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Abstract

The global transition toward a carbon-neutral energy landscape necessitates a fundamental
paradigm shift in energy storage technologies. While intermittent renewable sources like wind
and solar are rapidly expanding, their effective integration into the power grid and the
widespread decarbonization of the transport sector are currently constrained by the
performance limitations of two (EES) systems. Specifically, a critical performance gap exists
between high-energy-density batteries, which typically suffer from slow charging/discharging
kinetics, and high-power-density supercapacitors (SCs), which lack sufficient energy storage
capacity. Bridging this gap requires the development of advanced electrode materials that can
combine the high capacity of Faradaic redox reactions with the rapid kinetics of surface-
controlled processes. This dissertation addresses this challenge by investigating
nanoconfinement design in layered molybdenum disulfide (M0S,) as a model system. By
rationally tailoring the geometry and chemistry of the interlayer space, this work aims to
overcome the sluggish solid-state diffusion inherent to bulk materials and unlock fast,

pseudocapacitive ion storage mechanisms.

The first study establishes a versatile, one-pot hydrothermal synthesis strategy to
simultaneously control the crystallite size and interlayer spacing of MoS.. By adjusting the pH
of the precursor solution and introducing 1,6-hexanediamine (HDA) as an organic pillar, the
study effectively demonstrates the influence of particle size and lattice expansion on the charge
storage properties. Electrochemical characterization reveals that reducing crystallite size and
expanding the interlayer spacing act synergistically to promote capacitor-like kinetics. The
optimized nanoconfinement-designed structure achieved a reversible lithium storage capacity
of 199 mAh/g, significantly exceeding the theoretical intercalation limit of bulk MoS;, while
exhibiting a high b-value of 0.93, indicative of surface-dominant kinetics. This study
demonstrates that nanoconfinement design can activate additional storage sites within the van
der Waals (vdW) gaps, effectively transforming a battery-type material into a high-rate

pseudocapacitive electrode material.

Building on the nanoconfinement design strategy, the second study investigates the critical
role of host-pillar interactions and pillar density by introducing covalent functionalization with
1,6-hexanedithiol (HDT). This approach addresses the potential instability of non-covalent
pillars by establishing robust chemical bonds between the organic pillar species and the MoS;
host lattice. Through a comprehensive combination of experimental analysis and density
functional theory (DFT) simulations, the study uncovers a fundamental trade-off between
structural stability offered by pillars and the kinetic limitations to charge storage they impose.
While an optimized pillar loading maintains high capacity (196 mAh/g), excessive pillar density

is found to severely impede ion transport and block active storage sites, leading to a drastic



reduction in performance. This work provides direct evidence that organic pillars can act as
kinetic barriers if overcrowded, establishing a vital design rule: high-performance
nanoconfinement design requires a precise balance where pillars expand the layers sufficiently

for ion access while sparse enough distribution to minimize diffusion pathway obstruction.

The third study elucidates the scalability of nanoconfinement design strategies by transitioning
from the bottom-up, hydrothermal synthesis towards a top-down synthesis method based on
commercially available, bulk MoS,. Utilizing this scalable material platform to investigate the
interplay between electrode structure and electrolyte solvent, the research reveals a
divergence in storage mechanisms. While bulk MoS. undergoes a massive 132 % expansion
of the c-lattice parameter in ether electrolytes due to solvent co-intercalation, the HDA pillared
MoS, minimizes this expansion to approximately 8 %. This suggests that organic pillars
prevent solvent co-intercalation while enabling desolvated Li* intercalation, which could offer
distinct advantages for long-term cycling stability by mitigating the structural stress associated

with excessive volume expansion.

In conclusion, this dissertation demonstrates that rational nanoconfinement design is a
powerful tool to tailor the thermodynamics and kinetics of ion intercalation in layered materials.
By providing a blueprint for designing electrodes that merge the high energy density of
batteries with the high power density of SCs, this work contributes directly to the development
of fast-charging, long-lasting energy storage systems essential for renewable energy
applications, ultimately supporting the global societal goal of a sustainable, zero-emission

future.



Kurzfassung

Die globale Wende zu einer kohlenstoffneutralen Energieversorgung erfordert einen
grundlegenden Paradigmenwechsel bei den Energiespeichertechnologien. Wahrend
fluktuierende erneuerbare Energiequellen wie Wind und Sonne starker genutzt werden,
werden ihre effektive Integration in das Stromnetz und die weitgehende Dekarbonisierung des
Verkehrssektors derzeit wegen der Leistungsbeschrankungen der beiden etablierten
elektrochemischen Energiespeichersystemen (EES) eingeschrankt. Konkret besteht eine
kritische Leistungslicke zwischen Batterien mit hoher Energiedichte, die typischerweise unter
einer langsamen Lade-/Entladekinetik leiden, und Superkondensatoren (SCs) mit hoher
Leistungsdichte, denen es an ausreichender Energiespeicherkapazitat mangelt. Die
Uberbriickung dieser Licke erfordert die Entwicklung fortschrittlicher Elektrodenmaterialien,
die die hohe Kapazitat faradaischer Redoxreaktionen mit der schnellen Kinetik
oberflachengesteuerter Prozesse kombinieren kdnnen. Diese Dissertation adressiert diese
Herausforderung durch  die  Untersuchung des Nanoconfinement-Designs in
schichtstrukturiertem Molybdandisulfid (MoS;) als Modellsystem. Durch die gezielte
MaRschneiderung der Geometrie und Chemie des Zwischenschichtraums zielt diese Arbeit
darauf ab, die trage Festkorperdiffusion, die Bulk-Materialien inharent ist, zu Gberwinden und

schnelle, pseudokapazitive lonenspeichermechanismen zu erschlieen.

Die erste Studie etabliert eine vielseitige Hydrothermalsynthese-Strategie zur gleichzeitigen
Kontrolle der Kristallitgré3e und des Zwischenschichtabstands von MoS,. Durch Anpassung
des pH-Werts der Vorstufenlosung und Einfuhrung von 1,6-Hexandiamin (HDA) als
organischem Molekul (fungiert als ,Stutzpfeiler) demonstriert die Studie effektiv den Einfluss
von PartikelgroRe und Gitterexpansion auf die Ladungsspeichereigenschaften. Die
elektrochemische Charakterisierung zeigt, dass die Reduzierung der KristallitgréRe und die
Aufweitung des Zwischenschichtabstands synergistisch wirken, um kondensatordhnliche
Kinetik zu fordern. Die optimierte, durch Nanoconfinement designte Struktur erreichte eine
reversible Lithiumspeicherkapazitat von 199 mAh/g, was das theoretische Interkalationslimit
von Bulk MoS:; deutlich tbertrifft, wéhrend sie einen hohen b-Wert von 0,93 aufwies, der auf
eine oberflachendominierte Kinetik hinweist. Diese Studie zeigt, dass das Nanoconfinement-
Design zusétzliche Speicherplatze innerhalb der van-der-Waals-(vdW)-Liicken aktivieren kann
und somit ein batterieartiges Material effektiv in ein hochratenféahiges pseudokapazitives

Elektrodenmaterial transformiert.

Aufbauend auf der Nanoconfinement-Designstrategie untersucht die zweite Studie die
kritische Rolle von Wirt-Molekil-Wechselwirkungen und Molekuldichte durch die Einfuhrung
einer kovalenten Funktionalisierung mit 1,6-Hexandithiol (HDT). Dieser Ansatz adressiert die

potenzielle Instabilitat nicht-kovalent gebundener Molekiile durch den Aufbau robuster
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chemischer Bindungen zwischen den organischen Molekilen und dem MoS;-Wirtsgitter.
Durch eine umfassende Kombination aus experimenteller Analyse und DFT-Simulationen
deckt die Studie eine fundamentale Ambivalenz zwischen der strukturellen Stabilitat, die durch
die Moleklle geboten wird, und den kinetischen Einschrankungen der Ladungsspeicherung,
die sie verursachen, auf. Wahrend eine optimierte Molekilbeladung eine hohe Kapazitat
(196 mAh/g) aufrechterhalt, stellt sich heraus, dass eine UberméRige Saulendichte den
lonentransport stark behindert und aktive Speicherplatze blockiert, was zu einer drastischen
Leistungsminderung fihrt. Diese Arbeit liefert den direkten Beweis, dass organische Molekile
als kinetische Barrieren wirken kdnnen, wenn sie den Zwischenschichtraum tberfillen, und
etabliert eine wichtige Designregel: Hochleistungsfahiges Nanoconfinement-Design erfordert
ein prazises Gleichgewicht, bei dem Molekiile die Schichten ausreichend fir den lonen-
Zugang aufweiten, wahrend sie sparlich genug verteilt sind, um die Blockierung der

Diffusionswege zu minimieren.

Die dritte Studie beleuchtet die Skalierbarkeit von Nanoconfinement-Designstrategien durch
den Ubergang von der Bottom-up-Hydrothermalsynthese hin zu einer Top-down-
Synthesemethode auf Basis von kommerziell erhaltlichem Bulk-MoS,. Unter Nutzung dieser
skalierbaren Materialplattform zur Untersuchung des Zusammenspiels zwischen
Elektrodenstruktur und Elektrolytldsungsmittel enthillt die Forschung eine Divergenz in den
Speichermechanismen. Wahrend Bulk-MoS; in Ether-Elektrolyten aufgrund von
Lésungsmittel-Co-Interkalation eine massive Expansion des c-Gitterparameters um 132 %
erfahrt, minimiert das HDA-gestltzte MoS; diese Expansion auf etwa 8 %. Dies deutet darauf
hin, dass organische Saulen die Losungsmittel-Co-Interkalation verhindern, wéhrend sie die
Interkalation desolvatisierter Li*-lonen ermdglichen, was durch die Milderung des mit
Ubermafgiger Volumenexpansion verbundenen strukturellen Stresses deutliche Vorteile fir die

Langzeitzyklusstabilitat bieten konnte.

Zusammenfassend demonstriert diese Dissertation, dass rationales Nanoconfinement-Design
ein méachtiges Werkzeug ist, um die Thermodynamik und Kinetik der loneninterkalation in
Schichtmaterialien maf3zuschneidern. Indem sie einen Bauplan fir das Design von Elektroden
liefert, die die hohe Energiedichte von Batterien mit der hohen Leistungsdichte von SCs
vereinen, tragt diese Arbeit direkt zur Entwicklung schnellladefahiger, langlebiger
Energiespeichersysteme bei, die fir Anwendungen im Bereich erneuerbarer Energien
unerlasslich sind, und unterstitzt letztlich das globale gesellschaftliche Ziel einer nachhaltigen,

emissionsfreien Zukunft.
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Introduction

Chapter 1: Introduction

1.1. Background and Motivation

The global energy transition toward energy and zero-carbon-emission polices is fundamentally
reshaping the landscape of energy generation and consumption.? This massive shift is
illustrated in Fig. 1.1A, which tracks the evolution of global electricity generation since 2000.
While conventional sources like coal remain significant, the data highlights a rapid rise in
intermittent renewable sources, particularly wind and solar photovoltaic (PV), in recent years.
The consumption trends presented in Fig. 1.1B underscore the magnitude of the
decarbonization challenge. The industry and transport sectors consistently dominate global
energy demand, necessitating a comprehensive shift toward electrification. However, aligning
the intermittent generation profile of renewables (Fig. 1.1A) with the high, growing demands
of these sectors (Fig. 1.1B) creates a temporal mismatch. Consequently, this transformation
has positioned electrochemical energy storage (EES) systems as essential infrastructure. EES
is indispensable for stabilizing the power grid, preventing the waste of valuable generated
energy, and enabling the widespread adoption of electric vehicles (EVs) and advanced

portable electronics.34

A. Evolution of electricity generation in World since 2000
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Source: International Energy Agency. License: CC BY 4.0

Figure 1.1: Trends in global energy production (A) and use (B) from 2000 to 2023. Panel A

illustrates the evolution of electricity generation in the world since 2000, showing the rapid
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growth of intermittent renewable sources. Panel B displays the evolution of total energy
consumption, highlighting the sustained, dominant energy demand from the industry and

transport sectors. Cited from the International Energy Agency (IEA), with a CC BY License.

The diverse demands across these sectors dictate two distinct, and often competing,
performance requirements for EES systems. Applications demanding high power density, such
as regenerative braking in vehicles or grid frequency regulation, require electrode materials
capable of storing/releasing charge rapidly. Conversely, applications focused on high energy
density, such as long-range EVs, long-duration grid load leveling, and portable electronics,
require maximum capacity for extended operation time. This divergence highlights the central
challenge: current commercial EES systems are typically constrained by an inherent power-
energy density trade-off. Devices that deliver high energy often suffer from slow kinetics, while
those with high power hold less energy. This limitation is among the central scientific
motivations for next-generation battery materials research. To bridge this performance gap
and realize the benefit of combining high energy and high power density, one of the current
scientific approaches focuses on structural engineering of electrode materials. This imperative
specifically drives the exploration of structural engineering strategies, such as manipulating
the interlayer spacing of layered materials, to enhance ion transport and maximize the kinetics
of charge storage. Ultimately, filling this knowledge gap requires a qualitative and quantitative
understanding of the correlation between material structure and resulting electrochemistry,

which will enable the rational tailoring of electrode structure for desired EES applications.

1.2.Electrochemical Energy Storage Technologies

The fundamental concepts of EES date back over 200 years, beginning with the landmark
work of Alessandro Volta and his development of the Voltaic Pile in the late 1700s and early
1800s.° Over the subsequent centuries, the EES systems (batteries and supercapacitors) have
been developed, and now they play an essential role across a vast range of technical
applications. Future applications will also heavily rely on EES for decentralized peak power
shaving, load levelling, and high-performance EVs. The success of these applications depends
on continuous improvement in cycle life, specific power, specific energy, and cost

considerations in their markets.

The fundamental performance characteristics of EES are determined by the charge storage
mechanism that is defined by the electrode material interaction with charge-carrying ions in
the electrolyte. This theoretical foundation is essential for understanding how the

thermodynamics and kinetics of electrochemical processes change in response to structural

11
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manipulation. As illustrated in the Ragone plot (Fig. 1.2), the field conventionally distinguishes
two primary storage mechanisms: Faradaic redox reaction (battery-type) and electrical double-
layer formation (capacitor-type).® The concept of pseudocapacitance, which effectively blurs
this performance boundary, is addressed subsequently. These storage mechanisms are each

governed by distinct electrochemical properties and equations.

10°
36ms 36s
0.1h
10% 7 *
T 10°
2
3
q;) 10h
&
Q
g 10?
7))
M Li-ion
B Na-ion, LTO
10
Solid state
(Li metal) |
Electrochemical 1,000 h
capacitors
107 107! 1 10 102 10°

Specific energy (Wh kg™")

Figure 1.2: Ragone plot showing the characteristic specific power and specific energy of EES
devices. The graph highlights the convergence of different types of batteries (green/red/yellow)
and electrochemical capacitors (blue) toward a high performance ideal (indicated by star),
which represents a device with both high specific energy and high specific power. Reproduced

from Ref. [¢], with permission from Springer Nature, © 2008.

1.2.1. Batteries

The foundation of modern battery technology was established over two centuries ago with the
groundbreaking work of Alessandro Volta and the introduction of the world’s first electric
battery.® This historical progression continued with key inventions, including the development

of the lead-acid battery by Gaston Planté, and the subsequent, pivotal contributions of J.B.

12
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Goodenough, M.S. Whittingham, A. Yoshino and others to the lithium-ion battery (LIB).”"*?
These remarkable inventions, characterized by favorable energy and power densities
alongside manufacturing advancements, fundamentally revolutionized portable electronics.
Consequently, rechargeable LIBs remain the dominant battery technology compared to
alternative systems (e.g., sodium ion, solid-state batteries, etc.), serving as one of the most

popular energy devices across mobile electronics and EVs.

To understand the operational principles of LIB systems, several core concepts must be
defined.®®* Fundamentally, battery-type materials store energy through Faradaic redox
reactions (Ox + ze" = Red), where Ox represents the oxidized species, Red the reduced

species, and z is the number of electrons (e) transferred.

To ensure consistent terminology, the electrodes are defined according to the spontaneous
discharge reactions: the anode (negative electrode) is the site where oxidation occurs, while
the cathode (positive electrode) is the site where reduction occurs.'®* The thermodynamic
potential difference between electrodes when no current flows is defined as the open circuit
voltage (OCV). Furthermore, the total resistance to current flow within the cell, arising from
ohmic resistance, charge transfer kinetics, and mass transport limitations, is collectively

termed impedance, which directly influences power capability and efficiency.

