HTO), a rod-like phase with a monoclinic crystal structure,?®? by interlayer
modulation using n-propylamine (PA). PA, a monoamine with a flexible three-carbon
chain, attaches to the titanate layers via its amino (NHy) group, creating a pillared structure
(HTO-PA). We investigate how the confinement of organic pillars between the titanate
layers impacts the electrochemical performance in a Na-ion system. Additionally, we
examine the structural changes that occur in the titanate structure during cycling. Finally,
we propose that nanoconfinement, induced by the introduction of organic pillars into a
layered structure, can effectively alter the Na-ion storage mechanism in layered titanates,

offering a new approach to optimizing their performance.

6.2.1 Physicochemical characterization

Hydrogen tetratitanate (HTO) was synthesized from the precursor potassium tetratitanate
(K2TisO9, KTO) by proton exchange, and subsequently subjected to organic
functionalization with PA, resulting in interlayer expansion as illustrated in (Fig. 6.9A).
Powder XRD diffractograms (Fig. 6.9B) show diffraction patterns of the as-synthesized
KTO, HTO and HTO-PA. The expansion of the (200) plane interlayer distance from 0.88
nm in HTO to 1.58 nm in HTO-PA confirms the successful interlayer functionalization
with n-propylamine. TGA measurements were conducted from 30 °C to 600 °C in O2/N
atmosphere, and used to estimate the amounts of confined species in the HTO matrix (Fig.
6.9C). For pristine HTO, an overall mass loss of 14.2 % is measured, indicating an initial
composition with a structural formula H2Ti4O9-1.9H>0. While XRD data indicates the
successful synthesis of H>T1409'H>O, we predict that the excess water is a result of adsorbed
surface water or insufficient drying. The measured overall mass loss for HTO-PA is 19.7 %,

indicating the initial composition H>Ti4O09-1.02PA.

To examine the effects of the functionalization on particle morphology, scanning electron
microscopy (SEM) images were obtained, showing that the rod-like morphology of the
titanate sheets was preserved following PA functionalization (Fig. 6.9D, E). This is still
the same morphology as the KTO rods (Fig. S2.1). Atomic force microscopy (AFM)
images in tapping mode (Fig. 6.9F, G) provide information on surface topography of the
HTO and HTO-PA rods. Line profiles, taken along the arrows indicated in the AFM
images, exhibit a step-like profile characteristic of layered materials, with an increased

average layer thickness in the HTO-PA samples (Fig. 6.9H, I). This increased sheet
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separation in HTO-PA suggests the formation of a more open microstructure as a result of

interlayer functionalization.
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Figure 6.9: Overview of HTO and HTO-PA structural and morphological properties. A) Schematic
illustration of proton exchange of KTO, followed by HTO sheets functionalization with PA. B)
Powder XRD patterns of the as-synthesized structures and the reported H,Ti409H,O PDF. C) TGA
measurements of HTO and HTO-PA in O,/N; atmosphere. D), E) SEM micrographs of HTO and
HTO-PA. F), G) AFM micrographs of HTO and HTO-PA in tapping mode. H), I) Line profiles of
HTO and HTO-PA, taken along the arrows shown in the AFM images.

6.2.2 Electrochemical characterization

The electrochemical Na-ion intercalation behaviour of HTO and HTO-PA was investigated
through a series of electrochemical measurements. As indicated by the voltage profile of
HTO (Fig. 6.10A), the first cycle experiences a large irreversible capacity, likely due to the
formation of a solid-electrolyte interface (SEI) or a passivation layer on the titanate
electrode surface. 2% In the first sodiation of HTO, a plateau at 1.2 V vs. Na/Na" is observed,
corresponding to the Ti**/Ti*" redox pair. Starting from the second cycle, the onsets for the
plateaux are lowered, and HTO shows a less pronounced plateau at around 0.8 V during
sodiation and 1.1 V during de-sodiation. However, the voltage region below 0.5 V exhibits

a sloping profile, suggesting a solid-solution type intercalation mechanism.

In contrast, the voltage profiles for HTO-PA (Fig. 6.10B) display a sloping profile
throughout the voltage range, with the exception of an irreversible break at ca. 0.7 V vs.
Na*/Na, which likely corresponding to Na" insertion into carbon.?® The sloping profiles
implies a solid solution mechanism of Na" insertion across the whole voltage range, in
contrast with many layered titanate electrodes which typically undergo phase
transformations due to their wide compositional range.?62642%> While in both materials the
initial coulombic efficiency (ICE) is rather low, HTO-PA exhibits a higher ICE (50%)
compared to HTO (41%). Voltage profiles for HTO and HTO-PA in the potential range 0.3
— 2.5V vs. Na"/Na are shown in Fig. S2.2.

Cyclic voltammograms (CVs) of HTO and HTO-PA are recorded in sodium-ion cells
against Na metal electrodes, at a lower voltage cut-off of 0.2 V vs. Na"/Na (Fig. 10C). CVs
recorded at lower voltage cut-off of 0.3 V are indicated in (Fig. S2.3). In pristine HTO, the
CV at the second cycle displays distinct redox peaks at 0.87 and 1.01 V, which can be
attributed to the Ti*/Ti*" redox couple, analogous to the redox peaks observed in K,Ti4O9

at similar potentials.?® In contrast, the functionalized HTO-PA exhibits no clear redox peaks
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at this voltage range. At lower potentials, two additional redox peaks emerge at 0.24 and
0.43 V in the cyclic voltammogram of pristine HTO, indicating Na" intercalation. While
such low voltages are typically associated with Na* intercalation in Na,TizO7 via a two-
phase mechanism,?®® the sloping voltage profiles observed in this range, as discussed
previously, suggest a solid-solution Na' intercalation process. Conversely, HTO-PA
continues to show no clear redox peaks across the examined potential windows. These
initial insights from CV and voltage profiles suggest that interlayer pillaring may alter the
sodium-ion storage mechanisms in layered titanate anodes, resulting in a CV with no major
peaks and voltage profile with no major plateaux, and therefore potentially exhibiting

alternative charge storage mechanisms.