These reactions generally involve three distinct ion storage mechanisms: intercalation,
conversion, and alloying.'**®> A standard LIB comprises two electrodes (anode and cathode)
separated by an electrically insulating but ion-permeable separator. Upon charging, as
illustrated in Fig. 1.3A, Li* ions are extracted from the cathode (oxidation), transferred across
the electrolyte, and inserted into the anode. During discharge, the reverse process occurs: Li*
ions are extracted from the anode and migrate back to the cathode. Simultaneously, electrons
flow through the external circuit, driven by the electrochemical potential difference between the

electrodes. The entire process allows the battery to store energy.'*16
The intercalation mechanism, in particular, proceeds through four primary stages:’

1. lon diffusion from the bulk electrolyte to the electrode/electrolyte interface.
2. lon migration across the surface and interphase to reach an intercalation site.
3. Charge transfer reactions at the interface.

4. Solid-state ion diffusion into the host material.

The Faradaic process in LIBs is often governed by bulk kinetics. Because ions must diffuse
through the dense, two- or three-dimensional electrode material, the charging and discharging
rate is typically limited by the rate of solid-state ion diffusion. While this Faradaic storage
enables very high energy density, the slow bulk kinetics impose a significant practical limitation

on power density (e.g., relevant for fast charging capability). Consequently, electrode

13
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engineering aims to minimize the diffusion path length or increase the diffusion coefficient to

enhance the overall rate performance of battery-type materials.

Beyond the primary mechanism, the applicability of any battery system is determined by
several key performance metrics, including energy density, power density, capacity, cycle life,
and coulombic efficiency. A Faradaic charge storage process, where the charge transfer
originates from an electrochemical redox reaction, causes a Faradaic current (ifarad, I Ampere
(A)) to flow over a time interval (t, in seconds (s)), yielding the total quantity of charge

transferred (Qarad, in Coulomb (C), Equation 1):1819
Qfaraa = f ifaraa dt (1)
The maximum theoretical capacity of a host electrode material (Equation 2) is directly

proportional to the maximum number of ions that can be reversibly stored, and thus, the

number of electrons transferred in the electrode reaction, as defined by Faraday’s law of

electrolysis:
C
mAh nxF[——]l
Qtheoreticail 1= 1] (2)
g M,,[=2=] X 3.6
mol

where n is the number of electrons transferred per formula unit of the host electrode (in
intercalation reactions often <1 per transition metal), My, is the molar mass of the host electrode
(g/mol), and F (Faraday’s constant) is the charge of one mole of electrons (96,485.3 C/mol).
The commonly used unit of this theoretical capacity is mAh/g, utilizing the conversion factor
3.6 derived from converting C/g to mAh/g. The practical capacity (Qrarad) is typically lower than
the theoretical maximum (Queoreiical) due to kinetic limitations. Furthermore, in a full
electrochemical cell, the total utilizable capacity is dictated by the electrode with the similar
capacity, as each ion/electron that is released from one electrode needs to be taken up by the

other electrode and vice versa.

The total energy (E, Equation 3) that can be gained from an electrochemical cell is calculated
as the integral of the discharge voltage (V) multiplied by the discharge current (ltarad) Over the

discharge time:

E= f V- iraraqdt A3)

14
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This total accessible energy is the basis for determining the two key metrics of practical
performance: gravimetric and volumetric energy densities. Gravimetric energy density (Wh/kg)
normalizes the total energy by the mass of the electrode materials or entire cell (the former
often used in academic papers, the latter relevant for applications), making it the critical metric
for weight-sensitive applications, such as long-range EVs, drones, and portable electronics. In
contrast, volumetric energy density (Wh/L) normalizes the total energy by volume, making it
essential for space-constrained applications, including compact consumer electronics.
Depending on the intended application, an electrode material is typically optimized to maximize
either the gravimetric or volumetric metric, although this prioritization is often balanced against

other critical factors such as cost, sustainability, and safety.

The instantaneous power (P) is calculated as the operating voltage (V) multiplied by the applied

current (I), as described in Equation 4:

P=VxI ()

To account for voltage during discharge, the power (Pavyg, Equation 5) over the full discharge
duration (twta) is calculated by integrating the voltage and Faradaic current (itraq) to find the

total energy, then dividing by discharge time:

_E [V -ifgraqdt
tdischarge tdischarge

P avg (5)

Power density (W/kg or W/L) is then calculated by dividing this average power (Pay) by its
gravimetric (mass, kg) or volumetric (volume, L) value of the cell. Alternatively, it can be derived
directly from the energy density (Edensity) divided by the discharge time (Pdensity = Edensity / tdischarge)-
Ultimately, while Faradaic storage enables high energy density,?° the inherent challenges limit
the current (). This limitation on power density arises not only from slow solid-state ion diffusion
within the active material but also from ohmic resistance, electrolyte concentration polarization,
and saturation of the active material surface.??2 These kinetic bottlenecks underscore the
critical need for structural and material improvements to enhance overall kinetics. It is notably
observed that energy density is highly dependent on cell chemistry (e.g., the specific cathode
and anode materials employed). The variations in energy density reported in 2019 are

summarized in Table 1.2
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Table 1: Various LIB cell chemistries for EVs. Adapted from Ref. [??], with permission from
Springer Nature, © 2018.

Cell chemistry Cells
(cathodefanode) - - -
Producer Type Capacity (Ah) Voltage (V) Energy density Energy density
(Wh kg™ (WhL™h
LFP
LFP/C Al23 Pouch 20 33 131 247
NCA
NCA/C Panasonic Cylindrical 3.2 3.6 236 673
NCA/SiI-C Panasonic Cylindrical 3.4 3.6 236 673
NMC
NCASSI-C Panasonic Cylindrical 4.75 3.6 260 683
NMC/C Panasonic/Sanyo  Prismatic 25 37 130 215
NMC/LTO Toshiba Prismatic 20 2.3 89 200
NMC/C LG Chem Pouch 56 3.65 186 393
NMC/C LG Chem Pouch 59 37 241 466

C: graphite; LTO: Li,TisOy; Si: silicon; LFP: LiFePO,; NCA: LiNiggCoy 5Aly 505 NMC: LiNi; 3Mn;;3C0,305.

1.2.2. Electrical Double-Layer Capacitors

The conceptual foundation of electrical double-layer capacitor devices (EDLCs) was
established in 1957 with the first patent filed by Becker, which described using high specific
surface area (SSA) porous carbon electrodes within a sulfuric acid electrolyte.?> Commercial
application began in 1971 when NEC (Japan), under license from SOHIO, developed aqueous
electrolyte capacitors for power-saving units in electronics.?®> These devices marked the
starting point for the commercial use of electrochemical capacitors, with subsequent research
bolstered by new applications in diverse sectors, including mobile electronics, transportation,
and so on.?* Structurally, EDLCs are constructed similarly to a battery, utilizing two electrodes
immersed in an electrolyte solution. An ion-permeable separator is located between the

electrodes to prevent physical contact while facilitating ion conduction (Fig. 1.3B).

Ideal EDLCs operate purely via a non-Faradaic process. This charge storage mechanism
occurs electrostatically through the reversible adsorption of electrolyte ions onto the surface of
a polarized electrode.?® The electrode materials for EDLCs are typically electrochemically inert
towards redox reactions in the used voltage range, and often consist of high-surface-area
carbon materials like activated carbon. It should be noted that the labels anode and cathode
are not appropriate in EDLCs, since there are no redox reactions occurring at the electrodes.
Rather, they should be labeled negative and positive electrodes, respectively. Charge
separation is achieved upon polarization at the electrode/electrolyte interface, a phenomenon
that produces the double-layer capacitance (C) as a consequence of a strong electric field

gradient at the interface, first described by the (simplified) Helmholtz model in 1853.2°
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where &, is the electrolyte dielectric constant, ¢, is the dielectric constant of the vacuum, d is
the effective thickness of the double layer, and A is the electrode surface area. The initial
Helmholtz model (equation 6) was later refined by Gouy and Chapman, and subsequently by
Stern and Geary, who introduced the critical concept of a diffuse layer in the electrolyte.2’-2°
This diffuse layer forms as counter-ions accumulate near the charged electrode surface to
balance the electric potential, creating a concentration gradient that extends into the bulk
electrolyte. The double-layer capacitance typically ranges from 5 to 20 yF/cm? per unit
interfacial area of planar electrodes, where organic electrolytes are favored over higher specific
capacitance agueous solutions due to their capacity to sustain a higher operation voltage, up
to 2.7 V in symmetric systems.®* The higher voltage is crucial because the energy is
proportional to the square of the voltage, as depicted in equation 7.3

1\ CV?
= (= 7
w (2)3,600 0

where W is the energy (watt hours), C is the total capacitance of the cell (in farads), and V is
the cell voltage (volts) and the factor of 3600 translates joule into watt hours. It is important to
note that the total cell capacitance is related to the individual electrode capacitance by the

series relationship (1/Cceii = 1/Cpos. + 1/Chneg.), resulting in Ceei = 0.5 Celectrode fOr symmetric cells.

The absence of any Faradaic contribution in the charge storage mechanism explains the
specific electrochemical signature of these devices (at least in idealized EDLCs; realistic
systems can include minor surface redox effects, e.g., on functional groups of porous carbon
electrodes). As shown in Fig. 1.3C, this signature typically ranges from a rectangular box-
shaped cyclic voltammogram to a linear, sloping profile during galvanostatic charge/discharge
(GCD). While EDLCs are the main commercialized electrochemical capacitor devices, they
suffer from limited energy density, meaning the primary challenge for SC research remains

increasing the overall amount of energy stored.
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Figure 1.3: Schematic illustration of the cell setups of (A) batteries and (B) EDLCs. Adapted
from Ref. [¥], with permission from the Royal Society of Chemistry. (C) Characteristic
electrochemical signature of the potential profile of an ideal battery (like the LIB), showing a
long charge/discharge plateau at a constant voltage, versus the linear variation of voltage with
the state of charge (SOC) found in an ideal EDLC. The figure highlights how the voltage
provides a direct measure of the SOC for the EDLC, but not for the batteries. Reproduced from

Ref. [*%], with the permission of the American Institute of Physics.
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While EDLCs offer superior power density and cyclability due to their fast, non-Faradaic
mechanism, their performance is fundamentally constrained by limited energy density. Since
charge storage is restricted entirely to the surface area, EDLCs cannot compete with the
capacity offered by bulk battery-type electrode materials. This kinetic advantage, coupled with
the energy limitation, motivated researchers to explore a hybrid approach that could combine
the high capacity of Faradaic reactions with the fast kinetics of surface processes. This search
led directly to the development and intensive study of pseudocapacitance, a mechanism

suitable to bridge the gap between pure capacitive and battery behavior.

1.2.3. Pseudocapacitors

The origin of the term Pseudocapacitance stems from pseudo-capacity, which D.C. Grahame
first described in 1941 in the context of electrochemically reversible interfacial charge not
associated with classical double-layer formation.®* The phenomenon was more prominently
recognized by Conway and others in the 1970s, who observed that reversible redox reactions
occurring at or near the surface of an electrode led to EDLC-like electrochemical features but

resulted in much greater charge storage.?®

A pseudocapacitor is a type of electrochemical capacitor (supercapacitor, SC) that often uses
transition metal-based electrode materials. It stores charge via a fast faradaic charge transfer
coupled with rapid ion transport, distinguishing it from EDLCs (another type of SCs).*® As
depicted in Fig. 1.4, the reversible charge storage of pseudocapacitance is classified into three
types: underpotential deposition, surface redox pseudocapacitance, and intercalation
pseudocapacitance.*® These reactions occur on the surface, near-surface, or even via

penetration into the electrode bulk.3%%"

The underpotential deposition (Fig. 1.4A) process involves the chemisorption of cations from
the electrolyte onto a different metal substrate, forming a monolayer at a potential positive to
the Nernst potential for bulk deposition.® Distinct from this, surface redox pseudocapacitance
(Fig. 1.4B) arises primarily from Faradaic electron transfer between ions in the liquid electrolyte
and the surface atoms of the solid electrode, involving a change in oxidation state (e.g., RuOy).
Finally, intercalation pseudocapacitance (Fig. 1.4C) occurs when ions intercalate rapidly into
the tunnels or layers of the electrode material via a solid-solution mechanism, accompanied
by a fast Faradaic charge transfer that does not involve a change in crystallographic phase.
This mechanism offers distinct kinetic advantages due to the structural stability maintained

during the electrochemical reaction.®
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Figure 1.4: Three different mechanisms of pseudocapacitance: (A) underpotential deposition,
(B) surface redox, and (C) intercalation pseudocapacitance. Reproduced from Ref. [*°], with

permission from the Royal Society of Chemistry.

The distinct charge storage mechanisms of EES applications are clearly reflected in their
electrochemical signatures.®®“° When subjected to potential scanning (cyclic voltammetry),
EDLCs typically display a potential-independent current, resulting in a rectangular CV shape
(Fig. 1.5A and 1.5B). In contrast, batteries exhibit prominent, distinct redox peaks associated
with the reduction and oxidation involved in Faradaic charge storage (Fig. 1.5G and 1.5H).
Similarly, during constant current discharge, the potential versus time plot for an EDLC is linear
(Fig. 1.5C), while a potential versus time plot is profoundly non-linear for batteries (Fig. 1.5l),
characterized by plateaus of nearly constant potential corresponding to the Faradaic redox
reactions. Behavior intermediate between these two extremes signhals the presence of
pseudocapacitance (Fig. 1.5D-F). Therefore, the crucial first question must address when
analyzing electrochemical data from a nanomaterial is whether the material exhibits battery-

like or capacitor-like characteristics.*
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Figure 1.5: Examples of electrochemical signatures used to identify charge storage
mechanisms. The figure presents cyclic voltammograms (a, b, d, e, g, h) and corresponding
galvanostatic profiles (c, f, i), illustrating various storage types. The pseudocapacitive
mechanisms shown include (b) surface redox pseudocapacitance (e.g., MnO; in neutral
aqueous media) and intercalation pseudocapacitance (e.g., lithium insertion in Nb2Os in
organic electrolytes (d) and TisC; in acidic aqueous electrolytes(e)). Panels g-i illustrate the
typical electrochemical responses of battery-like materials. Reproduced from Ref. [*!], with

permission from American Chemical Society, © 2018.

The inherent challenge in kinetic analysis is distinguishing true surface-controlled storage from
diffusion-limited processes by the power-law dependence of the current on the scan rate (I =
av®), where the b-value provides direct insight into the charge storage kinetics.*>*® A b-value
of 0.5 indicates semi-infinite linear diffusion-controlled kinetics, while a b-value equal to or

close to 1 signifies surface-controlled kinetics.
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1.3. State-of-the-Art: Layered MoS2 and Nanoconfinement

1.3.1. Overview of Layered Materials in EES

The intercalation/deintercalation mechanism is the widely utilized one in modern rechargeable
battery technologies like the LIB. This process involves a straightforward, reversible solid-state
redox reaction within the host material. During ion storage or release, mobile guest ions from
the electrolytes are reversibly inserted into and extracted from the interlayer space or the
channels present in the host materials. Crucially, the ions maintain their ionic properties during
intercalation, diffusing within the host materials driven by concentration gradients.** Meanwhile,
the intercalation process inevitably causes the host materials to undergo certain volume

changes, except for rare exceptions like spinel lithium titanate.*

The need to accommodate these structural changes directly highlights the importance of
layered materials (e.g., graphite, transition metal oxides (TMOs), transition metal
dichalcogenides (TMDs), and MXenes) in EES. Their characteristic structures, composed of
two-dimensional (2D) atomic sheets held by weak van der Waals (vdW) forces, are inherently
suited for the intercalation mechanism, offering the structural prerequisites and potential

pathways to store a high number of ions.

Graphite is the most commonly utilized layered material as an anode for Li* ions in LIB systems,
which comprises 2D carbon (graphene) layers, where the individual atoms are organized in a
honeycomb structure.** Stacking of these individual layers forms a lamella structure of graphite,
where the interlayer spacing is approximately 0.335 nm, held together via weak vdW forces
originating from delocalized T-orbitals, allows guest ions (e.g., Li* ions) to have reversible
intercalation/extraction between layers.*®¢ The mechanism of Li* ion intercalation is closely
connected with this ideal 2D layered structure. lons are easily inserted from the edge plane
surface and undergo chemical reactions, leading to the formation of interlaminar compounds
(graphite intercalation compound, GIC).%” The Li* intercalation into graphite is described by the

chemical reaction equation below.