A rate capability test was conducted for both HTO and HTO-PA electrodes, with cycling
performed down to a low voltage cut-off of 0.2 V (Fig. 6.10D). The rate capability plots
show that the pillared HTO-PA exhibits enhanced capacity and rate performance at low to
medium current densities, achieving an anodic specific capacity of 106.6 mAh g at a
current rate of 50 mA g!, compared to 91.5 mAh g! for HTO. However, at higher current
densities of 1 A g™ and above, both electrodes deliver comparable anodic capacities, with
30.6 mAh g'! for HTO, and 28.5 mAh g! for HTO-PA. A similar trend was found when
the same test was performed down to low voltage cut-off of 0.3 V (Fig. S2.4). These
findings suggest that the sodium intercalation mechanisms differ between the two
structures, as evidenced by the variations in their voltage profiles and cyclic

voltammograms.

To further investigate the intercalation kinetics in HTO and HTO-PA, galvanostatic
intermittent titration technique (GITT) was employed using a 30-minute current pulse of
20 mA g and 2-hour rest period (Fig. 6.10E). GITT measurements provide insights into
the sodiation kinetics through estimations of the ion diffusion coefficient and the internal
resistance. The apparent Na* diffusion coefficients are shown in Fig. 6.10D, where the
HTO-PA shows higher Dna" values across various potentials, indicating a lower Na*
diffusion barrier and faster ion transport. The internal resistance, calculated by dividing the
overpotential by the pulse current, is also shown in Fig. S2.5. While the internal resistance
for HTO fluctuates across the potential range, reflecting varying diffusion energy barriers

266

during the sodiation process,”” it remains relatively stable in HTO-PA, consistent with a

solid solution insertion mechanism as discussed above. These results suggest that interlayer
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pillaring could be a promising approach to developing anodes with rapid Na* diffusion

kinetics by mitigating the effects of sluggish diffusion.
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Figure 6.10: Electrochemical assessment of HTO and HTO-PA in a Na-ion cell. A) Voltage
profiles of HTO and B) HTO-PA, showing the first 5 cycles at constant current rate of 50 mA g,
C) CVs of HTO and HTO-PA at scan rate 0.1 mV s! showing the second cycle at scan rate 0.1 mV
s’l. D) Rate handling and coulombic efficiency of HTO and HTO-PA cycled between 2.5 and 0.2
V. E) GITT measurement of HTO and HTO-PA, obtained with 30-min current pulses of 20 mA g
! followed by 2h rest. F) Apparent Na-ion diffusion coefficient in HTO and HTO-PA during

sodiation, obtained from GITT measurement.
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To establish a relationship between the electrochemical and structural evolution of the two
electrodes during cycling, operando electrochemical dilatometry was conducted, where the
height change was recorded in during 5 sodiation and desodiation cycles (Fig. 6.11). In
both HTO and HTO-PA, the first cycle shows a large height increase, likely due to the
formation of a solid-electrolyte interface layer (SEI). Subsequent cycles, however, show
different behaviour of the two electrodes. In HTO, sodiation is accompanied by a relatively
smaller height increase (3.7 — 1 %). On the other hand, sodiation in HTO-PA is
characterized by a larger height increase (6.1 to 4.1%). The large average increase in height
of HTO-PA might indicate the intercalation of a large species, such as solvated Na-ions.
On the other hand, the minimal height changes in HTO hint at less minor volumetric
changes during cycling, in agreement with the zero-strain characteristic reported in KTO.?
These insights from ECD results indicate a sodiation mechanism involving minimal

volume change in HTO, and one involving large volume changes in HTO-PA.
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Figure 6.11: Operando electrochemical dilatometry measurements of A) HTO and B) HTO-PA,

cycled at a specific current of 50 mA g!.

6.2.3 Conclusion

In conclusion, interlayer pillaring of HTO using a non-cross-linking pillar, PA, creates an
expanded structure, where PA molecules act as spacers. The confinement of PA molecules
within the interlayer space has implications on the Na intercalation mechanism.
Electrochemical measurements indicate different Na-ion storage mechanisms in the two
materials: while Na intercalation in HTO is accompanied by distinct peaks on the cyclic
voltammogram and plateaux on the voltage profiles, in HTO-PA it is accompanied by

relatively a sloping voltage profile and a CV without significant peaks, indicating a
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different interaction between the Na ions and the HTO-PA host. Volumetric changes of the
structures during cycling were monitored using ECD, where it was found that, while Na
intercalation in pristine HTO is accompanied by slight volumetric expansion, it is
accompanied by a larger average expansion in HTO-PA. This, combined with the features
of the CV and voltage profile, suggests an ion-solvent cointercalation mechanism, where
the Na ions are speculated to intercalate with (parts of) its solvation sheath. This work
shows the potential of changing the nanoconfinement environment in giving rise to

alternative charge storage mechanisms.
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6.2.4 Supporting information

Figure S2.1: SEM image of K;Ti4O9 (KTO) rods.
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Figure S2.2: Voltage profiles for the first 5 cycles of A) HTO and B) HTO-PA, cycled in the
potential range 0.3 — 2.5 V vs. Na*/Na at current rate 50 mA g™'. The first cycle is shown in dashed

lines.
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Figure S2.5: Internal resistance (Rin)) in HTO and HTO-PA obtained from GITT measurement. The

values are obtained by dividing the overpotential (difference between quasi-open circuit voltage

and the closed-circuit voltage) by the applied current.
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6.3 Mechanistic understanding of microstructure formation during synthesis
of metal oxide/carbon nanocomposites

This section is reproduced from the published article “Mechanistic understanding of
microstructure formation during synthesis of metal oxide/carbon nanocomposites”, J. Mater.
Chem. A, 2023, 11, 17125-17137, DOI: 10.1039/D3TA012304