Ce + Li* + & — LiCs (8)

Highly crystalline graphite can host a maximum of one lithium atom per six carbon atoms,
corresponding to the LiCs phase, and provides a theoretical lithium storage capacity of 372
mAh/g at a potential of ca. 0.15 vs. Li*/Li.*34° Despite the intercalation capability of graphite on
various ions (e.g., Li*, K*, and Cs*), Na* ions are not intercalated efficiently, resulting in very
low capacity (NaCiss).*° It is due to the destabilization of GICs, caused by the strong interaction
between Na* (or Mg?*, Ca?") ions and graphene layers.®! Later, it is observed that the co-

intercalation phenomena, where Na* ions are intercalated along with solvents (solvated Na*
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ions) into ion host materials, enable graphite to store Na* ions in graphite layers via the
formation of stable ternary GICs (graphite-Na*-solvent).*®>? This shows that electrochemical
ion storage is also highly dependent on not only the materials of anodes or cathodes but also
the electrolyte environments in the system.®® This co-intercalation reaction does not require a
full desolvation process, leading to excellent transfer kinetics and in some cases
pseudocapacitive electrochemical properties.>*>® However, irreversible co-intercalation and
exfoliation due to repeated ion or solvated-ion intercalation/de-intercalation can affect the

overall electrochemical performance, such as rate capability and long-term cycling stability.

In the LIB system, several structural engineering approaches, like expanding of interlayer and
creating defects in the material design, are applied to overcome the technical bottlenecks to
achieve fast-charging batteries.*® As examples, expansion of layer spacing can reduce
diffusion resistance of ion transport, and defect sites can provide short and multiple channels

for ion insertion.56:57

Layered TMOs are also a common class of intercalation hosts. Their layered structures are
generally built from transition metal-oxygen clusters, with the transition metal typically in
octahedral (six-fold) coordination with oxygen ligands. These octahedra are assembled into
extended sheets by sharing corners or edges. Layered lithium TMOs (often with the chemical
formula LiTMO,, where TM = Ni, Mn, Co, Al, etc.) are the most widely utilized, serving as the
cathode materials in the current commercial LIB system due to their high specific capacity and
high operating potentials, leading to high energy density in the cell (e.g., LiNiixMxO2 and
Li1+xM1xO2).%8%° In these frameworks, the Li* ion is an essential structural component, which
ionically bonds the negatively charged [TMO;] layers together. On the other hand, some
layered TMOs, such as layered birnessite MnQO;, orthorhombic V.Os, and monoclinic
WO3-2H,0, are composed of charge-neutral MOs octahedra sheets held together by weak
vdW forces.®® This structural design, featuring wide interlayer spacing, allows for the
intercalation of a large variety of guest ions and polymers. The intercalation mechanism (MO
+ XA* + xe" = A\MO, MO = layered TMO, A" = cation (e.g., H*, Li*, Na*, etc.)) is considered the
primary charge storage mechanism in metal oxides.®® To enhance the kinetics of ion
intercalation in bulk TMOs, a nanostructuring (or nanosizing) strategy is commonly used, which
in some cases can lead to pseudocapacitive behavior.3°%861.62 Also, nanoconfinement design
via an inorganic-organic hybrid structure of TMOs has been reported in recent years to
demonstrate that the pillaring approach is a promising direction to tailor electrochemical

properties.53-66

While graphite and TMOs represent established classes of layered materials for EES, the

TMDs constitute another significant layered-type family. As the specific material system
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selected for investigation in this thesis, the structural and electrochemical properties of TMDs

will be discussed in detail, with a specific focus on Molybdenum disulfide.

1.3.2. Transition Metal Dichalcogenides

Since the first TMD compound was discovered in 1923, various TMD materials have been
actively investigated due to their fascinating features similar to graphene or other layered
families.®”%® Various applications, such as energy storage®°, catalysis’*’?, and sensing”"4,
have shown interest in exfoliated 2D TMDs due to their large surface area, unique physical

and electronic properties.”

Typically, TMDs (general formula MX;, where M = transition metal, X = chalcogen) have
various possible combinations, as shown in Fig. 1.6A. They are characterized by a sandwich
structure, where a single layer of transition metal atoms is positioned between two layers of
chalcogen atoms (X-M-X layers) connected by strong covalent bonds in the intralayer.” These
individual sheets are stacked and held together by vdW forces, resulting in a 3D layered
structure (Fig. 1.6B-D). This weak interlayer cohesion is a defining feature of TMDs, as it
allows for the facile separation of the bulk crystal into single or few-layer sheets. Also,
intercalants (ions or polymer species) can easily intercalate between these layers, resulting in

structural modification of bulk TMDs.”®

Furthermore, the specific arrangement and stacking order of these covalently bonded metal
and chalcogen layers result in various structural polymorphs. The most common polymorphs
are the hexagonal (2H), tetragonal (1T), and rhombohedral (3R) phases. Numbers (1, 2, 3)
before the crystal symmetry (H, T, R) represent the number of layers in each repeating unit
cell (Fig. 1.6B-D).”” The most common polytype of TMDs is the 2H phase, which is
thermodynamically stable and semiconducting. The unit cell consists of two layers, having an
ABA BAB stacking pattern.”® On the other hand, the 1T phase, which possesses octahedral
MXe coordination, is metastable and metallic, and has an ABC stacking sequence. Due to the
different electronic properties, the electrical conductivity of 1T-MoS; is 10 times higher than
that of 2H-M0S,.”® The 2H-to-1T phase conversion can occur by interlayer atomic gliding,
where one of the X layers goes through the transversal displacement.® Since the 1T phase is
metastable, it leads to the formation of 1T (distorted 1T) structure, which is a semi-metallic
phase to reduce the formation energy under ambient conditions. The 3R phase (rhombohedral
symmetry), which is thermodynamically stable and semiconducting, has a trigonal prismatic
MXs coordination with ABA CAC BCB layer stacking in the unit cell.”
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Figure 1.6: (a) Various combinations of TMDs (MX>) in the periodic table. Adapted from Ref.
[7°], with permission from the American Chemical Society, © 2024. (b-d) Typical structures of
TMDs. Adapted from Ref. [8}], with permission from the Royal Society of Chemistry.

TMDs have been highlighted for EES, especially rechargeable batteries, due to their natural
abundance, low cost, good mechanical strength, and high specific capacitance.®2%® Although
TiS2 was used as the cathode material in the first rechargeable lithium battery, TMDs in modern
approaches are predominantly investigated as anode-type materials due to their intermediate
lithium intercalation potential (e.g., 1.1 - 2.0 V versus Li*/Li for M0S).>8* While their structure,
defined by strong intralayer covalent bonds and weak vdW interactions, provides an ideal
space for ions (Li*, Na*, K* etc.) intercalation, major concerns regarding their application in
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EES include slow ion diffusion kinetics, large strain resulting from volume change during

electrochemical cycles, and the low electrical conductivity in bulk TMDs.”08

To overcome these issues in electrochemical ion storage applications, modification of
electrode materials, such as phase engineering,®%8’ nano-structuring,52® and interlayer
engineering®® are widely studied. These approaches are commonly investigated across
layered materials to control properties like electrical conductivity, ion diffusion, and structural
stability, ultimately improving overall electrochemical performance. These structural
modifications are further introduced with the specific case of MoS; intercalation host material

in the subsequent section.

1.3.3. Molybdenum Disulfide

Molybdenum disulfide (M0S.), a member of the TMD family, has attracted significant attention
as a promising battery anode material since the 1980s.° This is primarily because its
theoretical specific capacity (670 mAh/g), which involves combined intercalation and
conversion mechanisms, is significantly higher than that of commercial graphite anodes (372
mA/g).°! MoS; follows the general structural and electronic properties detailed in the previous
section, including the existence of thermodynamically stable semiconducting phases (2H, 3R)
and metastable metallic phases (1T) (Fig. 1.6B-D). Like other general types of TMD materials,
MoS, features a 2D layered architecture where a plane of molybdenum atoms is sandwiched

between two planes of sulfur atoms (Fig. 1.7).
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Figure 1.7: Schematic illustration of the layered trigonal prismatic 2H-MoS,. Adapted from Ref.

[°2], with permission from American Chemical Society, © 2017.

These layers are internally stabilized by strong covalent Mo-S bonds, while the adjacent sheets

are held together by weak vdW forces, resulting in an interlayer distance of approximately 0.62

26



Introduction

nm. These weak vdW forces between layers create an advantageous pathway for cation
diffusion. MoS; can accommodate charge storage via both intercalation and conversion
reactions, depending on the operational voltages.®>*® The storage process involves sequential

mechanisms for lithium ion:

Intercalation: MoS:z + xLi* + xe" — LixM0S2 (0 <x < 1) (8)

(9)

Conversion: MoS; + 4Li* + 4e- — Mo + 2Li,S

This lithium intercalation reaction in 2H-MoS; (Equation 8) occurs at a potential of ca. 1.1 V
(vs. Li*/Li), accompanying a phase transition from the semiconducting 2H phase to the metallic
1T phase (Fig. 1.8).%3% The resulting 1T-MoS; subsequently exhibits a reversible lithium
intercalation process, typically within the potential range of 3.0 — 1.0 V.%>% The theoretical
specific capacity for this intercalation reaction is 167 mAh/g, corresponding to the insertion of

one Li* ion per MoS; formula unit.
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Figure 1.8: Electrochemical identification of the phase transition in 2H-MoS,. (A) Cyclic
voltammetry curve at 0.1 mV/s, showing a distinct reduction peak at ca. 1.1 V vs. Li*/Li. (B)
GCD profile at 0.02 A/g, showing the characteristic discharge plateau at ca. 1.1 V vs. Li*/Li.

However, extending the discharge to 0.55 V triggers the conversion reaction of MoS;
(equation 9).1%° This process leads to the formation of metallic Mo and lithium sulfide (Li.S),
initiating subsequent redox reactions of Li,S in following cycles that resemble the lithium-sulfur
battery mechanism (Li.S < S + 2Li* + 2¢7).1%* Therefore, defining the operating potential
window is critical when isolating the intercalation properties of MoS;-based materials. In this

thesis, the study specifically focuses on the electrochemical lithium intercalation properties.
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Consequently, the operating voltage is strictly maintained above 1.0 V (vs. Li*/Li) to avoid

conversion reactions and maintain the layered MoS; structural framework.

Natural MoS; (bulk MoS;) exists as the thermodynamically favored 2H phase, with lattice
parameters of a=3.16 A and ¢ = 12.29 A.” 2H-MoS; has been extensively studied for energy-
storage-related systems, particularly SCs, owing to its thermodynamic stability and controllable
structure via synthesis, which provides a large specific surface area (SSA).1%? However, it
suffers from poor electronic conductivity and sluggish ion diffusion kinetics.'* To address
these kinetic, electronic, and structural issues, modification strategies such as phase
engineering, nano-structuring, and interlayer engineering are widely studied along with various
synthesis methods. These synthesis and modification methods are essential since the
characteristics of MoS; are highly influenced by crystal phase, morphology, crystallite sizes,

the number of layers, and so on,499:101,103,104

Various methods have been investigated for the synthesis of MoS, nanoparticles and MoS;-
based materials. The synthesis of MoS; can be classified into two major strategies, which are
top-down and bottom-up methods. Both methods are highly desirable for the investigation of
nanostructured (or nano-sizing) MoS. in the electrochemical storage field. Cook et al.
demonstrated that the electrochemical ion intercalation properties in MoS; electrode materials
are highly dependent on the MoS; crystallite size. The authors found that the phase transition
during lithiation of bulk MoS; is suppressed in nanostructured MoS,. This suppression leads
to the emergence of solid-solution Li* intercalation with pseudocapacitive properties®°,
characterized by kinetics that are not limited by solid-state diffusion.**4° Furthermore, Yao et
al. further demonstrated that, in addition to decreased crystallite sizes, the introduction of lattice
disorder can enable such pseudocapacitive intercalation properties of M0S,.1%® The following

subsections introduce the synthesis methods specifically employed for nanostructured MoS..

1.3.3.1. Top-Down Synthesis

The top-down approach is an exfoliation process of layered bulk materials. Mechanical and
liquid-phase exfoliations are widely used to obtain mono- or few-layered MoS; sheets.
Mechanical exfoliation, commonly known as the Scotch-tape method, was the first approach
established to prepare 2D graphene nanosheets through mechanical fragmentation.% This
technique involves detaching or peeling layers from a bulk crystal using adhesive tape or
simply rubbing the bulk crystal against a solid surface.?’-1%° This method does not require
costly or specialized machinery and is a very easy and effective way to produce thin
nanosheets. However, a significant drawback is that this technique cannot be utilized for large-

scale processing, limiting its applications primarily to preparing samples for fundamental
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research purposes.'!® On the other hand, liquid-phase exfoliation is suitable for the large-scale
production of few-layered materials and is required for many applications.8! Sonication-
assisted liquid exfoliation is one of the widely utilized techniques that depends on ultrasonic
energy to generate shock waves, thereby providing the necessary mechanical force to
separate the bulk layered materials (Fig. 1.9).1*2 An alternative approach, often used in
conjunction with sonication, involves the chemical or electrochemical intercalation of alkali ions
into the bulk MoS: lattice. This process is followed by exposure to water, which reacts with the
intercalated alkali ions to generate hydrogen gas (LixMoS; + xH.O — exfoliated MoS; + xLiOH
+ x/2:H2 1). The rapid evolution and expansion of this gas within the interlayer galleries exert
a significant force, effectively overcoming the vdW interactions and delaminating the material
into nanosheets.”®? In chemical lithiation of bulk MoS;, n-butyllithium (n-BuLi) has been
commonly used.'**115 This method effectively produces 1T rich MoS; by inducing a 2H-to-1T
phase transition, a structural rearrangement triggered by the donation of electrons from the
alkali metals into the molybdenum atoms.1%®11¢ Some drawbacks of this liquid-phase exfoliation
are the breakage of exfoliated sheets, long processing times, and poor uniformity.*'2 However,
it is still one of the commonly utilized techniques not only in laboratories but also in large-scale
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Figure 1.9: lllustration of the general exfoliation process for 2D materials. External energy is
required to overcome the interlayer attraction to promote peeling. Adapted from Ref. [1?], with

permission from Elsevier, © 2022.

1.3.3.2. Bottom-Up Synthesis

MoS; can be synthesized via a bottom-up approach, including hydro/solvothermal synthesis,
microwave synthesis, and chemical vapor deposition technique. This strategy is widely applied
for synthesizing nanostructured MoS; by assembling atomic or molecular precursors through
controlled chemical reactions. Among these, hydro/solvothermal synthesis represents a
traditional wet chemical method that is extensively employed to obtain MoS, with diverse
morphologies, offering precise control over crystallite size and ensuring homogeneous layer
thickness.*’-11% Hydrothermal synthesis uses an aqueous solution environment, while

solvothermal synthesis uses other solvents like ethanol.'?®!?! The morphology of MoS;
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products synthesized via these methods highly depends on the chosen precursors, solvents,
and synthesis conditions.®118122|n the hydrothermal and solvothermal synthesis of MoS;, the
most frequently employed molybdenum precursors include ammonium heptamolybdate
((NH4)6M07024), sodium molybdate (Na;MoO,), and molybdenum trioxide (MoQOgs), and the
sulfur component is commonly derived from organic sources such as thiourea (NH2CSNHy),
thioacetamide (CH3CSNHy), or L-cysteine (CsH/NO;S).10%122 One example of hydrothermal
synthesis of metallic 1T-MoS; is using molybdenum trioxide (MoOs3), thioacetamide
(CH3CSNH_), and urea (NH2CONH,) precursors.*?®* Hydrothermal or solvothermal synthesis
does not require multistep procedures, such as chemical reduction and exfoliation, and is
therefore often referred to as a one-pot synthesis. It would also be suitable to tailor emerging
MoS:; functional properties.®*° This method also enables the growth of MoS. nanoparticles on
a conductive substrate, like reduced graphene oxide, or the formation of heterostructures
comprising MoS; and other layered 2D materials.'?*1%6 One disadvantage of this method is
that the synthesis requires a long processing time. The microwave-assisted hydrothermal
strategy has attracted considerable attention due to its rapid synthetic rate compared to
conventional heating methods. This method uses microwave irradiation to directly heat the
solution in minutes.?” MoS; growth on the substrates via the CVD method has been studied
to obtain high crystalline MoS,.*?® However, it is not suitable for the production of massive
amounts of materials compared to hydrothermal or liquid exfoliation methods. In terms of
scalability among bottom-up methods, calcination (e.g., the simple mixing of metal and sulfur
precursors at high temperatures) represents a suitable and relatively facile process. However,
this approach is less explored for the production of TMDs because the resulting product
consists exclusively of semiconducting structures (composed of mixed 2H and 3R phases),

lacking the metallic 1T-like phase.'?®

1.4.Nanoconfinement Design Strategies

As mentioned in section 1.3.1, layered materials represent some of the most successful
electrodes due to their ability for reversible intercalation of ions. However, the slow diffusion
and possible fracture during volume expansion at high rates remain issues for bulk layered
materials (Fig. 1.10A).1%° Nanostructuring via exfoliation of bulk materials (top-down) or direct
synthesis (bottom-up) has been developed, and improved kinetics and more facile volume
expansion have been achieved using nanostructured 2D materials (Fig. 1.10B).133132 However,
the large surface area often leads to detrimental effects, including high initial irreversible
capacity and low Coulombic efficiency during the first cycle, largely driven by the promotion of
parasitic side reactions at the large interface.’®13® Moreover, the low bulk density of

nanomaterials leads to an unfavorable volumetric energy density of the corresponding cells. A
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new concept of nanoconfinement design has been demonstrated to adapt benefits from both
a bulk layered structure and a nanostructured 2D structure, as shown in Fig. 1.10C. This
structural design potentially combines the high energy storage capacity of bulk materials with
the rapid solid-state diffusion of nanostructures, and could effectively mitigate volume changes

during cycling.
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Figure 1.10: Schematic illustration of three types of material structures. (A) Bulk layered
material, (B) nanostructured 2D structure derived from the bulk material, and (C)
nanoconfinement design of 2D material with confined pillars. Inspired by Ref. [***], with

permission from Elsevier, © 2017.

Structural modification via nanoconfinement design is achieved by functionalizing 2D materials
with various organic and/or inorganic species.®®34135 |n the context of layered materials,
nanoconfinement refers specifically to the distinct physicochemical environment established
within the nanometer-scale gap between adjacent atomic layers. This confined space imposes
unique constraints on ion transport.*1% The strategy is intrinsically linked to interlayer
engineering, as the insertion of organic pillars, ions, or solvent molecules directly dictates the
interlayer spacing. By precisely manipulating this nanoconfinement-designed space, it could
become possible to tailor diffusion kinetics and active site accessibility to optimize the EES

performance of electrode materials.

Various layered materials, including TMOs, TMDs, and MXenes, have been selected as host
materials for functionalization to control the nanoconfinement properties of the interlayer
spacing, which plays a pivotal role in determining the overall ion intercalation performance.3®
For instance, increasing the interlayer spacing in TMOs has been shown to simultaneously
influence ion intercalation kinetics, maximum storage capacity, and the charge storage
mechanism itself.%* MXenes represent another prominent class of 2D materials whose

remarkable success in electrochemical applications can be largely attributed to their highly
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tunable nanoconfinement chemistry and geometry.'3%14% This tunability allows for the precise
engineering of ion transport pathways and charge storage mechanisms.*! Similarly,
manipulating the interlayer distance, specifically the geometry of the nanoconfined space
between individual MoS; layers, has been described to promote electrochemical ion
intercalation reactions by reducing diffusion barriers and increasing available ion storage
sites.*? For example, the use of hydroxy pillars in a 3D porous graphene aerogel decorated
with oxygen-incorporated MoS: led to an expanded MoS: interlayer spacing from 6.15to 10.15
A, resulting in increased Li* intercalation kinetics and storage capacity.'*® Likewise, hollow
nanospheres of hydroxy-containing MoS, nanosheet subunits showed an interlayer spacing

between 9.5 and 10.0 A, also leading to improved kinetics and capacity of Li* intercalation.**

Engineering of the MoS; interlayer environment can be achieved through both bottom-up and
top-down synthesis strategies.'® In the bottom-up synthesis, guest molecules are directly
integrated into the host layers during the initial material formation. Hydrothermal synthesis is
one of the most common methods for nanoconfinement design (Fig. 1.11A). The
nanoconfinement designs of hydrothermally synthesized graphite intercalated 1T-MoS; (d-
spacing of 0.99 nm)*® and tetramethylammonium (TMA*) cation-pillared MoS; (d-spacing of
1.06 nm)**¢ are shown in Fig. 1.11A and Fig. 1.11B, respectively. Especially, MoS,-TMA
showed pseudocapacitive Zn?* intercalation behavior (Fig. 1.11C and 1.11D).

Conversely, in the top-down approach, intercalating guests can be inserted simultaneously
with the exfoliation of the bulk MoS,. Polyethylene oxide (PEO) molecule insertion into the
MoS:; lattice is one of the most studied nanoconfinement design strategies of MoS,.147149
MoS,-PEO electrode (d-spacing up to 1.45 nm) shows superior Na* intercalation properties
with fast diffusion kinetics compared to the commercial MoS; electrode (Fig. 1.11F).1*° It is
essential to note that organic molecules containing thiol groups have shown the capability of
covalent functionalization of MoS; via the top-down method.'*%-1%2 S, Ippolito et al. reported
that the simple soaking method can interconnect MoS; sheets covalently, as thiol groups from

organic pillars fill sulfur vacancies (Fig. 1.11E).1%31%
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Figure 1.11: Schematic illustrations of nanoconfinement design approaches (A, E),
nanoconfinement-designed MoS; structures (B, E, G), and electrochemical characterization
results (C, D, F). (A) Hydrothermal synthesis pathway from precursors to the nanoconfinement-
designed product. Adapted from Ref. [*%°], with permission from Elsevier, © 2025. (B) MoS;-
TMA nanoconfinement design, exhibiting an expanded d-spacing of 1.06 nm. (C)
Pseudocapacitive CV profile at 1.0 mV/s and (D) pseudocapacitive contribution analysis at
various scan rates in Zn?* intercalation system. Adapted from Ref. [1#¢], with permission from
Wiley-VCH GmbH, © 2024. (E) Top-down chemical exfoliation-restacking process and (F) rate
capability of PEO-MoS; electrodes in a Na* intercalation environment. Adapted from Ref. [147],
with permission from Elsevier, © 2015. (G) Covalently interconnected MoS; networks formed
via 1,4-bensenedithiol (BDT) pillaring. Adapted from Ref. [**¥], with permission from Springer
Nature, © 2021.

Overall, the state-of-the-art literature on MoS; ion intercalation hosts clearly demonstrates that
tuning of the interlayer spacing is a viable strategy to improve ion intercalation kinetics and
storage capacity by reducing diffusion barriers and increasing storage sites. However, to date,
no versatile synthesis approach to control crystallite size, interlayer spacing, and pillar
concentration (or density) at once has been described. Also, the understanding of the MoS:
host-pillar interaction in functionalized MoS; is insufficient, and it is unclear how pillars behave

during electrochemical cycling. Although nanoconfinement design strategies utilizing organic
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pillars show promise for enhanced pseudocapacitive behavior, these critical limitations must

be addressed to successfully advance this method for next-generation EES.
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Chapter 2: Principles of Techniques and Instruments

This chapter provides a detailed theoretical overview of the characterization techniques
employed to investigate the physicochemical properties of MoS;-based materials. The
techniques are grouped into two main categories based on the type of information they provide:
(1) physicochemical characterization, which encompasses structural, chemical, and
morphological analysis, and (2) electrochemical characterization. For each technique, the
fundamental principles are described, along with the type of information it delivers and its

relevance to the study of functionalized MoS, materials.

2.1.Physicochemical Characterization

Physicochemical characterization encompasses a comprehensive suite of analytical
techniques employed to elucidate the structural, chemical, and morphological properties of the

synthesized MoS;-based materials.

2.1.1. X-ray Diffraction

X-ray diffraction (XRD) stands as a fundamental, non-destructive technique for elucidating the
atomic structure of crystalline matter. The technique relies on the characteristic interaction
between X-rays (which possess a wavelength (A) on the order of interatomic spacings (d)) and
the ordered electron clouds of atoms within a crystal lattice. This periodic arrangement causes
the scattered X-ray waves to undergo interference. An observable diffraction signal is only
produced only when this interference is constructive. This critical condition is described by

Bragg’'s Law (Fig. 2.1, Equation 10) %

nd = 2d - sinf (10)

Here, n is an integer representing the order of diffraction, A is the wavelength of the X-rays, d
is the interplanar spacing, and 6 is the diffraction angle. Analysis of the diffraction peaks

provides information about crystal structure, lattice parameters, interlayer spacing, and phase

purity.
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Figure 2.1: Schematic representation illustrating X-ray scattering from Bragg lattice planes.

Reproduced from Ref. [*°], © 2013 Cengage Learning, with permission.

While the fundamental principle of constructive interference described by Bragg’'s Law governs
all XRD measurements, the practical method of data acquisition depends critically on the
sample form and the instrument geometry. XRD patterns are typically measured in two distinct
modes: reflection and transmission.®*’ In the more common reflection configuration, such as
the Bragg-Brentano setup, the X-ray beam impinges on the front surface of the sample, and
the detector collects the scattered intensity from this same side. Conversely, the transmission
configuration (e.g., Debye—Scherrer geometry) requires the X-ray beam to pass completely

through a thin sample, with the detector placed behind it.

Bragg-Brentano diffractometer Debye-Scherrer diffractometer
a b Detector
X-ray tube Detector X-ray tube

Divergence slit Goebel mirror

°
Sample Sample

Figure 2.2: Schematic of (a) Bragg—Brentano diffractometer and (b) Debye—Scherrer

diffractometer. Adapted from Ref. [**], with permission from Springer Nature, © 2021.

Critically, regardless of the specific instrumental configuration or the path of the X-rays through
the material, the resulting diffraction pattern is a manifestation of the crystal structure. However,
the exact angular position of the peaks, known as the 26 value, is directly dependent on the X-
ray source wavelength (A). According to Bragg’s Law, since the interplanar spacing (d) is a
fixed property of the crystal, a change in A will necessitate a corresponding change in the

scattering angle 6. Consequently, the 26 values for a given crystal will shift if the radiation
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source is changed; for example, when switching from a Cu Kq source to an Ag Kq source, which
possesses a significantly shorter wavelength. This dependence underscores the necessity of

always specifying the wavelength used in the experiment.

In this thesis, powder diffraction patterns were collected using the reflection mode with a Cu
Kq X-ray source (A = 1.5406 A for Cu Kq1), and operando XRD experiments were conducted
using the transmission mode with an Ag Kq source (A = 0.5594 A for Ag Ka1).

2.1.2. Fourier Transform Infrared Spectroscopy

Fourier transform infrared spectroscopy (FTIR) is a widely used technique to identify the
functional groups in materials (gas, liquid, and solid) by measuring the absorption of infrared
(IR) radiation. The IR region of the electromagnetic spectrum lies between the visible and
microwave regions. It is conventionally divided into three portions: near IR (14000 — 4000 cm-
1), mid-IR (4000 — 400 cm-1), and far IR (400 — 40 cm-1).1%81% The technique measures the
intensity of radiation absorbed by a molecule. This absorption is only possible if the molecule
is IR active, a condition met when the molecular motion induced by the IR radiation causes a
temporary change in the net electric dipole moment. Consequently, homonuclear diatomic
molecules such as H; or O, are IR inactive, while molecules without a permanent dipole
moment (e.g., CO,) may still exhibit IR-active vibrational modes.'*® This selectivity is crucial,
as a particular IR frequency is absorbed at characteristic wavenumbers corresponding to
specific vibrational mode. In FTIR spectroscopy, the entire IR range is collected simultaneously
by an interferometer. This device outputs an interferogram, which is then computationally
converted into the usable percent transmittance versus wavenumber (cm) spectrum through
the mathematical Fourier Transform. Prior to sample analysis, a background spectrum is
recorded to computationally compensate for atmospheric artifacts, yielding the final absorption

spectrum.
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Figure 2.3: Schematic representation of the electromagnetic spectrum, showing the
boundaries of major radiation regions. Reproduced from Ref. [*°], with permission from
Springer Nature, © 2022.
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In this thesis, FTIR measurements were conducted exclusively using the Attenuated Total
Reflectance (ATR) mode (Perkin-Elmer Spectrum Two), which is a highly effective, non-
destructive technique for analyzing solid materials. The ATR configuration involves utilizing a
high refractive index crystal (commonly diamond) pressed directly against the sample. The
infrared beam reflects internally off the crystal interface, generating a short-lived evanescent
wave that penetrates the sample surface by only a few micrometers (c.a. 0.5 to 2 um,
depending on wavelength and optical properties). This specialized configuration was used to
investigate the successful incorporation and chemical state of the pillar molecules, specifically
thiol- or amine-containing n-alkyl chains, within the MoS;-based materials. The characteristic
absorption bands of the C-H (alkyl chains), N-H (amine), and S-H (thiol) groups provide a
definitive molecular fingerprint, confirming the presence, binding status, and structural integrity

of these intercalation agents in the powder samples.

2.1.3. Raman Spectroscopy

Raman spectroscopy is an advanced, non-destructive analytical technique used to reveal the
chemistry, structure, and molecular composition of materials by analyzing their vibrational
modes. The technique was named with the name of the discoverer, C.V. Raman, who
published the first paper on this technique.'®® Raman offers a specific structural fingerprint that
allows for the identification of molecules. For 2D layered nanomaterials, this technique is
particularly valuable for investigating critical characteristics like layer thickness, electronic

structure-related properties, and interlayer coupling.*6*

The underlying physical process involves inelastic scattering of photons, referred to as Raman
scattering.’®> When monochromatic light, usually from a laser source in the visible, near
infrared, or near ultraviolet range, interacts with the sample, the energy of the scattered photon
is shifted relative to the incident photon. The shift in energy, known as the Raman shift,
represents the difference in wavenumber between the incident photon and the scattered
photon. This energy exchange occurs due to interactions with vibrational excitations (phonons
in crystalline solids). For a vibrational mode to be Raman active, the molecule must undergo a

change in its polarizability during the vibration.

Raman and Infrared (IR) spectroscopy are distinct yet highly complementary techniques
because they are sensitive to different molecular properties during vibration. Raman
spectroscopy is fundamentally sensitive to vibrational modes that cause a change in the
molecule’s polarizability, while IR spectroscopy relies on a change in the molecule’s dipole
moment.1%2163 This difference in selection rules means that often, a mode active in one

technique is inactive in the other, necessitating the use of both for comprehensive analysis.
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The two techniques also differ fundamentally in their mechanism: Raman scattering is a two
photon phenomenon, which involves an instantaneous virtual energy state, while IR absorption
is a one photon process, as illustrated in these contrasting mechanisms in Fig. 2.4. When the
scattered light possesses a lower frequency than the incident laser, it is termed Stokes
scattering. Conversely, when the scattered frequency is higher, it is defined as anti-Stokes
scattering (Fig. 2.4). Due to their significantly higher intensity, the Stokes bands are typically
the only signals collected to form the Raman spectrum in general spectroscopy.
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Figure 2.4: Energy level diagrams in IR and Raman. Reproduced from Ref. ['®%], with

permission from Wiley, © 2009.

Confocal Raman spectroscopy combines the analytical power of Raman with microanalysis.
This setup uses focusing optics to enhance the signal-to-noise ratio and reduce background
interference by precisely isolating a small, focused area of the sample.2®* This reliable method

is highly suited for obtaining local structural information from nanomaterials.

In this thesis, Raman spectroscopy was specifically utilized to determine the different
crystalline phases of MoS;, distinguishing between the metallic (1T) and semiconducting (2H)
phases. Furthermore, the technique was critical for investigating layer thickness, band

structures, and interlayer coupling within the 2D host material.

2.1.4. Thermogravimetric Analysis

Thermogravimetric analysis (TGA) is a thermal analysis technique that precisely tracks the

change in mass of a material as it is subjected to a controlled thermal profile. The fundamental
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principle relies on a highly sensitive microbalance situated inside a furnace, continuously
recording the sample mass while the temperature increases. Mass change events signify the
expulsion of volatile species, such as adsorbed moisture, solvent residues, or, critically, the
thermal decomposition of organic or inorganic components. The resulting thermogram, lotted
as mass percentage versus temperature, allows for determining the thermal stability profile,
guantifying volatile content, and assigning temperature ranges associated with distinct thermal
events or reactions. The derivative thermogravimetry (DTG) curve, which plots the rate of mass

change, is often consulted to pinpoint the temperature of maximum mass-loss rate with high

accuracy.
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Figure 2.5: (A) Schematic illustration of a thermogravimetric instrument setup and (B) TGA

curve showing the mass-loss profile with DTG curve for a 30% glass-fiber-reinforced material.

Adapted from Ref. [*¢°], © 2019 ASM International, with permission.