Abstract

Nanocomposite materials consisting of metal oxide and carbon are of interest as electrode
materials for both high rate intercalation-type and high capacity conversion-type charge
storage processes. Facile synthesis processes like the pyrolysis of an organic carbon-source
can yield a well-dispersed carbon phase within the metal oxide structure. Detailed
understanding of the carbon formation process is required to tailor the resulting material
microstructure. Herein, both the formation and the final microstructure of a molybdenum
oxide/carbon nanocomposite are studied in detail. Octylamine assembled in the interlayer
space of layered MoOs serves as a carbon source. The structural changes during pyrolysis
are characterized using a combination of in sifu heating X-ray diffraction with simultaneous
FTIR- and mass spectroscopy-coupled thermogravimetric analysis experiments. These
reveal mobility and partial desorption of octylamine and interlayer water at low
temperatures, octylamine decomposition and loss of long-range order at intermediate
temperatures, and carbothermic reduction of molybdenum oxide at high temperatures
during pyrolysis. The resulting nanocomposite mainly contains nanocrystalline MoO>
domains surrounded by a well-dispersed carbon phase, as observed with scanning
transmission electron microscopy of focus-ion beam prepared cross-sectional lamellae. The
electrochemical behaviour is evaluated in organic, lithium-containing electrolyte for both
intercalation and conversion-type reactions, showing good intercalation kinetics and a high

first cycle efficiency for the conversion-type reaction.
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In this study, the microstructural changes during pyrolysis of an octylamine-functionalized
molybdenum oxide are systematically analysed. Molybdenum trioxide (a-MoQO3) consists
of layers of corner- and edge-sharing distorted MoOs-octahedra in an orthorhombic crystal
structure, where the individual layers are held together by van der Waals forces.?®” MoOs
is chosen for this study because organic molecules such as alkylamines can assemble in its
interlayer space, serving as a confined carbon source.?® The resulting nanocomposite
derived from pyrolysis has relevance for electrochemical applications, because
molybdenum oxides can undergo intercalation and conversion reactions with lithium.26%7
The octylamine (OA) molecule is chosen for its model character, as alkylamines are linear

organic molecules which are widely available with variable carbon chain length, allowing

to customize the carbon-source molecule.

We employ a combination of in situ characterization and X-ray spectroscopy and electron
microscopy techniques to analyse the structural and chemical changes of the molybdenum
oxide/octylamine material during pyrolysis. We show that carbon formation occurs
predominantly within the micron-sized product aggregates and coincides with
molybdenum reduction that is accompanied by CO> & CO release. Simultaneously,
nanosized oxide grains in the range of 5-10 nm are formed within the aggregates that exhibit
local variations in oxygen and carbon content. Scanning transmission electron microscopy
(STEM) imaging of specimen prepared via focused ion beam (FIB) reveals the
microstructure of the materials representative of their bulk volume. The obtained MoOx-C
nanocomposite exhibits improved kinetics for electrochemical intercalation and an
enhanced initial Coulombic efficiency for the conversion reaction, depending on the

employed potential range, compared to pristine molybdenum oxide samples.

6.3.1 Structural characterization

The synthesis of molybdenum oxide dihydrate (MoO3-2H>O0, also referred to as molybdic
acid) was performed via the method described by Freedman??’ and the chemical self-
assembly reaction of octylamine (OA) in the interlayer of molybdenum oxide was achieved
by a wet chemistry synthesis to obtain MoOx-OA. While in this study, a molar ratio of
Mo:OA of 1:1 was chosen, variation of the ratio yields structures with similar
crystallography (Fig. S3.1). This material was subsequently pyrolyzed at 700 °C for 2 hours

under argon flow to form an OA-derived carbonaceous phase. The final product of this
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synthesis is a nanocomposite MoOx-C, as described in the experimental section and shown
in the schematic in Fig. 6.12A. In the following, we provide mechanistic insight into the
synthesis/pyrolysis process and final product structure, pursuant of the overarching goal to
understand where a carbonaceous phase forms and how the microstructure evolves in the
molybdenum oxide/carbon nanocomposite material. In particular, we aim to answer
whether a heterostructured microstructure forms, where in an ideal case, 2D layers of

molybdenum oxide and carbon alternate throughout the bulk volume of the structure.

The reaction mechanism of alkylamines with molybdic acids can be likened to that in
isostructural tungstic acids, which has been described in literature to occur via a
dissolution-reorganization mechanism that leads to a change in the morphology and particle
size.?’!?’? Scanning electron micrographs of MoO3-2H>O and MoOx-OA (Fig. 6.12B-C)
show an increased particle size after reaction with octylamine. Therefore, we hypothesize

27 the alkaline conditions upon octylamine addition lead to an

that, like in tungstic acids,
initial dissolution of MoO3-2H>O and a subsequent reassembly of the structure with

octylamine in the interlayer space of MoOs.

Subsequent pyrolysis of MoOx-OA to form MoOx-C leads to a change in particle
morphology (Fig. 6.12D), most notably, a reduced average particle size from 7.0+2.3 to
1.7 £0.6 um (Fig. S3.2), indicating significant densification after pyrolysis.
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Figure 6.12: (A) Schematic illustration of the synthesis process: Octylamine is assembled in the

MoOs interlayer space via a dissolution-reorganization reaction; subsequent pyrolysis yields the
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carbon-containing nanocomposite. SEM images of (B) molybdenum oxide dihydrate

(MoO3:2H>0), (C) MoOx-OA, and (D) MoO,-C after pyrolysis in argon at 700 °C.