The practical application of TGA is entirely governed by controlled conditions, often requiring
an inert atmosphere (e.g., nitrogen) to isolate decomposition from oxidation, although reactive
atmospheres can be used to study oxidative stability. In this thesis, the TGA method was
conducted under an oxidative atmosphere to analyze the MoS;-based materials. The resulting
thermogram clearly revealed three principal mass change events, including adsorbed water
evaporation, oxidation of the MoS; host structure, and the thermal degradation and
volatilization of the organic pillar molecules. By accurately calculating the mass fraction
associated with the decomposition of the organic pillars and normalizing this value against the
final stable residue, the TGA data enabled the estimation of the molar ratio of the organic pillars
per MoS, unit. Crucially, this quantitative analysis of pillar density using TGA provided

important quantitative support for the proposed nanoconfinement.
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2.1.5. Gas Physisorption and Specific Surface Area Determination

Gas adsorption is the standard technique for characterizing the texture of porous solids and
fine powders, specifically their surface area and pore size distribution. In this process, a probe
gas (the adsorptive, typically N2 or Ar) is brought into contact with the solid material (the
adsorbent) at cryogenic temperatures (77 K). The interaction is driven by weak vdW forces,
defined as physisorption, where gas molecules condense on the surface and within the pores
without forming chemical bonds. By measuring the amount of gas adsorbed (n?) as a function
of the equilibrium relative pressure (p/p°), an adsorption isotherm is generated, which serves

as a fingerprint of the structural porosity or SSA of materials.

The reliability of physisorption data depends heavily on proper sample preparation and
measurement protocols. Prior to analysis, the adsorbent must be outgassed under high
vacuum and heat to remove physically adsorbed species from the surface. Then, the standard
measurement employs a static manometric method. Successive doses of the adsorptive gas
are introduced to the sample cell, and the pressure is allowed to equilibrate at each step. The
amount adsorbed is calculated from the pressure drop, constructing the isotherm point-by-
point from low to high relative pressures. The 2015 IUPAC classification identifies specific

isotherm shapes that reveal the pore geometry of the host material.15¢

The specific surface area (unit: m?/g) is evaluated using the Brunauer-Emmett-Teller (BET)
method. The BET theory extends the Langmuir monolayer concept to multilayer adsorption.6”
It calculates the monolayer capacity, which is the amount of gas required to form a single
molecular layer on the surface. The standard BET method is typically applied using a multi-
point approach, where the SSA is calculated by fitting the BET equation to an adsorption
isotherm over a linear range of relative pressures (usually p/p°® = 0.05 — 0.30). This linear plot
allows for the simultaneous determination of the monolayer capacity and the energetic
constant, which indicates the strength of the adsorbent-adsorbate interaction. The monolayer
capacity is indicative of the number of adsorbed molecules in a complete monolayer, which is
then converted into the surface area by multiplying the number of molecules by the cross-
sectional area effectively occupied by a single adsorbate molecule (e.g., 0.162 nm? for N, at
77K).

2.1.6. X-ray Photoelectron Spectroscopy

X-ray photoelectron spectroscopy (XPS) is a quantitative spectroscopic technique essential for
determining the elemental composition, chemical state, and electronic state of elements within
a material’s surface. The foundational principles of XPS are primarily attributed to K. Siegbahn

during the 1950s and 1960s.1%® The technique operates based on the photoelectric effect!®®:
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when the sample surface is irradiated with a beam of soft X-rays (e.g., Al Ka), photons cause
core-level electrons within the atoms to be ejected. The characteristic binding energy (BE) of
the electron is then calculated, using the measured kinetic energy (KE) and the energy of the
incident photon (hv), via the equation: BE = hv — KE — @, where @ is the work function of the
spectrometer.1’® Because the BE is highly sensitive to the local electronic environment (i.e.,
oxidation state and bonding partners), XPS provides a chemical fingerprint for the material,

which is critical for EES analysis.

From a materials perspective, XPS is an inherently surface sensitive technique, sampling
material from only the top 1 to 10 nanometers. This makes it indispensable in EES research
for analyzing the electrode-electrolyte interface, where critical performance limiting
phenomena occur. Although XPS analyzes only the near-surface region, it is highly applicable
to powder materials because the majority of the active surface area of the individual powder
particles is exposed to the X-ray beam. Practical analysis involves precise high-resolution
scans and subsequent peak fitting to deconvolute signals and determine the various chemical

states or oxidation states of single elements.

In this thesis, XPS analysis provided crucial insights into the chemical modification of the MoS.-
based materials. The technique was utilized for two primary purposes: phase-related chemical
environments associated with metallic (1T-like) and semiconducting (2H) MoS; in the as-
synthesized material, and functionalization confirmation. High-resolution scans were essential
for determining the nature of the host-pillar interaction: for thiol-functionalized MoS,, extra
peaks corresponding to sulfur supported a covalent network, while for amine-functionalization,
the -NHs* species are consistent with ionic bonding between the organic pillar and the MoS:

host layers.

2.1.7. Inductively Coupled Plasma Optical Emission Spectroscopy

Inductively coupled plasma optical emission spectroscopy (ICP-OES) is an elemental analysis
technique used to quantitatively determine the concentration of metallic and non-metallic
elements in a sample. Within an ICP (inductively coupled plasma spectroscopy), elements in
the sample are broken down and excited into high energy states by the plasma’s thermal
energy. This occurs as electronic excitation of atoms and ions through collisions within the
high-temperature plasma.’’* Subsequently, as the electron relaxes back to a lower energy
state, it emits photons with a distinct wavelength corresponding to the precise energy
difference between the two levels.’? Since each element has unique energy levels, it emits

photons at specific wavelengths that can be attributed to that element.*”® Crucially, the intensity
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of this emitted light is directly correlated to the concentration of the element in the original

sample (after calibration).}”

The practical application of ICP-OES involves three main stages: sample introduction, plasma
excitation, and spectroscopic detection (Fig.2.6).1” First, solid samples must be prepared as
a liquid solution (involving acid digestion). A solid powder sample is generally digested using
appropriate acids or acid mixtures to dissolve the sample matrix. The prepared liquid sample
is then drawn using a peristaltic pump, which controls its flow rate into a nebulizer. Argon
converts the liquid into a fine mist (aerosol) within the spray chamber. The aerosol is
subsequently delivered to the ICP torch. The high temperature (generally 8,000 — 10,000 K)
argon plasma, sustained by an induction colil, breaks down the sample, atomizing and exciting
the elemental species.’’”® This process causes the atoms and ions to emit light (photons)
characteristic of the elements present. Finally, the emitted light is transferred to the optical
emission spectrometer. The separated light from a monochromator is directed onto a detector,
which measures the intensity of light at each specific wavelength. Then, the data system

calculates and outputs the final quantitative elemental concentrations.

In this thesis, ICP-OES was employed to analyze the stoichiometry of MoS,-based materials,
determine the elemental ratio (e.g., Mo:S), and evaluate the incorporation or retention of
heteroatoms associated with (non-) covalent functionalization. It should be noted that ICP-OES
alone cannot distinguish between lattice sulfur and organic pillar sulfur, requiring the

combination of techniques to correctly quantify the sample composition.
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Figure 2.6: Schematic illustration of typical ICP-OES components. Reproduced from Ref. [17],

with permission from Elsevier, © 2023.

2.1.8. Electron Microscopy

Electron microscopy is a powerful imaging technology that allows for the characterization of
material at the nanoscale. It is primarily categorized into two main classes: scanning electron

microscopy (SEM) and transmission electron microscopy (TEM).

SEM is a widely used imaging technique employed to obtain information about the morphology
(size and shape), surface topography, and elemental composition.’® The instrument
generates a primary electron beam using an electron gun (e.g., tungsten or field-emission
sources). This beam is accelerated by an anode and precisely focused onto the sample surface

by a series of electromagnetic lenses and metal apertures.

The working principle relies on the electron-sample interaction. When the high-energy focused
electron beam interacts with the specimen surface, a variety of signals are generated (Fig.
2.7A). These signals, including secondary electrons (SE), backscattered electrons, and X-rays,
are recorded by electronic detectors.'’” The resulting images are formed by detecting emitted

or scattered electrons as the beam scans across the sample.

TEM is the technique of choice for analysis of the microstructure, evaluation of nanostructures,

imaging of atomic-scale high-resolution images, and determination of crystal structure and
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phase identification.1’®1® This microscopy can be categorized into two modes: TEM and
scanning transmission electron microscopy (STEM) modes. A parallel electron beam is used
in TEM mode (Fig. 2.7B). The transmitted electrons form an electron diffraction pattern at the
back focal plane and an image at the image plane of the objective lens. The TEM images
acquired at low magnifications using TEM mode are useful for investigating the crystal
morphologies and structural information by electron diffraction patterns. On the other hand, a
converged electron beam (or electron probe) is used in STEM mode (Fig. 2.7C). Scanning the
sample using the electron probe generates the scattered electrons detected by multiple
detectors. High-angle annular dark-field (HAADF) STEM images are commonly used to study
nanomaterials since HAADF-STEM images are often more straightforward to interpret.t’®

STEM mode is powerful for high-resolution images to directly observe atomic geometry.

Energy-dispersive X-ray (EDX) analysis is usually combined with SEM and STEM imaging,
which provides the simultaneous analysis results of the surface morphology and elemental
composition of specimens. For this, an EDX spectrometer is typically integrated in microscopes
since the operational principle of EDX depends on electron beam excitation (Fig. 2.7D and
2.7E).178
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Figure 2.7: Schematic illustration of the imaging methodology of (A) SEM, (B) TEM, and (C)
STEM, and the core components of (D) an SEM and (E) a TEM instrument. Adapted from Ref.

[178] .

In this thesis, SEM images of as-synthesized MoS;-based materials were captured to confirm

the particle morphology in powder form. This visualization confirmed the overall size, shape,

and aggregation of the materials prior to electrochemical testing. TEM was used to check the

morphologies of the powder samples on the nanoscale. Electron diffraction patterns in TEM

mode provided the structural information, and EDX mapping images in STEM mode confirmed
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the homogenous distribution of elements with semi-quantitative atomic ratios between Mo and

S elements.

2.1.9. Dynamic Light Scattering - Particle Size Analysis

Dynamic light scattering (DLS) is a well-established analytical technique for measuring particle
size by leveraging the Brownian motion of particles in a liquid suspension or solution. When
particles are dispersed in a liquid, they move randomly in all directions as they are constantly
colliding with solvent molecules. This energy transfer has a greater effect on smaller particles,
causing them to move at higher speeds than larger particles. The speed of the patrticles is
given by the translational diffusion coefficient (D). The relationship between this diffusion
coefficient and the particle size is formally described by the Stokes-Einstein equation
(Equation 11):

kT
"~ 3mndy

(11)

where Kg is the Boltzmann constant, T is the absolute temperature, n is the solvent viscosity,
and du is the hydrodynamic diameter of a spherical particle in the dilute limit. By measuring the
particle speed, DLS can determine the hydrodynamic diameter, provided the temperature and
viscosity are known. A basic requirement for this equation is that the particle movement must
be solely based on Brownian motion. Therefore, the upper size limit for DLS is indicated by the
onset of sedimentation, which prevents random movement, while the lower size limit is defined

by the signal-to-noise ratio, as small particles do not scatter sufficient light.

When DLS is used for a non-spherical particle, such as the 2D nanosheets relevant to this
thesis, the analysis is more complex. The measured hydrodynamic diameter (Dn) does not
directly equal the lateral size (L) of the nanosheet. For disk-like objects (with thickness t and
length L), there are theoretical models approximating the hydrodynamic volume (D:x°) as
proportional to txL2. If the thickness is assumed to be relatively constant, as it is typical for
exfoliated 2D materials, the hydrodynamic size has empirically been shown to be proportional

to L%3.

L = (0.07 £ 0.03) x D501 (12)

This theoretical relationship was experimentally verified for various liquid exfoliated 2D sheets

(graphene, MoS,, WS,).1¥ Although this method is not as precise as direct imaging via TEM
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or AFM, DLS provides a fast, simple, and reasonable estimate of the lateral size of 2D

nanosheets dispersed in a liquid.

In a DLS instrument (Fig. 2.8), the laser beam hits the dispersed sample in liquid, causing the
particles inside to scatter the light as they undergo Brownian motion. The scattered light waves
interfere due to the constant movement of particles. This causes the fluctuation of the collected
signals in the detector over time. A digital signal processor analyzes the speed of these
fluctuations by generating an autocorrelation function. Then, a computer applies the Stokes-

Einstein equation to this function to calculate the final particle size distribution.
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Figure 2.8: Schematic illustration of the DLS instrumentation. Reproduced from Ref. [*81], with

permission from Elsevier, © 2016.

2.1.10. Electrochemical Dilatometry

Electrochemical dilatometry (ECD) is a powerful operando technique utilized to precisely
measure the thickness change of an electrode, often termed “electrode breathing”, during
charging and discharging.'® The technique has been employed in the electrochemical field
since the 1970s.18 This method is crucial for tracking volume changes in materials that
undergo ion insertion or structural rearrangement (e.g., phase changes), as these dimensional

changes are directly linked to mechanical stress and cycle life.184

The core mechanism involves the working electrode (WE) being sealed by a flexible metal
membrane. When current (or potential) is applied to the cell (Fig. 2.9), causing the WE to

expand or contract, this dimensional change is mechanically transferred through the flexible
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membrane to an external load unit. The cell can be operated via a two- or three-electrode
setup. Crucially, the counter electrode (CE) and the electrolyte-soaked glass frit separator are
fixed. This rigid fixation ensures that the sensor detects the thickness change of the WE only,

minimizing interference from any volume changes in the CE or other cell components.

Load
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< . WE (working electrode)
REF ks e
4
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3 R A CE (counter electrode)
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w
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Figure 2.9: Schematic illustration of the ECD. Adapted from Ref. [*34] under the terms of the
Creative Commons Attribution 4.0 International License (CC BY 4.0), © 2022 The Authors,
published by Wiley-VCH GmbH.

In this thesis, ECD was conducted as a crucial technique to understand the influence of
solvents on the MoSz-based electrodes. The ECD results directly revealed significant height
changes in the electrode upon cycling, providing physical evidence consistent with the
phenomenon of solvent co-intercalation (the insertion of the solvent, diglyme, alongside the Li*
ions). This critical finding was not only observed in the dilatometry but was also independently
confirmed by complementary operando XRD results, where the layer spacing expansion
verified the co-intercalation mechanism. ECD provided essential, real-time monitoring of the

dimensional strain imposed by the intercalation process.

2.2.Electrochemical Characterization

A comprehensive assessment of electrode materials is essential to evaluate their practical
viability in energy storage applications. This evaluation focuses on determining critical
performance metrics, including energy and power density, Coulombic and energy efficiency,
and cycle life. These features are derived from fundamental parameters, specifically voltage,
current, capacity, and testing duration, which are directly collected through various

electrochemical measurements. While theoretical values can be calculated based on
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thermodynamics (Gibbs free energy, A/G can define the OCV) and Faraday’s law,
experimental results often deviate due to practical factors such as polarization and internal
resistance. To capture these complex behaviors, electrochemical techniques are generally
classified into three categories based on the control variable applied to the cell: potentiostatic
or potentiodynamic techniques (controlled voltage), galvanostatic techniques (controlled
current), and impedance techniques (small perturbation in a quasi-steady state). The following

sections detail the specific methods employed in this thesis within these categories.

2.2.1. Cyclic Voltammetry

Cyclic voltammetry (CV) is an electrochemical technique in which the potential of a WE is
linearly swept (scan rate, v) between set limits (vertex potentials E1 and E», Fig. 2.10A). At the
same time, the resulting voltammogram reveals information about redox processes, capacitive
behavior, and charge-transfer kinetics.'® A typical current response of the single Faradaic
reaction is shown in Fig. 2.10B, characterized by distinct peak voltages for anodic and cathodic

reactions (Epa and E,c) and corresponding peak current (ip) values.

The electrochemical reversibility of the system is evaluated by analyzing the relationship
between the cathodic and anodic segments of these peaks. Specifically, the ratio of the peak
currents (ipa/ipc) and the potential difference between the peaks (AE,) serve as the primary
diagnostic criteria for judging reversibility. The criteria for an ideally reversible Nernstian
system at 25 °C are a value of AE,=59/n mV (n is the number of electrons transferred), ipa/ipc=1
and ip~ v¥2. However, it is important to note that while rechargeable batteries deliver reversible
Faradaic capacity, they often exhibit quasi-reversible or irreversible behavior in a strict
electrochemical sense due to kinetic limitations. Consequently, practical analysis focuses on
the physical significance of the recorded parameters: the peak potential identifies the specific
potential of the underlying electrode redox reactions, while integrated current associated with

a redox peak is directly relevant to the magnitude of the Faradaic capacity (Qr, Equation 13).