The Raman spectrum of MoO3-2H>O (Fig. 6.13A) shows the typical Raman signals of a-
MoO;-2H,0, where the high intensity peaks at 934 cm™ and 727 cm™ are assigned to the
stretching modes of O=Mo and O-Mos, respectively.?’> Peaks in lower wavenumber
ranges, from 400 to 200 cm’!, are assigned to lattice and deformation modes.?”® After
assembly of OA in the interlayer, a sharp peak appears at 896 cm™!, corresponding to Mo-
O stretching in [MoO4]*,>’* suggesting the formation of molybdate as a result of OA
functionalization.?’® The other strong peak at 819 cm’! is characteristic of the doubly-
coordinated oxygen (O—Mo.) stretching mode.?’® The Raman peak around 2882 cm™! could
be assigned to the asymmetric stretching of the methylene (CH:) group in octylamine.?”’
The Raman spectrum of the pyrolyzed MoOx-C shows characteristic peaks for MoO>
according to previous reports (note that a reduced laser power has to be chosen to avoid
(re-)oxidation of MoO to MoOs during Raman measurement®’®).2”? This suggests that the
a-MoOs is reduced to MoO> during pyrolysis. Successful carbon formation is confirmed
by two peaks appearing in MoOx-C at 1604 and 1357 cm™, corresponding to bond
stretching of pairs of sp>-carbon (G-mode) and defect-induced breathing modes of sp>-
carbon (D-mode), respectively.?®? In the 2000 to 3000 cm™! range, the absence of the G’
band, also called the 2D band, indicates that the formed carbon is highly defective.?®!

Fig. 6.13B shows powder XRD patterns of MoOs-2H>0O, MoOx-OA, and MoOx-C.
Diffraction peaks of the as-synthesized molybdic acid are referenced to MoOs3-2H>0O
according to PDF 00-016-0497. Upon assembly of OA in the interlayer, a shift of the (020)
peak at 12.96° to 3.99° 26 is observed, corresponding to an expansion of the interlayer,
with the d-spacing increasing from the initial 0.68 nm in MoO3-2H>0 to 2.21 nm in MoOx-
OA. Since the octylamine molecule has a chain length of ca. 1.2 nm,?** the large increase
in interlayer spacing in MoOx-OA suggests a tilted bilayer arrangement of OA molecules

between the MoOy sheets. 268

After pyrolysis, the XRD pattern of MoOx-C shows peaks matching with monoclinic MoO»
reflections according to PDF 00-032-0671, in agreement with Raman measurements.
Furthermore, low-intensity signals at ca. 34° 20 and 39.4° 20 suggest that traces of Mo02C
and Mo4O11 were also formed, according to PDF 00-011-0680 and PDF 00-005-0337,

respectively.
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6. Results and discussion

The oxidation states of Mo in the resulting nanocomposite MoOx-C were investigated by
means of XPS. The analysis of Mo 3d is rather complex, and the accurate interpretation is
often not well reported. In this case, the Mo 3d (Fig. 6.13C) region was analysed following
Scanlon et al. work, in which the Mo(IV)O: consisted of two doublets due to the presence
of both screened and unscreened electronic environment of Mo (for more detail see ref.
40).2% The Mo 3d region indicates the presence of Mo (IV) and Mo (VI) on the MoOx-C,
in agreement with XRD. The formation of the latter species is highly common on Mo(IV)
oxides.”®* Nevertheless, the MoOx-C consists mainly of MoO; (66 % vs. 33 % of Mo(VI),
as also shown in the O 1s spectrum (Fig. S3.3). In addition, the C 1s region (Fig. 6.13D)
displays the presence of Mo>C and C-C, C-O, and O-C=0 species, at 283.6, 285.0, and
286.7 and 288.6 eV in agreement with Raman and XRD.?85-286
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Figure 6.13: Structural characterization of hydrous molybdenum oxide (MoOs;-2H,0),
molybdenum oxide with octylamines assembled in the interlayer space (MoOx-OA) and pyrolyzed

MoOx-C: (A) Raman spectra of all samples. Raman spectrum of MoOy-C consists of two individual
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measurements with different laser power: 0.25 mW between 100-1050 cm! to avoid oxidation of
MoO: to MoOs; 5 mW between 1050-3000 cm™! for better resolution of carbon signals (individual
full spectra given in Fig. S3.3). (B) X-ray diffractograms with referenced peak positions of
MoOs3-2H,0 (PDF 00-016-0497, asterisk), monoclinic MoO, (PDF 00-032-0671, triangle), Mo,C
(PDF 00-011-0680, square), and MosO,; (PDF 00-005-0337, circle). (C) Mo 3d, and (D) C 1s X-

ray photoelectron spectrum regions of pristine powder MoOx-C.

To understand the structural evolution of the material during the pyrolysis, we combined
in situ heating XRD of MoOx-OA in an inert atmosphere (Fig. 6.14A, 3B) with
thermogravimetric analysis with simultaneous mass spectroscopy (TGA-MS, Fig. 6.14C)
and Fourier-transform infrared spectroscopy (TGA-FTIR, Fig. 6.14D). The results indicate
that MoOx-OA undergoes three major structural transitions during pyrolysis, which can be
conclusively explained in combination with the analysis of the evolving gaseous products

via MS and FTIR at different temperatures:

Stage 1: A sudden shift of the diffraction peak at ca. 3.8° 20, representative of the interlayer
spacing, to a higher diffraction angle (ca. 4.1° 20) can be observed at a temperature of ca.
120 °C, indicating an initial shrinking of the interlayer spacing. In the same temperature
range (120 — 200 °C), TGA reveals a two-step mass loss of around 24 wt.%, coinciding
with the evolution of gaseous species. MS signals in profiles of five mass-to-charge ratio
(m/z) signals are detected, namely m/z = 17, 18, 28, 30, and 44. The signals of m/z = 17
(OH") and 18 (H20") suggest the desorption of surface and loosely-bound interlayer water
molecules.”®” The m/z = 17 signal can also be assigned to ammonia (NH3"), which can
result from the decomposition of the OA molecule. The peaks in the profile of m/z = 30
can be assigned to the base peak ion [CH2NH>]", characteristic of B-cleavage of OA
molecule.?®®* Finally, the signal at m/z = 28 can be attributed to hydrocarbons, CO», or
N2, and m/z = 44 can be attributed to hydrocarbons (C3Hs) or CO2.%*” FTIR results in Fig.
6.14D confirm the evolution of mainly molecular OA and water, and small traces of CO>
and NH3 as likely OA decomposition product in this temperature range (see the selected
FTIR spectra of the pyrolysis gas compared with the typical FTIR spectra of OA, water,
NHs, and CO; in Fig. A3.5A-B).?°° Hence it can be concluded that loss of loosely bonded
OA and water likely by evaporation are the main causes of initial interlayer shrinking, while