Qp=fidt=fid7E (13)

Itis noted that the total measured current (i = iai + i) IS @ composite of three primary response
modes, each governed by different physical and chemical principles. First, the electric double-
layer current (i) behaves as a physical capacitor. This is a non-Faradaic process, meaning no
chemical reactions occur. The current response is directly dependent on the double-layer
capacitance (Cqa) and the scan rate (v). Second, the Faradaic current (ig) (ir = ip + is), which

involves the chemical redox reactions, is further categorized based on reaction location: the
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surface (is) or the bulk (iv). This separation relies on the fundamental reality that charge carrier
diffusion within a solid electrode is significantly slower than in a liquid electrolyte. The surface
Faradaic processes (is) occur at the electrode surface. Their current response can be
approximately proportional to the scan rate, and the potential is determined by the Gibbs free
energy change of the surface redox reaction. On the other hand, the bulk Faradaic processes
(is) occur deep within the material and are diffusion-controlled, characteristic of battery

reactions.
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Figure 2.10: Principles of the CV technique. (a) Voltage profile applied in a CV experiment and
(b) a current response versus voltage curve. Adapted from Ref. [*8%], with permission from
Wiley-VCH GmbH, © 2019.

The total current response (i) at a specific potential (V) can thus be mathematically separated

to distinguish these mechanisms, often using the power law relationship (Equation 14):

i =av’ (14)

In this equation, i represents the peak current, v is the scan rate, and a and b are adjustable
parameters. The b-value is determined by calculating the slope of the logarithm of the peak
currents plotted against the logarithm of the scan rate (log i vs. log v). This parameter serves
as a critical indicator of the dominant reaction kinetics. A b-value of 0.5 signifies a process
governed by semi-infinite linear diffusion, which is typical for battery materials. Conversely, a
b-value of 1.0 represents a purely surface-controlled response. For many advanced electrode
materials, the b-value falls between these two limits (0.5 < b < 1.0). This can mean that mixed
charge storage kinetics with both diffusion- and surface-limited kinetics are present, or finite
length diffusion effects contribute to reduced diffusion-limitation, a case often seen in
nanosized materials.’®3 This analysis is particularly relevant for nanomaterials, which are
frequently designed to minimize the diffusion limitation via their large surface area, thereby

enhancing rate performance while maintaining high capacity. However, it is important to note
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that a critical limitation of this approach is the underlying assumption that polarization-induced
peak potential shifts with increasing scan rates are negligible, a condition that is frequently

violated in experimental measurements.&

In this study, CV was employed to investigate the electrochemical redox behavior of MoS;-
based electrodes across varying structural configurations, including bulk, nanostructured, and
nanoconfinement-designed materials.®>% Specifically, the kinetic mechanisms governing
charge storage were elucidated through b-value analysis derived from the scan rate-
dependent current response. This analytical approach enabled the quantitative distinction
between diffusion-limited and surface-controlled processes, thereby revealing how structural

engineering directly influences the fundamental reaction kinetics.

2.2.2. Galvanostatic Charge and Discharge

Galvanostatic charge/discharge (GCD), which is a form of chronopotentiometry, is the most
practical electrochemical technique for assessing the capacity, cycle stability, and rate
capability of electrode materials. The procedure involves applying a constant current (i) to the

electrochemical cell until a certain cut-off voltage is reached.

A typical applied current profile is shown in Fig. 2.11A, where a constant positive and negative
current is applied sequentially. The resulting voltage response, plotted against capacity (or
time), provides critical insight into the electrochemical behavior (Fig. 2.11B). For battery-type
materials, the voltage profile typically exhibits a distinct plateau corresponding to the
thermodynamics of the electrode redox reactions, while capacitive materials show a more
linear voltage slope, as depicted in Fig. 1.5. By repeating these charge/discharge cycles, it
can be evaluated as the cycle life stability (Fig. 2.11C), defined as the number of cycles and
electrode can sustain before its reversible capacity fades to a specific threshold (e.g., 80 % of

its initial value).

Furthermore, GCD is essential for determining the rate capability of the material (Fig. 2.11D).
This is evaluated by systematically adjusting the applied current density. As the current rate
increases, the accessible capacity typically decreases due to aggravated polarization and
kinetic limitations. This test reveals the ability to retain the capacity of the material under high-

power demands, a key metric for practical applications.
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Figure 2.11: Schematic illustrations of (a) Applied current profile and (b) typical GCD (recorded
voltage versus capacity) curves. Typical measurements for (c) long-term cycling stability and
(d) rate capability performances. Adapted from Ref. [*#] with permission from Wiley-VCH
GmbH, © 20109.

In this thesis, GCD measurements were utilized to accurately determine the specific capacity
of the MoS,-based materials, particularly at low specific currents. Additionally, the technique
was essential for evaluating the rate capability and monitoring capacity retention over cycling.
Notably, the operando characterization techniques, including XRD and ECD, were also
conducted under galvanostatic conditions to ensure a direct correlation between the

electrochemical state and the observed structural changes.

2.2.3. Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is a powerful technique for resolving the
various electrochemical processes occurring within a cell by their time constants. Unlike DC
techniques, EIS measures the impedance (a complex AC response) of the system by applying
a small sinusoidal voltage perturbation (typically a few mV) over a wide frequency range (e.g.,
102 to 10° Hz). This small amplitude is assumed to lead to a linear response, allowing the
complex electrochemical system to be modeled as an equivalent circuit composed of resistors,

capacitors, and inductors.
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The resulting data is most commonly analyzed using a Nyquist plot, which displays the
imaginary part of the impedance (-Z") against the real part (Z'). As shown in Fig. 2.12A, a
typical Nyquist plot for a battery system often exhibits a semicircle in the high-frequency region
and a sloping line in the low-frequency region. This response is frequently modeled using a
Randle circuit, which includes the internal resistance of the electrolyte and cell components
(Rint or Rs), the charge transfer resistance (Rc), the double-layer capacitance (Cq), and
Warburg impedance (Zw). Rs is represented by the high-frequency intercept with the real axis
(Z"), and R corresponds to the kinetic barrier for the redox reactions at the electrode-
electrolyte interface. Zy is the impedance associated with the semi-infinite linear diffusion of
active species into the bulk electrode. In the low-frequency region, this manifests as a straight
line with a slope of approximately 45°. In practice, rough surfaces or non-uniform reactivity
often cause the semicircle to be depressed. In such cases, the ideal capacitor (Cq) is replaced
by a constant phase element (CPE) to improve the model fit (Fig. 2.12B).
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Figure 2.12: Schematic illustrations of (A) the Randles circuit model and the corresponding
EIS. (B) Randles circuit model with CPE and the corresponding EIS. Adapted from Ref. [1%],
with permission from Wiley-VCH GmbH, © 20109.

However, in practical experiment scenarios, the Nyquist plot often exhibits a significantly more
complex behavior than the ideal Randle model implies. Specifically at the electrode-electrolyte
interface, the impedance response typically simplified as charge transfer resistance (Rc) can
aggregate multiple distinct physicochemical phenomena occurring in sequence. These steps
include the desolvation of the charge carriers, interfacial ion adsorption on the active sites, and
the subsequent electron transfer across the double layer.t318 Consequently, these
overlapping processes may manifest as depressed or merged semicircles in the high-to-

medium frequency region. Therefore, it is critically important to carefully analyze these events
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using rigorous equivalent circuit modeling to identify and quantify the specific kinetic

bottlenecks accurately within the system.

In this thesis, EIS was utilized to investigate the kinetic properties of M0S,-based electrodes.
The low-frequency region was specifically evaluated to discern surface-limited and diffusion-
limited processes. Additionally, the impedance response in the high and middle frequency
regions was investigated as a function of applied potential using staircase potentio-
electrochemical impedance spectroscopy (SPEIS). This approach allowed for monitoring
evolutions of internal and charge transfer resistances at various states of charge, providing
evidence of how the introduction of organic pillars and the expansion of the interlayer spacing

influenced the overall kinetics within the system.
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Chapter 3: Aim of the Dissertation

The primary objective of this dissertation is to bridge the fundamental performance gap
between high energy density batteries and high power density SCs by engineering the
structure of layered electrode materials via nanoconfinement design. While MoS, possesses
a high theoretical capacity based on conversion reactions, its reversible intercalation capacity
is moderate (167 mAh/g). However, its unique value lies in its weak vdW forces and electronic
tunability, which allow for precise structural modification and the stabilization of highly

conductive metallic phases.

This thesis aims to leverage these intrinsic properties to overcome sluggish solid-state
diffusion, establishing a quantitative correlation between the nanoconfinement environment,
specifically the geometry and chemistry of the interlayer space, and the resulting

electrochemical charge storage kinetics.

To achieve this goal, the research is divided into three specific aims, each addressing a critical

knowledge gap in the understanding of pillared layered materials.

1. Simultaneous Structural Control for Pseudocapacitive Kinetics

While nanostructuring strategies for MoS, have been investigated, no versatile synthesis
method to simultaneously control crystallite size and interlayer spacing at once has been
described. Furthermore, the understanding of MoS; host-pillar interaction in interlayer-
expanded MoS:; is insufficient and it is unclear how pillars behave during electrochemical
cycling. This study aims to establish a versatile one-pot hydrothermal approach that leverages
pH adjustment and the introduction of organic pillars to tune these structural parameters
concurrently. The primary research inquiry is to determine how the integration of n-
alkyldiamine-based (HDA) pillars into nanostructured MoS; influences the electrochemical

performance.

2. Elucidation of Covalent Host-Pillar Interactions and Density Limits

While pillaring expands the lattice, the stability and electronic effects of the pillars themselves
remain poorly understood. Specifically, alkylamine-based pillars do not form strong covalent
bonds with the MoS; lattice, which may compromise the long-term structural stability of the
pillared architecture. To overcome this crucial bottleneck, the second aim of this study is to
synthesize covalently connected MoS; by introducing 1,6-hexanedithiol (HDT) as an organic

pillar capable of stronger interaction with the host. HDT is characterized by thiol (-SH) groups
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that, based on prior investigations primarily on monolayers, can form robust covalent bonds
with M0S..1%2 For example, such studies have shown that thiol molecules react with defect
sites and sulfur vacancies in MoS; to establish stable Utilizing a one-pot hydrothermal
approach, this work establishes a covalent network between the organic pillars and the MoS;
layers. A central objective is to demonstrate that controlling the density of these HDT pillars is
crucial to fine-tune the diffusion pathways and storage sites available for electrochemically

intercalating ions.

3. Transition of Nanoconfinement Design to Micron-Sized Architectures

To transition toward a more scalable manufacturing process compared to the hydrothermal
methods used in previous chapters, this final study utilizes a top-down synthesis strategy to
engineer micron-sized MoS; particles featuring an internal nanoconfinement design. By
employing chemical exfoliation followed by pillaring with HDA, the benefits of expanded
interlayer spacing are effectively translated from the nanoscale to bulk-like particle dimensions.
This structural evolution is driven by the hypothesis that micron-sized architectures can retain
the advantageous diffusion kinetics of nanostructures while offering processability.
Consequently, this study aims to validate the electrochemical robustness of these engineered
micron-sized architectures. We also investigate whether the nanoconfinement design can
effectively regulate ion intercalation and structural stability, utilizing comparative studies in
carbonate- versus ether-based electrolytes to monitor the architectural changes (e.g., lattice

expansion) under different solvation environments.

By systematically addressing these objectives, this thesis intends to provide a mechanistic
understanding of how nanoconfinement design can be utilized to rationally tailor the

thermodynamics and kinetics of ion intercalation in layered TMDs.
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Chapter 4: Experimental: Materials and Methods

This chapter details the specific experimental procedures employed in this thesis, building
upon the theoretical principles outlined in Chapter 2. It provides a comprehensive description
of the raw materials, synthesis protocols, electrode preparation methods, and the specific
instrumental parameters utilized to generate the data presented in the subsequent Chapter 5:

Results and Discussion.

4.1.Simultaneous Structural Control for Pseudocapacitive Kinetics

4.1.1. Material Synthesis

MoS, samples were synthesized using a one-pot hydrothermal method, following the
procedure outlined by Geng et al.'>®> 300 mg MoO; (Alfa Aesar), 450 mg thioacetamide
(Thermo Fisher Scientific), and 3 g urea (Merck KGaA) were dissolved in 50 ml deionized (DI)
water and stirred for 30 minutes in a glass beaker. To control the pH of the solution, 1 M
hydrochloric acid (HCI, Merck) or 1 M lithium hydroxide (LiOH, Merck) were added as needed
to reach either pH 1 (Nano-MoS;) or pH 5.5 (Micro-MoS:), respectively. The pH was measured
using a pH meter (Blueline 14 pH/Xylem Analytics). The solution was transferred to a 100 ml
Teflon vessel, which was used for hydrothermal synthesis in an autoclave (BRHS-100,
Berghof). The synthesis temperature was set at 235 °C and maintained for two hours after
reaching the target temperature. The pressure in the autoclave was maintained at ca. 13 —
18 bar. The reaction products were collected by centrifugation at 6000 rpm for 10 min, followed
by vacuum filtration with washing in DI water and ethanol. The filtered powder was dried at

80 °C in an oven overnight.

Furthermore, interlayer-expanded MoS; samples were also synthesized by the one-pot
hydrothermal approach. In this case, HDA, 1,8-octyldiamine (ODA) or 1,12-diaminododecane
(DDDA) (all Thermo Fisher Scientific) were introduced to the precursor solution described in
the previous section. The quantity of HDA/ODA/DDDA added was determined based on a
molar ratio of 1:x between diamine and MoS;, where x was either 1 or 0.5. Post addition of
diamine, the pH of the hydrothermal solution was adjusted to pH 1. The synthesis conditions
and methodology for the powder remained consistent with those employed for the pristine

materials, with the exception of the synthesis temperature, which was set to 180 °C.
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4.1.2. Material Characterization

Powder XRD patterns of the MoS.-based materials were obtained in Bragg-Brentano geometry
using a Bruker D8 Advance diffractometer operating with a Cu Ka radiation source (A = 1.5406
A) using a 0.02° step size and a dwell time of 1 s. Powder size distribution analysis was
performed using a laser diffraction particle size analyzer (Mastersizer 3000, Malvern) to
measure the size of non-spherical particles by the DLS method. A mixture of isopropanol and
DI water (1:1 volumetric ratio) was used as a dispersant. Raman spectroscopy was performed
on bulk powder samples using a Renishaw InVia confocal Raman microscope with a 532 nm
excitation laser. The laser power was kept at 100 uW to prevent the decomposition of samples.
At least three different spots were investigated to check the homogeneity of samples. FTIR
was carried out using the FTIR spectrometer Spectrum Two (PerkinElmer). Powders were

measured at a resolution of 1 cm™ with 20 scans in the range of 400 — 4000 cm™.

Thermogravimetry analysis was performed using a TG 209 F1 Libra thermal analyzer (Netzsch)
under oxygen flow (20 ml/min) at a heating rate of 2 K/min. SEM imaging was performed on a
field emission scanning electron microscope (Crossbeam x340, Zeiss) under 5 kV operation
voltage. TEM measurements were performed using a Talos F200i (Thermo Fisher Scientific,
formerly FEI) operating at an accelerating voltage of 80 kV. For TEM sample preparation,
powders were ground using a pestle and mortar. Then, the carbon-coated Formvar film of a
copper TEM grid was carefully rubbed on the fine powders. The surface chemistry of the MoS.-
based materials was analyzed in powder form by XPS. The powder XPS was conducted in a
SPECS UHYV system (FOCUS 500 equipped with a monochromatic X-ray source, PHOIBOS
150 hemispherical energy analyzer with 2D DLD detector) using the Al Ka (hv = 1486.6 eV)
radiation. The spectra were collected at 200 W with a pass energy of 10 eV and a step-size of
0.1 eV in a fixed analyzer transmission mode. The collected spectra were later calibrated to

the signal of C-C/C-H sp3 at 284.8 eV as a reference on CasaXPS software.

4.1.3. Electrode Preparation and Electrochemical Characterization

The slurry consisted of 80 wt.% active material (pristine MoS: or interlayer-expanded MoS:,),
10 wt.% carbon black (CB), and 10 wt.% polyvinylidene difluoride (PVDF). Pristine and
interlayer-expanded MoS, powders were ground with CB using a pestle and mortar and
transferred into a small container together with 2 wt.% PVDF-containing N-Methyl-2-
pyrrolidone (NMP) solution and then transferred into a speed mixer (ARE-250, Thinky), where
it was mixed for 10 min at 1000 rpm. The wet mixture was coated on a carbon-coated aluminum
foil with a wet film thickness of 60 um using a doctor blade, and dried overnight in an oven at

80 °C to remove NMP solvent. Electrodes were punched using a handheld electrode cutter
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with a diameter of 12 mm. Electrodes were stored in an 80 °C oven overnight before being
transferred into an argon-filled glovebox. Metallic lithium discs (Honjo, 14 mm diameter) were
used as negative electrodes. 2032-type coin cells were assembled with a 1 mm thick stainless
steel spacer, a stainless steel spring, and glass microfiber filter (Whatman grade GF/A) as a
separator in a glovebox (MBraun, Oz, HO <0.1 ppm). 120 ul of LP30 electrolyte (1 M LiPFs in
ethylene carbonate (EC): dimethyl carbonate (DMC) (1:1 volumetric ratio), Solvionic) was used
in each coin cell. CV and galvanostatic cycling tests were performed at different scan rates
and currents between 1.0 and 3.0 V versus Li*/Li in temperature-controlled chambers (Binder)
at 20 °C using a potentiostat (Bio-Logic VMP3-e and VMP300). Long-term cycling tests were
conducted at 0.5 A/g.