a first onset of OA decomposition can be detected.
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Stage 2: Above 200 °C up to around 350 °C, a continuous shrinking of the interlayer
spacing to about 1.7 nm (ca. 5° 20) is observed with the intensity strongly reducing before
fully disappearing, suggesting complete loss of long-range crystalline order above ca. 350
°C during pyrolysis. The corresponding TGA in this region up to 350 °C detects an
accumulated mass loss of ca. 43 wt.% with simultaneous MS signals at m/z = 17,18, and
44. This indicates further release of water and decomposition products of OA (NHj3 and
hydrocarbon fragments). From the FTIR spectra of the pyrolysis gas in this temperature
range, the evolution of hydrocarbons is evident from the strong absorption between 3000
and 2800 cm’!, but it cannot be assigned univocally to a specific molecule like in the
previous temperature range, due to the lack of significant fingerprints in the 1500-650 cm’
! region of the interferograms (see the selected FTIR spectra of the pyrolysis gas in Fig.
S3.5C-D). The detection of a stronger absorption pattern typical of NH3 in the same
temperature range confirms the decomposition of OA, hence the hydrocarbons detected
through FTIR could be regarded as decomposition products. Simultaneously, an increase
in the CO; signal is detected in FTIR above 350 °C (Fig. S3.5D), suggesting the onset of

(elemental) carbon formation in the material.

Stage 3: Towards the end of the heating step (above 650 °C) and during the two hours
holding step at 700 °C in argon (Fig. 6.14B), the emergence and intensification of two
diffraction peaks at 25.8 and 25.2 °20 can be detected, indicative of the (111) and (011)
signals of monoclinic MoO. This can be conclusively linked to the last mass loss step
observed above ca. 650 °C (highlighted in purple, accumulated mass loss of 58 wt.%), and
an MS signal at m/z = 44, which is attributed to CO; and indicative of carbothermic
reduction of MoOj3 to MoO» with carbon acting as reducing agent.?*! Another strong peak
at m/z = 28 can be attributed both to CO> and CO, and the FTIR spectra at this temperature
confirm the simultaneous presence of these two gases (Fig. 6.14D and Fig. S3.5E). This is
further supported by the detection of MoO; after the pyrolysis by Raman results (Fig.
6.13A), XRD (Fig. 6.13B), and further confirmed by the electrochemical characterization
(vide infra).
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Figure 6.14: (A) In situ heating XRD patterns of MoOx-OA during the heating step of pyrolysis,
with inset showing magnified view of the 28 range 2-10° and temperature range 30-300 °C, (B) In
situ heating XRD patterns of MoOx-OA during the two-hour annealing step. (C) Thermogravimetric
analysis with mass spectroscopy of MoOx-OA during the heating step of pyrolysis, detecting
gaseous decomposition products with various mass-to-charge ratios (m/z). Three distinct processes
occurring during pyrolysis are graphically indicated by colored mass loss regions (yellow, blue,
purple), also highlighted by the arrows in the in-situ heating XRD diffractograms. (D) TGA with

FTIR analysis of gaseous decomposition products during the heating step of pyrolysis.

The stepwise transformations of MoOx-OA during pyrolysis, primarily during the heating
step with several structural changes and loss of initial long-range order, indicate the
formation of an intricate, intraparticle microstructure. Due to the apparent mobility of OA
and OA-fragments (i.e., the carbon source) during the heating step, the intraparticle
arrangement of the carbon in the nanocomposite product has to be investigated carefully.
For this purpose, the microstructural features of MoOx-C were analysed using scanning
transmission electron microscopy (STEM). Electron-transparent lamellae were prepared

via focused ion beam (FIB) to observe regions of interest taken from the bulk of MoOx-C

129



6. Results and discussion

particles (Fig. 6.15A) to reveal a representative intraparticle structure. STEM images show
a difference in the Z-contrast for features with a size of 5-10 nm. This indicates the
formation of domains or grains in a size range of 5-10 nm with varying elemental
composition, as shown in the zoomed-in view in Fig. 6.15B. High-resolution STEM
micrographs (Fig. 6.15C, D) show the presence of nanocrystalline domains homogenously
distributed throughout the sample with a size comparable to the sizes of differing Z-
contrast. The observation suggests that carbon formation occurred primarily outside the
crystalline nanodomains, which contradicts the initially hypothesized formation of a
heterostructured, i.e., alternating layer-by-layer arrangement of molybdenum oxide and the
carbon phase. Rather, pyrolysis of MoOx-OA yields a carbon-containing molybdenum
oxide nanocomposite. The lattice fringes in Fig. 6.15C, D (corresponding HAADF-STEM
image in Fig. S3.6) show two characteristic distances with slight local variation. The larger
one is around 3.5 A and the smaller around 2.5 A, in good agreement with the averaged
values obtained from XRD for the d-spacings of the (111) plane (3.43 A) and the (211)
plane (2.43 A) of monoclinic MoO». Both of these planes account for the most intense
reflections on the XRD diffractogram of MoOx-C (Fig. 6.13B), hence, the nanodomains

observed in Fig. 6.15C, D can be assigned to monoclinic MoO».
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N
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Figure 6.15: Cross-sectional overview of the MoOx-C hybrid nanostructure. a) HAADF-STEM
micrograph of MoOx-C showing microstructure with non-homogeneous particle composition. b)
magnified micrograph of area indicated in b) showing phase Z-contrast variations in MoOx-C, c)
bright field STEM micrograph taken at the area indicated in b). The crystalline domains are
highlighted and measurements of planar spacings are indicated on the image. Lattice spacings in
regions 1, 2, and 3 are in good agreement with the (111), (211), and (111) planes of MoO,,
respectively. d) high resolution HAADF-STEM image of monoclinic MoO; nanodomain.

To investigate the elemental distribution, we performed energy dispersive X-ray
spectroscopy (EDS). HAADF -STEM (Fig. 6.16A) with EDS elemental mapping of
molybdenum, oxygen, and carbon (Fig. 6.16B-D) were recorded for FIB-prepared MoOx-
C sample cross-sections. The EDS maps revealed an elemental separation with regions

enriched in Mo and C and regions enriched in O. The size of these regions corresponds
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well with the domain/grain size identified in HAADF and high-resolution STEM
micrographs (Fig. 6.15, Fig. S3.6). Furthermore, the EDS maps show variations of oxygen-
and molybdenum-concentration in the nanosized grains of molybdenum oxide suggesting
localized carbothermic reduction of the molybdenum oxide during pyrolysis. EDS spectra
indicate that the carbon-concentration is higher in the areas with lower oxygen
concentration (Fig. 6.16E), suggesting that the carbon formation process and MoO3
reduction to MoO» are correlated. EDS line scan profiles of Mo, O, and C in MoOx-C are
shown in Fig. S3.7, where local variations in the concentrations of the three elements are
shown. TGA measurements in oxygen reveal that the bulk carbon content of MoOx-C

nanocomposites is ca. 2.7 wt.% (Fig. S3.8).
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Figure 6.16: (A) HAADF-STEM micrograph showing Z-number contrast and (B-D) EDS mapping

with elemental distribution of Mo, C, and O in MoOy-C. (E) Chemical analysis of the two marked
areas by quantitative STEM-EDS spectral imaging analysis.
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6.3.2 Electrochemical characterization

To understand the implications of the nanocomposite microstructure in MoOx-C on
electrochemical reactivity, we tested the nanocomposite as an electrode material in standard
organic, lithium-containing electrolyte (LP30). Two different potential windows are chosen
to establish a complete picture of the electrochemical performance of the electrode
material: according to literature, cycling of molybdenum oxides in a potential range of 1 —

3 V vs. Li"/Li leads to reversible lithium intercalation according to:

MoOs3 + xLit + xe- — LixM003, (Xmax = ~1.5) (6.1)%%
and for MoOz:

MoO2 + xLit + xe- = LixM00z2, (Xmax = ~0.98), (6.2) %

resulting in a theoretical capacity for the intercalation reaction of 279 and 209 mAh g™! for

MoOj3 and MoO, respectively.

After full lithiation, further expansion of the potential range to 0.01 V leads to the

conversion-type reaction during the first full reduction according to:
MoOs + 6 Lit + 6 e — Mo + 3Li20, (6.3)
and for MoOx:
MoO:2 + 4 Lit + 4 e- = Mo + 2Li20, (6.4)

yielding a theoretical capacity of 1117 and 832 mAh g'! for the conversion reaction during
the first full reduction of MoO3 and MoOs, respectively.?’”’ We highlight the corresponding
processes known from literature in the cyclic voltammograms obtained in the first

charge/discharge cycle for the studied materials (Fig. S3.8).

For direct comparison, the electrochemical behaviour of MoOs.y, (i.e., partially reduced
molybdenum oxide that underwent the same pyrolysis treatment, but without a carbon
source, Fig. S3.5) was studied alongside MoOx-C. This allowed for insights into the
influence of the nanocomposite microstructure resulting from the pyrolysis treatment of

MoOx-OA on both, the electrochemical lithium intercalation and conversion reactions.

Electrochemical lithium intercalation
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The galvanostatic charge-discharge profiles of MoOx-C (Fig. 6.17A) show Li" intercalation
with a sloping potential profile below ca. 2 V vs. Li"/Li, characteristic of solid-solution
intercalation without a phase transition in nanosized, monoclinic M0O,.!® The specific
capacity of 145 mAh g'! indicates the intercalation of 0.69 Li per MoO2. We hypothesize
that the full theoretical capacity of MoO; is not reached as a consequence of partial side
product formation (Mo>C, Mo40O11) formation, as observed by XRD (Fig. 6.13B). Hence,
future work should focus on eliminating side product formation during pyrolysis to achieve
specific capacities closer to the theoretical capacity of MoO,. For comparison,
galvanostatic profiles of MoO;.x (Fig. 6.17B) show the characteristic plateau of Li" (de-
)intercalation into the orthorhombic structure of MoOs at 2.67 V (anodic) and ca. 2.15 V
(cathodic),??2 with a specific capacity of 240 mAh g™!. Electrodes based on MoOs often fail

to reach full theoretical capacity due to their limited ionic and electronic conductivities.**

Fig. 6.17C shows a comparison of the rate capability of MoOx-C and MoOs.x at current
densities ranging from 50 mA g! to 3 A g!. Despite the higher initial capacity of MoOs.x,
the cycling stability is poor (decrease from 213 to 173 mAh g! after 5 cycles at 100 mA g’
1. The anodic capacity continues to deteriorate at high currents. Meanwhile, MoOx-C
outperforms MoQs. at high currents, retaining 41 mAh g discharge capacity at 3 A g,

compared to the negligible 0.6 mAh g! capacity for MoOs . at the same specific current.

Fig. 6.17D shows cycling stability for the two materials cycled at a fixed specific current
of 1 A g'! for 1,000 cycles. MoOx-C shows an initial anodic capacity of 110 mAh g!, which
stabilizes to 82 mAh g™! after 1,000 cycles, retaining ca. 75% of the initial capacity. On the
other hand, MoOs.x undergoes a rapid capacity decay, with the anodic capacity dropping
from 155 to 39 mAh g after 1,000 cycles, a loss of more than 74 % of the initial anodic
capacity. The averaged Coulombic efficiency of M0oO3.x, and MoOx-C over 1,000 cycles is
99.5 %, and 99.9 %, respectively, demonstrating the absence of significant side reactions

specifically in the nanocomposite electrode MoOx-C.