For the ex situ XRD analysis, the same electrodes as prepared for the electrochemical
characterization are utilized. 2032-type coin cells are assembled following the procedures
detailed above. Using GCPL with a specific current of 0.05 A/g, the electrode is reduced to
1.0 V vs. Li*/Li. The coin cell is subsequently disassembled in an Ar-filled glovebox. The
electrode is gently rinsed with diethyl carbonate (DEC), and then transferred to the glovebox
prechamber, where a vacuum is applied for more than 10 minutes to ensure the complete
removal of residual DEC from the electrode. After the electrode is transferred back into the
glovebox, fixed onto an airtight XRD holder with Kapton tape and sealed with a domed-shaped
lid. Then, XRD patterns of the lithiated electrode are collected between 4 and 25° (2 theta)
using a Bruker D8 Advance diffractometer operating with a Cu Ka radiation source (A = 1.5406

A) using a 0.02° step size and a dwell time of 3 s.
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4.2.Elucidation of Covalent Host-Pillar Interactions and Density Limits

4.2.1. Materials Synthesis

Synthesis of Pristine MoS;: Metallic-phase MoS; was synthesized via a one-pot
hydrothermal method. In a typical procedure, 150 mg of MoOs; (Alfa Aesar), 175 mg of
thioacetamide (Thermo Fisher Scientific), and 1.5 g of urea (Merck KGaA) were dissolved in
25 mL of DI water and stirred for 30 minutes in a glass beaker. The pH of the hydrothermal
solution was adjusted to approximately 2 by adding diluted hydrochloric acid (HCI), as
monitored with a Blueline 14 pH meter (Xylem Analytics). The resulting solution was
transferred into a 100 mL Teflon vessel within an autoclave (BP-100 High-pressure Reactor,
Berghof). The synthesis was conducted at 180 °C for 12 hours, with heating and cooling
periods of 2 hours each. After synthesis, the reaction products were washed with DI water and
ethanol via vacuum filtration. The material retained on a 0.22 um hydrophilic PTFE membrane
(Millipore) was collected by rinsing with 15-20 mL of DI water into a 50 mL centrifuge tube.
The resulting MoS; slurry was dispersed by shaking and sonication for approximately 3
minutes. The well-dispersed solution was then frozen in liquid nitrogen, and the frozen sample
was transferred directly to a freeze dryer (Alpha 3-4 LSCbasic, Martin Christ) for 72 hours. The

resulting fine black MoS, powder was collected for further use.

Synthesis of HDT-Functionalized MoS;: Functionalized MoS; with HDT (Thermo Fisher
Scientific) was synthesized following the same procedure as for pristine MoS;, with two
additional steps. First, HDT was added to the 25 mL precursor solution in molar ratios of 0.2,
0.5, 1, 2, and 5 relative to molybdenum (Mo). Second, after the hydrothermal reaction, the
products were washed with acetone during vacuum filtration to remove any unreacted HDT
molecules. All collected powders were then dried in an 80 °C oven for 20-30 minutes prior to

characterization.

4.2.2. Materials Characterization

Powder XRD: XRD patterns were recorded in Bragg—Brentano geometry using a Bruker D8
Advance diffractometer equipped with a Cu Ka radiation source (A = 1.5406 A), with a step

size of 0.02° and a dwell time of 1 s.

TGA: TGA was conducted using a Discovery TGA 7 (TA Instruments) under a 1:1

oxygen/nitrogen gas flow (20 mL/min) at a heating rate of 2 K/min.

Nitrogen Sorption: Samples were degassed at 120 °C for 12 h prior to measurement.
Nitrogen (N.) adsorption—desorption isotherms were recorded using 34 data points for both

adsorption and desorption branches. The BET surface area®’ of each sample was calculated
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using the multipoint BET method based on five selected points in the linear region of the

isotherm.

Raman Spectroscopy: Raman spectra were acquired using a Renishaw InVia confocal
Raman microscope with a 532 nm excitation laser. The laser power was maintained at 0.5 mW,

and at least three different spots were analyzed to assess sample homogeneity.

FTIR: FTIR measurements were performed using a Spectrum Two FTIR spectrometer
(PerkinElmer) at resolutions of 8 and 16 cm™ over 20 scans, covering the spectral range from
400 to 4000 cm™.

Microscopy: The morphology of the MoS,-based materials was examined by SEM using a
field emission SEM (Crossbheam x340, Zeiss) operated at 5 kV. TEM was performed on a Talos
F200i (Thermo Fisher Scientific, formerly FEI) at an accelerating voltage of 80 kV. For TEM
sample preparation, the powders were gently ground with a pestle and mortar, and a carbon-
coated Formvar film on a copper TEM grid was carefully rubbed onto the fine powder. EDX
spectroscopy was carried out using Bruker DualX windowless detectors in scanning TEM
(STEM) mode with a HAADF detector to provide spatially resolved elemental composition.

Elemental Analysis: The sulfur (S) to molybdenum (Mo) ratio was determined using an
inductively coupled plasma—optical emission spectrometer (ICP-OES, SPECTRO ARCOS,
AMETEK). The instrument was initially calibrated using 1000 mg/L ICP standard solutions for
S and Mo (Merck). Approximately 20—-35 mg of MoS»-based powder was digested in 4 mL of

agua regia using a Mars 6 microwave digestion system (CEM) with One-Touch technology.

XPS: XPS measurements were conducted in a SPECS UHV system (FOCUS 500) equipped
with a monochromatic Al Ka source (hv = 1486.6 eV) and a PHOIBOS 150 hemispherical
analyzer with a 2D DLD detector (Surface Concept). High-resolution spectra were collected at
200 W (12 kV) with a pass energy of 30 eV and a step size of 0.1 eV. Spectral fitting was
performed using CasaXPS software (employing a Shirley background and GL(30) line shape),
with calibration based on the C—C/C—H sp3 signal at 284.8 eV.*®’

4.2.3. Electrode Preparation and Electrochemical Characterization

Electrode Fabrication: A slurry was prepared by mixing the active material (pristine MoS; or
HDT-functionalized MoS,), CB, and PVDF in a weight ratio of 8:1:1. Initially, the MoS,-based
powders and CB were ground together using a pestle and mortar. The mixture was then
transferred to a small container, and a 2 wt.% PVDF solution in NMP was added. The slurry
was homogenized using a speed mixer (ARE-250, Thinky) at 1000 rpm for 10 minutes. The

resulting slurry was coated onto carbon-coated aluminum foil using a doctor blade (wet film
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thickness of 90 um) and dried overnight at 80 °C to remove the NMP solvent. Circular
electrodes (12 mm diameter) were punched from the dried film and further dried overnight at
80 °C before transfer to an argon-filled glovebox. The mass loading of MoS; of electrodes is
between 0.9 and 1.2 mg/cm?. Mass normalizations refer to the 80 wt.% of active material within

the electrodes, omitting the mass of inactive PVDF binder and CB.

Cell Assembly and Electrochemical Testing: Metallic lithium discs (14 mm, Honjo) served
as the negative electrodes. 2032-type coin cells (Hohsen) were assembled inside a glovebox
(MBraun; O,, H,O < 0.5 ppm), incorporating a 1 mm thick stainless steel spacer, a stainless
steel spring, and a glass microfiber separator (Whatman grade GF/A). Each cell was filled with
120 pL of LP30 electrolyte (1 M LiPFs in a 1:1 volumetric mixture of EC and DMC (Solvionic)).

CV and GCD tests were performed using potentiostats (Bio-Logic VMP 3-e and VMP300)
within a potential window of 1.0 to 3.0 V versus Li*/Li at 20 °C (Binder temperature-controlled

chambers). Long-term cycling tests were conducted at a current density of 0.1 A/g.

EIS: EIS and in situ EIS measurements were performed using a three-electrode setup. For the
three-electrode cell (T-cell, Swagelok), the WE (MoS.-based material on Al foil), the CE (Li),
and a glass microfiber separator (Whatman grade GF/D, 12 mm diameter) were assembled.
A lithium reference electrode was positioned centrally in the T-cell, separated from the other
electrodes by an 8 mm GF/D membrane. Initially, 120 pL of LP30 electrolyte was added
between the working and counter electrodes, followed by an additional 120 puL beneath the
reference electrode. The SPEIS technique was used for in situ analysis at various states of
charge. A total of 21 EIS spectra were collected during each cathodic and anodic cycle over a
potential range of 3.0 to 1.0 V (vs. Li*/Li), with a frequency range from 1 MHz to 10 mHz. Each

frequency point was averaged three times, increasing logarithmically.

4.2.4. Computational Details

Density functional theory (DFT) calculations were performed using QUANTUM ESPRESSO
with orthogonal norm-conserving Vanderbilt (ONCV) pseudopotentials, utilizing the Perdew-
Burke-Ernzerhof (PBE) exchange-correlation functional from the PseudoDojo library.88-1% For
long-range dispersion corrections, the semiempirical vdW correction by Grimme with zero
damping (PBE+D3) was applied consistently throughout all calculations.'®* The convergence
criteria for total energy and forces were set at 10°® Ry and 10 Ry bohr™ or better, respectively.
The Brillouin zone was integrated using a uniform reciprocal distance of 0.05 A, resulting in
I-centered (4 x 4 x 2) k-point grids for the bulk MoS; (2 x 2 x 2) supercell. To simulate various
d-spacings in MoS;, each MoS; sheet was fixed with varied interlayer distances. For electronic

structure calculations, self-consistent calculations were performed with twice denser k-point
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grids in the irreducible Brillouin zone. The climbing image nudged elastic band (CI-NEB)
combined with dynamic nudged elastic band (dyNEB) method was employed to investigate Li*
mobility within the system.°2193 A (2 x 2 x 2) supercell was used for all calculations throughout

this study. For the Li* mobility study, simulations were converged better than f max < 0.08 eV/A.
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4.3. Transition of Nanoconfinement Design to Micron-Sized Architectures

4.3.1. Material Synthesis

For the preparation of chemically pre-lithiated, exfoliated and partially restacked, and HDA-
functionalized MoS,, 1g of commercial MoS; powder (Sigma-Aldrich, <2 um, 98% purity) was
chemically lithiated using n-butyllithium (n-BuLi, 1.6 M in hexane, Fisher Scientific). The MoS;
powder was dispersed in 25 mL of hexane in a glass vial using magnetic stirring (500 rpm).
Subsequently, 4.25 mL of n-BuLi solution (1.6 M in hexane, corresponding to ca. 1.1 Li per
MoS,) was added under the same stirring conditions. The suspension was maintained at 50 °C

for 48 hours inside an Ar-filled glovebox (O2, H20 < 0.5 ppm).

A vial containing the suspension was then moved to a fume hood for washing and filtering. The
resulting lithiated MoS; (LixM0S;) was collected by vacuum filtration using a 0.22 pm
hydrophilic polytetrafluoroethylene (PTFE) membrane (Millipore), washed thoroughly with

hexane, and dried under vacuum to remove residual hexane.

For exfoliation, 200 mg of dried LixM0S- was dispersed in 100 mL of deionized (DI) water and
stirred for 30 minutes, followed by 10 minutes of bath sonication. The resulting suspension
was filtered, rinsed with DI water and ethanol, and then redispersed in 30 mL of DI water by
hand-shaking and an additional 5 minutes of bath sonication. The suspension was frozen in
liquid nitrogen and subsequently freeze-dried (Alpha 3-4 LSCbasic, Martin Christ) for 72 hours

to yield exfoliated and partially restacked MoS. powder, labelled MoS;-restack.

For the pillaring of 1,6-hexanediamine (HDA) molecules into MoS: layers, 25 pL of 60 wt.%
aqueous HDA solution (Fisher Scientific) was added to 100 mL of deionized (DI) water.
Subsequently, 200 mg of LixMoS, powder was dispersed in this solution, corresponding to a
1:0.1 molar ratio between MoS, and HDA, followed by 5 minutes of bath sonication and

continuous stirring for 48 hours at ambient temperature.

After the reaction, the HDA-functionalized MoS; samples were vacuum-filtered and rinsed with
DI water and ethanol to remove residual species. The resulting slurry was prepared using the
same redispersion procedure as the exfoliated MoS, sample. The suspension was

subsequently frozen and freeze-dried under the same conditions to obtain MoS,-HDA powders.

4.3.2. Material Characterization

The crystalline structure of the synthesized powders was analyzed by X-ray diffraction (XRD)

in Bragg-Brentano geometry using a Bruker D8 Advance diffractometer with Cu Ka radiation
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source (A = 1.5406 A) and a LYNXEYE XE-T detector. Patterns were collected with a step size
of 0.02° and a dwell time of 1 s.

Raman spectra were recorded to evaluate phase and structural changes using a Renishaw
InVia confocal Raman microscope equipped with a 532 nm excitation laser. To prevent thermal
degradation of the samples, the laser power was restricted to 0.5 mW, and spectra were

averaged from at least three distinct sample locations.

Fourier transform infrared spectroscopy (FTIR) measurements were performed using a
Spectrum Two FTIR spectrometer (PerkinElmer) at resolutions of 8 and 16 cm™ over 20 scans,

covering the spectral range from 400 to 4000 cm™.

Thermal stability and organic content were quantified via thermogravimetric analysis (TGA)
using a Netzsch TG 209 F1 Libra analyzer. Samples were heated at a rate of 5 K min under

a flow of oxygen and nitrogen (1:1 ratio, 20 mL min‘t).

Nitrogen adsorption-desorption isotherms were measured at 77 K using a volumetric gas
sorption analyzer (Quadrasorb, Quantachrome, Anton Paar). Prior to the measurement,
samples were degassed for 24 h at 100 °C under vacuum (~0.02 mbar). The specific surface
area was calculated using the Brunauer-Emmett-Teller (BET) method within a relative

pressure range of 0.05 < p/po < 0.2 using ASiQwin software, Quantachrome.

Particle morphology was analyzed using a field emission scanning electron microscope (SEM,

Zeiss Crossheam x340) at an accelerating voltage of 5 kV.

Surface chemistry and oxidation states were probed by X-ray photoelectron spectroscopy
(XPS) using a SPECS UHV system (FOCUS 500) with a monochromatic Al Ka source (hv =
1486.6 eV) and a PHOIBOS 150 hemispherical analyzer with a 2D DLD detector (Surface
Concept). High-resolution spectra were recorded at a pass energy of 30 eV with a 0.1 eV step
size. Surface charging was compensated during XPS acquisition using an electron flood gun
operated at 5 eV and 2.5 pA. Data analysis was performed using CasaxXPS software, applying
a Shirley background and GL(30) line shape, with binding energies calibrated to the C—C/C—H

sp® reference at 284.8 eV.

4.3.3. Electrode Preparation and Electrochemical Characterization

Standard Coin Cell Electrode Fabrication: A slurry was prepared by mixing the active
material (bulk or HDA-functionalized MoS;), carbon black (CB, Imerys, C-NERGY Super C65),
and polyvinylidene difluoride (PVDF, Solvay, Solef 6020) in a weight ratio of 8:1:1. First, the

MoS,-based powders and CB were homogeneously ground together using a pestle and mortar.
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This dry mixture was then transferred to a container, and a 2 wt.% PVDF solution in N-methyl-
2-pyrrolidone (NMP, Sigma-Aldrich, 99.5 %) was added. The resulting slurry was homogenized
using a speed mixer (ARE-250, Thinky) at 1000 rpm for 10 minutes.

The slurry was coated onto carbon-coated battery-grade aluminum foil (20 pm, Wellcos) using
a doctor blade (wet film thickness: 90 um) and dried overnight at 80 °C to remove the NMP
solvent. Circular electrodes (12 mm diameter) were punched from the dried film and transferred
to an argon-filled glovebox. The mass loading of the MoS: electrodes was maintained between
0.8 and 1.2 mg cm. We purposefully employed electrodes with relatively low mass loadings
to study intrinsic materials properties and minimize limitations imposed by the electrode
architecture. Mass normalizations for electrochemical metrics refer to the active material, that
is, MoS; and pillars combined, but omitting the mass of the inactive PVDF binder and CB

additive.