The improved rate handling behavior, as well as the improved cycling stability and
Coulombic efficiency of MoOx-C, can be attributed to two factors. First, the nanocomposite
approach leads to a well-dispersed conductive carbon phase. This improves the electronic
conductivity, as demonstrated by a significantly lower impedance as compared to MoO3«

electrodes (Fig. A3.6). Second, the carbothermic reduction during the pyrolysis process in
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the nanocomposite led to the formation of MoO>, which was shown to exhibit improved
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Figure 6.17: First three galvanostatic charge-discharge cycles of (A) MoO«-C and (B) MoOs.x at 50
mA g!, (C) rate capability tests at various specific current values from 50 mA g to 3 A g’!, then
back to 50 mA g’!, in the voltage range 1.5 V to 3.5 V for MoOsxand 1.1 V to 3.1 V for MoO,-C ,
(D) cycling stability test for MoOsxand MoOx-C at 1 A g™ for 1,000 cycles.

Electrochemical conversion reaction

Electrochemical cycling of molybdenum oxides to lower cathodic potential limits can lead
to an electrochemical conversion reaction, as described in equations (6.3, 6.4), yielding a
significant increase in the specific charge storage capacity. To evaluate the conversion
reaction behavior, MoOx-C and MoO3.x were galvanostatically cycled between 0.01 V —
3 V vs. Li*/Li. The occurrence of a conversion reactions forming Li»O and metallic Mo
during the first electrochemical reduction is indicated by the high capacity in the first

cathodic cycle (Fig. 6.18A), according to Eq. 3. The nanocomposite MoOx-C displays a
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sloping potential profile below 1 V, whereas the MoOs.x sample exhibits a flat plateau
around 0.45 V (Fig. 6.18B). The sloping potential profile in MoOx-C can be explained by
the nanoscopic crystalline domain sizes, which can lead to a wvariation of the
thermodynamic redox potential.>*>*¢ Notably, the initial Coulombic efficiency (ICE) of the
nanocomposite MoOx-C (69 %) is slightly improved compared to MoOs.x (60 %). The
anodic capacity in the first three cycles for MoOx-C drops from 800 to 620 mAh g™!, which
indicates ~ 3 electron transfer per MoO; and amounts for ca. 75% of the total theoretical
conversion capacity of MoO». For MoOs.x, the anodic capacity drops from 1200 at the
initial cycle to ca. 700 mAh g™! at subsequent cycles, corresponding to the transfer of 3.76

Li and achieving only 63% of the theoretical conversion capacity of MoOs.

The rate handling performance and cycling stability of the electrochemical conversion
reaction in MoOx-C and MoOs.x were evaluated by galvanostatic charge-discharge at rates
ranging from 50 mA g!to 3 A g! and at 100 mA g for 100 cycles, respectively (Fig.
6.18C-D). While the nanocomposite MoOx-C outperforms the reference material, the rate
handling and cycling stability performance of both materials is limited. For MoOx-C,
significant capacity fading can be observed from 768 mAh g to 192 mAh g! after 25
cycles, where the performance stabilizes. For comparison, the capacity of MoOs3.x drops to
165 mAh g! after about 15 cycles. To explain the improved electrochemical conversion-
type charge storage performance of the nanocomposite, the morphology of both electrodes
was evaluated via postmortem SEM after 39 cycles (Fig. S3.7). The morphological changes

of MoO3.x were more severe compared to MoOx-C.

Future work optimizing MoOx-C nanocomposite electrodes for conversion-type reactions
needs to involve a careful investigation of the electrode microstructure after the initial
cathodic cycle, for example via ex situ TEM of a FIB-prepared lamella, to gain further
insights on the morphological changes occurring during the electrochemical conversion

reaction.
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Figure 6.18: (A) Galvanostatic charge-discharge curves of MoOx-C and (B) MoOs. at a specific
current of 50 mA g'! in the potential range of 0.01 V to 3 V vs. Li"/Li, (C) rate performance of
MoOs and MoOx-C at rates from 50 mA g to 3 A g!, (D) stability test of MoQOj;.x and MoOx-C
cycled at 100 mA g,

6.3.3 Conclusion

In this work, layered molybdenum oxide with octylamine molecules assembled in its
interlayer was pyrolyzed to convert the organic molecules to a carbon phase, yielding a
nanocomposite MoOx-C material. The present work set its main focus on analysing the
carbon formation and microstructure evolution during pyrolysis and the precise phase

distribution in the nanocomposite product.

Processes occurring during pyrolysis were examined with a combination of in situ XRD,
TGA-MS, and TGA-FTIR experiments. It was found that during the heating step, some
loosely bound molecular OA and OA decomposition products escape from the interlayer

space before being converted to elemental carbon, and a strong carbothermic reduction of
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the oxide takes place above 650 °C. With this knowledge, future directions towards
improving the synthesis route can focus the use of more strongly bonded and/or less volatile
organic molecules together with faster heating of the material during pyrolysis to obtain

more localized carbon formation or a higher carbon content.

Cross-sectional specimens of the resulting MoOx-C nanocomposite prepared via FIB were
analyzed to reveal the intricate intraparticle microstructure. It was found that nanoscopic
domains of MoO, are surrounded by a carbon phase, and in addition, trace amounts of
Mo,C and Mo4O1;1 formation could be observed by XRD and XPS. Further tuning the
synthesis temperature and time could thus be employed to avoid carbide formation (or to

support carbide formation, if desirable).

The electrochemical properties of the resulting MoOx-C nanocomposite electrode were
evaluated in detail for both, intercalation-type and conversion-type charge storage in
lithium-containing, organic electrolyte. The electrode significantly outperformed the
MoOs.x reference sample in terms of rate handling and stability for lithium intercalation

and showed an increase in initial coulombic efficiency for the conversion reaction.

The work can be used as a guideline to obtain transition metal oxide/carbon
nanocomposites with desired structural and electrochemical properties. It showcases
pitfalls and opportunities arising from the pyrolysis route (organic molecule mobility,
carbothermic reduction, carbide formation, etc.) which should be considered in future

works.
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6.3.4 Supporting information
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Fig. S3.1: XRD patterns of MoOx-OA samples that were synthesized using various ratios of

molybdenum oxide to octylamine.
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Fig. S3.2: SEM images used for the calculation of the average particle size of (A) MoOx-OA and
(B) MoOy-C. A total of 20 particles were measured in each case.
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Fig. S3.3: O 1s XPS spectrum of pristine powder MoOx-C, showing Mo(IV) oxide, Mo(VI) oxide,

and carbon/oxygen species.?3?7
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Fig. S3.4: Raman spectra of MoOx-C acquired at 1 % (5 mW) and 0.05 % (0.25 mW) laser power,

demonstrating the transformation from MoO, to MoOj3 signals at higher laser power.
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Fig. S3.5: FTIR spectra of the evolving gasses during pyrolysis in the TGA at selected temperatures,

compared to typical referenced spectra of assigned molecules according to Ref.?®
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Fig. S3.6: HAADF-STEM of MoOx-C, corresponding to bright field image shown in Fig. 6.16C.

The nanocrystalline domains are highlighted in regions 1, 2, and 3.
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Fig. S3.7: A) STEM-HAADF image of MoOx-C, B) EDS elemental profiles of O, Mo, and C across
the arrow displayed in panel A. Since STEM-EDS is a semi-quantitative method due to peak
overlap, chamber contamination, and X-rays emitted from the grid and sample holder, EDS line

scanning was chosen instead of showing a discrete EDS spectrum at a specific location.
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Fig. S3.10: XRD pattern of the as-synthesized reduced MoOs, labelled in this work as MoOs.x. The
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as described in ref. 3%
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active material, and the contact resistance at the electrode/current collector interface,’' R2 is the

charge transfer resistance, Q2 is the constant phase element (used to describe non-ideal capacitive

behaviour from double-layer processes), W is the Warburg element (used to describe ion diffusion),

and Q3 is the capacitance by faradaic processes, also referred to as limit capacitance.?%?
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(top), and ex situ SEM after the first electrochemical reduction to 0.01 V vs. Li*/Li (center) and

after galvanostatic cycling over 39 cycles (bottom).
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7. Summary and Conclusions

In summary, this dissertation focuses on leveraging nanoconfinement modifications in
layered electrode materials to address two critical challenges: sluggish ion transport and
poor electrical conductivity. Interlayer nanoconfinement environment was modified in
layered electrodes by incorporating organic pillar molecules, specifically n-alkylamines,
via facile synthesis methods, effectively creating interlayer-expanded, pillared structures
based on two types of materials: hydrogen titanates (H>Ti40O9) and molybdenum oxide

(MoOx).

Firstly, this work addresses ion transport limitations in layered titanates. In our study of
layered titanates (H2T14Oo) in Li-ion cells, we demonstrated that interlayer functionalization
with a short-chain, non-cross-linking monoamine promotes ion-solvent cointercalation. By
expanding the interlayer gap, Li-ions can intercalate along with (portions of) their solvation
sheath, resulting in a reduced charge transfer resistance for intercalation. The ion-solvent
cointercalation phenomenon enhances high rate capability and enables cycling at low
temperatures. To confirm the cointercalation of solvent molecules during lithiation, we
employed a comprehensive array of experimental techniques, including operando XRD,
ECD, EQCM, ex situ FTIR, and EIS. These methods collectively validated the ion-solvent

cointercalation mechanism in pillared layered titanates.

The effects of nanoconfinement manipulation with organic interlayer pillars are not only
observed in Li-ion systems, but also in Na-ion systems, where the development of suitable
intercalation anode materials remains a challenge. Examining pillared titanate electrodes in
Na-ion cells shows enhanced electrochemical properties. While the unmodified titanate
electrode shows distinct peaks on the CV and plateaux on the voltage profiles, the pillared
titanate shows a sloping voltage profile, with a higher capacity, an enhanced initial
coulombic efficiency, and a higher apparent Na-ion diffusion coefficient. ECD results
indicated a greater expansion of the pillared electrode compared to the pristine one during
sodiation, suggesting the possible insertion of solvated Na* ions, similar to the behaviour
observed in Li-ion intercalation in pillared HTO. These finding highlight the potential of

interlayer functionalization to improve the intercalation kinetics in Na-ion batteries.
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Secondly, the dissertation addresses the challenge of limited electrical conductivity in
transition metal oxide electrodes. The incorporation of organic pillar molecules (e.g.,
octylamine) within layered hosts such as MoOx provides a pathway to introduce carbon
into the microstructure via pyrolysis. The resulting material is a nanocomposite, where a
carbon phase is confined among the nanodomains of the oxide phase. This nanocomposite
exhibited enhanced electrical conductivity, improved rate capability during intercalation
reactions, and higher coulombic efficiency in conversion reactions. A detailed mechanistic
study was conducted to understand the formation steps of the metal oxide—carbon
nanocomposite. During pyrolysis, loosely attached organic pillar molecules are expelled
from the structure, and the others are converted to carbon at elevated temperatures. As the
temperature increases, carbon may leave the structure as CO or CO:, simultaneously
reducing the oxide matrix. This study elucidates the microstructure evolution during the
pyrolysis process in pillared metal oxides, providing a foundation for future research on the
intentional design of metal oxide—carbon nanocomposites by targeting specific pyrolysis

parameters.

In conclusion, this dissertation lays a foundation for future research on modifying
nanoconfinement conditions in layered electrodes, by demonstrating the versatility and
effectiveness of interlayer functionalization with organic pillars in optimizing layered
electrode materials for energy storage. By showcasing the ability of interlayer
functionalization to enhance ion transport, facilitate ion-solvent cointercalation, and
improve electrical conductivity through subsequent pyrolysis, this work opens new avenues
for exploring electrode nanoconfinement design strategies across a broader range of
materials and electrochemical systems. The findings on ion-solvent cointercalation provide
a novel perspective on designing electrodes for Li-ion and Na-ion systems, with the
potential to expand to other energy storage mechanisms beyond bare ion intercalation.
Additionally, the insights gained from the mechanistic study of metal oxide—carbon
nanocomposites formation offer a framework for further investigation into the precise
control of microstructure during nanocomposite material synthesis. Future research can
build on these results by exploring different types of organic pillars, layered host structures,
and pyrolysis processes to fine-tune the electrochemical performance of materials, driving

advances in high-power, low-temperature, and high-capacity energy storage devices.
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