Electrodes for Operando Experiments: A separate electrode formulation was prepared for
operando XRD and electrochemical dilatometry (ECD) experiments, consisting of 60 wt.%
active material, 30 wt.% CB, 10 wt.% PVDF dissolved in NMP. The mixture was stirred
overnight on a stirring plate at room temperature to ensure homogeneous mixing. This

prevented large polarization in (non-ideal) operando cells.

For operando XRD, the slurry was drop-casted onto a Ti mesh current collector and dried
overnight in an oven at 80 °C. The dried electrodes were subsequently pressed under 1 ton

using a hydraulic press (Spcac).

For ECD, the slurry was cast directly onto the stainless steel plunger of the dilatometer (which
served as the current collector) and dried overnight at 80 °C. A final pressing step of 2 tons

was applied to the dried electrode using the hydraulic press.

Cell Assembly and Electrochemical Testing: 2032-type coin cells (Hohsen) were
assembled in an argon-filled glovebox (MBraun; O, H,O < 0.5 ppm). Metallic lithium discs (14
mm diameter, Honjo) served as the negative electrodes. The cell components included a 1
mm thick stainless steel spacer, a stainless steel spring, and a glass microfiber separator
(Whatman grade GF/A).

Two distinct electrolytes were prepared for this study. The carbonate-based electrolyte
consisted of 1M Lithium bis(trifluoromethanesulfonyl)imide (LITFSI, Sigma-Aldrich, 99.95 %)
salt dissolved in a 1:1 volumetric ratio of ethylene carbonate (EC, Sigma-Aldrich, 299 %) and
dimethyl carbonate (DMC, Thermo Scientific, 99+ %). The ether-based electrolyte was
prepared by dissolving 1M LIiTFSI in diethylene glycol dimethyl ether (2G, Sigma-Aldrich,

99.5 %). We used the TFSI-based salt because of its solubility across several solvents. All
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electrolyte mixtures were prepared and stirred overnight in the glovebox (O2, H,O < 0.1 ppm).

Each coin cell was filled with 120 pL of either the carbonate- or ether-based electrolyte.

Electrochemical tests were performed using potentiostats (Bio-Logic VMP3-e and VMP300).
Cyclic voltammetry (CV) and galvanostatic charge/discharge (GCD) tests were conducted
within a potential window of 1.0 to 3.0 V versus Li*/Li at a controlled temperature chamber at
20 °C (Binder). Long-term cycling performance was evaluated at a constant specific current of
0.1Agt

For operando XRD experiments, a customized operando 2032-coin cell design with central
windows was utilized. These cells featured 4 mm diameter central holes in both the negative
and positive caps, which were sealed with Kapton tape, and a spacer with a 4mm diameter
central hole. The overall procedure for the XRD cells matched that of the standard coin cells,
but the electrolyte volume was increased to ca. 200 uL. The fabricated cells were mounted in
a STADI-p diffractometer (STOE) equipped with a coin cell holder, utilizing a silver X-ray
source (Ag Kq = 0.5594074 A) for the experiment.

For ECD measurements, a high-resolution electrochemical dilatometer (ECD-4-nano, EL-
CELL) was assembled in the Ar-filled glovebox. Li metal (8 mm diameter) served as the counter
electrode, with a GF/A separator (10 mm diameter) positioned between the Li electrode and a
glass T-Frit. Approximately 300—-350 pL of electrolyte was injected onto the T-Frit, and the
working electrode, coated directly onto the plunger, was placed on top of the T-Frit. The cell
was sealed using the screw cap unit with a membrane to ensure airtightness and electrical
contact. Following transfer from the glovebox, the sensor head was attached, and the cell was
connected to a docking station (PAT-Stand-1, EL-CELL) housed in a temperature-controlled

chamber at 22 °C and connected to a potentiostat (Bio-Logic VMP3).

Computational Details: For the isolated diglyme (2G) and Li*-2G clusters, initial geometry
optimization was performed using density functional theory (DFT) in ORCA?* with the B3LYP
functional.?®>1% The pre-optimized cluster structures were then used as input for Quantum
Espresso simulations of 2G, Li*-(2G), and Li*-(2G); intercalated 1T-MoS,. All QE calculations
employed orthogonal norm-conserving Vanderbilt (ONCV) pseudopotentials from the
PseudoDojo library,**® with the Perdew-Burke-Ernzerhof (PBE) exchange—correlation
functional.!®® Long-range dispersion interactions were treated using Grimme D3 van der Waals
correction with zero damping (PBE+D3),°! applied throughout all QE calculations. Structure
optimization was carried out in a (4x4x1) supercell, where Mo atoms were kept fixed within the
layer plane, while interlayer distances and guest species were fully relaxed. The Brillouin zone
was sampled using -centered k-point grids generated from a uniform reciprocal-space

spacing of 0.05 A (equivalent to a 2x2x4 grid for the 4x4x1 MoS, supercell). Structural
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relaxation convergence thresholds were set to 10° Ry for total energy and 10 Ry/bohr (or
tighter) for forces. Then, the XRD spectra of the DFT-simulated MoS; variants were calculated
via VESTA with Ag Ka; wavelength of 0.5594 A.1%7 Here, to examine the structural influence
of trapped solvated Li species on the host interlayer spacing, a neutral Li-2G complex was
employed as a simplified model in the periodic calculations, focusing on the steric and local

coordination effects governing interlayer expansion.
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Chapter 5: Results and Discussion

The results discussed in this chapter have been published or are in preparation for submission:

Chapter 5.1 (Study 1): %
Jaehoon Choi, Hyein Moon, Simon Fleischmann:

Simultaneous Control of Crystallite Size and Interlayer Spacing of MoS. to Achieve

Pseudocapacitive Lithium Intercalation, Electrochimica Acta, 2024, 476, 143774.

Contribution: J.C. conceptualized the study, performed synthesis and characterization

(excluding XPS), analyzed data, and wrote the manuscript.

Chapter 5.2 (Study II): %

Jaehoon Choi, Kyeonghyeon Nam, Yoga T. Malik, Robert Leiter, Maider Zarrabeitia, Christoph

Scheurer, Simon Fleischmann:

Interlayer Spacing Control of MoS. with Covalent Thiol Functionalization: Understanding
Structure and Electrochemistry from Experiments and Simulation, ACS Nano, 2025, 19, 40,
35425-35437

Contribution: J.C. designed the study, conducted experiments (excluding XPS acquisition &
DFT), analyzed data (excluding EIS fittings), and wrote the manuscript.

Chapter 5.3 (Study II):

Jaehoon Choi, Pakornrum Tulaphon, Franz Jacobi, Kyeonghyeon Nam, Jameela Karol, Mete

B. Durukan, Christoph Scheurer, Desirée Leistenschneider, Simon Fleischmann:

Understanding Solvent-Dependent Electrochemistry in Interlayer Expanded MoS;: Role of

Nanoconfinement Tuned by Organic Pillars, in preparation.

Contribution: J.C. conceptualized the study, performed all synthesis and characterization

(excluding operando XRD acquisition), analyzed data, and wrote the manuscript.
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5.1. Simultaneous Control of Crystallite Size and Interlayer Spacing of MoS2 to

Achieve Pseudocapacitive Lithium Intercalation

A one-pot hydrothermal synthesis strategy for MoS; is developed that allows to simultaneously
control both the crystallite size and geometric hanoconfinement environment (i.e., interlayer
distance and guest species density) of the material. Pristine MoS; is obtained following a
hydrothermal process outlined by Geng et al.,?® and the particle size is controlled by adjusting
the pH of the precursor solution, with more acidic conditions yielding smaller particle sizes.
The obtained MoS; materials then allow us to study the influence of particle size on the
electrochemical lithium intercalation properties. To analyze the impact of interlayer distance
on lithium intercalation, MoS, materials with the same particle size, but varied interlayer
distances are synthesized by facile adaptation of the one-pot route with added HDA molecular
pillars to the precursor solution (Fig. 5.1). Finally, variation of the HDA concentration allows to
determine the influence of pillar population in the MoS: interlayer space (nanoconfinement
chemistry) on lithium intercalation properties, while particle size and interlayer distance are
kept constant. Particular emphasis is put on obtaining and characterizing model materials with
well-defined structural properties, allowing to individually study the impact of a single structural

parameter on the lithium intercalation process.

pH1

Molybdenum trioxide Nano-MoS,
[MoO;]
o_\\~ 0
Mo 2o
I E NS
) s, 3
Thioacetamide Urea -l K
° S 2
[C,H,NS] [CO(NH,),] zEQ2 Micro-MoS,
H H - o
i 8 | i
H” \\4“ H/N\C/O g o
M= l pH5.5
H H H
0.5 HDA/Mo :
+ - / MoS,-HDA-0.5
o LSS
Added to precursor solution E
% 2 2 “ %)
1,6-hexanediamine (HDA) Il B Foap X
T o [}
HaN(CH,)eNH, 31 E MoS,-HDA-1
N H H H H H H R k3
N\ 7 N 7 Y r-% - ¥ p e e
_N c [ 3 o ]
e S W e Ll 3
N Pt /N | o 2 ) By T ©
H H H H H H H ",‘ ; o-r
" 1HDA/Mo - g

Figure 5.1: Schematic illustration of the one-pot hydrothermal synthesis of MoS,-based

materials.
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5.1.1. Influence of Crystallite Size

5.1.1.1. Structural Characterization

Two MoS;, samples are synthesized from precursor solutions with controlled pH value with the
goal to achieve a variation in product crystallite size. Small and large particle/crystallite sizes
of the MoS; products are obtained from hydrothermal processes with aqueous precursor
solutions of pH 1 and pH 5.5, and labelled nano-MoS; and micro-MoS,, respectively.

SEM images of the products show the formation of larger secondary particles consisting of
agglomerates of flake-shaped primary particles, with several microns of secondary patrticle size
for nano-MoS:; (Fig. 5.2A) and tens of microns for micro-MoS: (Fig. 5.2B). The differences in
primary particle sizes are revealed at higher magnification, with nano-MoS; exhibiting lateral
dimensions of the 2D MoS: layers in the range of ca. 100 nm as well as a low thickness/number
of layers well below 10 nm, as compared to micro-MoS; with lateral sizes around 500—1000 nm
and a larger thickness (Fig. 5.2A and 5.2B, insets). The observations from SEM are confirmed
by DLS analysis, which can quantify the size of MoS, secondary particle agglomerates,
revealing that the average size of the nano-MoS; agglomerates is around 8 um and that of
micro-MoS; is around 26 pum (Fig. S1A).
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Figure 5.2: SEM images of MoS; synthesized (A) at pH 5.5 yielding micro-MoS,, and (B) at
pH 1 yielding nano-MoS;. (C) XRD patterns including the ideal positions of hexagonal 2H-
MoS; according to PDF card #01-071-9809 and (D) Raman spectra of both samples.
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XRD is utilized to assign the crystal structure of the synthesized materials as hexagonal 2H-
MoS; according to PDF card #01-071-9809 (Fig. 5.2C). The interlayer distance is identified
according to the (002) signal at ca. 13.9° 20 as 6.15 A for both nano-MoS; and micro-
MoS, samples. A significant peak broadening of the (002) peak at 13.9° for nano-MoS; is a
further qualitative confirmation of the reduced crystalline domain size compared to micro-
MoS,.1% Raman spectra of the two samples (Fig. 5.2D) show the two main characteristic
peaks at 382 and 406 cm™, which correspond to E',q and Aiq vibrational modes of the semi-
conducting (2H) phase.!®® The results confirm that the employed hydrothermal synthesis route

leads to the formation of 2H-Mo0S;,'?® independent of crystallite size.

Overall, the structural investigation of nano-MoS; and micro-MoS; reveals that adjusting the
pH of the precursor solution for the hydrothermal process to pH 1 or pH 5.5 is a suitable route
to obtain 2H-MoS; materials with small or large crystallite sizes, respectively. The strategy thus
allows to obtain model materials to study the influence of crystallite size on the lithium

intercalation properties.

5.1.1.2. Electrochemical Characterization

To understand the influence of the crystallite size of hydrothermally synthesized
MoS, materials on electrochemical lithium intercalation behavior, the samples are investigated
in a standard, lithium-containing organic electrolyte (1 M LiPFs in EC/DMC, LP30) using CV.
The potential range is selected from 1.0 to 3.0 V vs. Li*/Li, allowing to study the Li* intercalation

reaction according to

MoS; + xLi* +xe < LixM0S,, 0 £ x <1, (15)

with a theoretical capacity of 167 mAh/g (for x = 1), without occurrence of the conversion-type
reaction below 1.0 V vs. Li*/Li.2°° The CV profiles of micro-MoS; and nano-MoS; are presented
in Fig. 5.3A and 5.3B. At low sweep rates (up to ca. 1 mV/s), both samples reveal the presence
of a redox signal centered around 1.7 V vs. Li*/Li (cathodic sweep) and 1.9 V vs. Li*/Li (anodic
sweep), indicative of the Li* (de)intercalation reaction. For micro-MoS;, it is visible that the
signal is split into two separate peaks, while for nano-MoS;, the signal is significantly
broadened with the peaks apparently merging and a more significant rectangular current
emerging. This behavior is indicative of an increasingly pseudocapacitive Li* intercalation
behavior with decreasing crystallite size in nano-MoS,, in line with previous reports.®7%8:201
Accordingly, at higher sweep rates above 10 mV/s, the CV signature of micro-MoS; rapidly

becomes resistive, indicative of diffusion-limitations, while even at 100 mV/s, a capacitor-like
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CV signal can be observed for nano-MoS:; in line with kinetically favorable pseudocapacitive

Li* intercalation.®
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Figure 5.3: Cyclic voltammograms of (A) micro-MoS; and (B) nano-MoS; at sweep rates from
0.5 to 100 mV/s. (C) GCD experiments at constant specific currents from 0.02 to 5 A/g and (D)
galvanostatic cycling stability at a constant specific current of 0.5 A/g of both MoS, samples.
All experiments were carried out at 20 °C in coin cells against lithium metal in LP30 electrolyte.

GCD tests are performed at constant specific currents between 0.02 and 5 A/g (Fig. 5.3C). At
the lowest rate of 20 mA/g, both MoS; samples show a comparable first cycle anodic
(delithiation) capacity of 175 and 182 mAh/g for micro-MoS; and nano-MoS;, respectively,
slightly above the theoretical capacity of 167 mAh/g for LixMoS; with x = 1. At higher rates,
specifically above 1 A/g, nano-MoS; delivers significantly higher capacities due to the reduced
kinetic limitations by solid-state diffusion, confirming the CV results. Nano-MoS: still exhibits a
capacity of 90 mAh/g at a high rate of 5 A/g, which corresponds to a charge/discharge time of
ca. 1min, while micro-MoS; only exhibits 38 mAh/g. These values are quantitatively
comparable to a study of Cook et al., probing lithium intercalation in bulk versus nanostructured

MoS;, where the latter was prepared by thermal sulfurization of nanostructured MoO; in H,S.%8
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Galvanostatic cycling stability is tested at an intermediate rate of 0.5 A/g (Fig. 5.3D). A capacity
drop in the initial 15 cycles can be observed, before both samples stabilize at around
105 mAh/g. This capacity remains relatively stable, reaching around 100 mAh/g after 200
cycles. We hypothesize that the initial capacity drop can be related to the ongoing phase
transformation from semiconducting 2H to metallically conducting 1T phase of MoS; during
initial lithiation cycles that has been described before.®® To complete the phase transformation,
it was reported that 4-8 cycles may be necessary depending on the MoS; crystallite size,*®
which is reflected in the reduced Coulombic efficiency and capacity drop at low rates (Fig. 5.3C)
as well as at higher rates (Fig. 5.3D) during the initial cycles. Hence a route to improve cycling

stability could be utilizing fully 1T-transformed MoS..

It can be concluded that hydrothermally synthesized MoS, materials with facile crystallite size
control via pH in this study show good agreement with the reported electrochemical
performance of MoS; synthesized by other (more complex) approaches. In line with the initial
goal of a multi-length scale control of MoS; structure, the next step is to further develop the

best-performing nano-MoS; material on a microscopic, crystal structure level.

5.1.2. Influence of Interlayer Distance

5.1.2.1. Structural Characterization

Building on the one-pot hydrothermal synthesis route outlined in the previous section, the
precursor solution of nano-MoS; is adapted to additionally achieve microscopic control over
the MoS; crystal structure to further improve the electrochemical performance. This is
done via the addition of pillar molecules, namely HDA, which we hypothesize will expand the
interlayer space of MoS;, modulating its geometric nanoconfinement environment. By using
two different concentrations of HDA in the precursor solution (molar ratios of HDA/Mo of 1 and

0.5), the density of pillars is aimed to be controlled.

SEM characterization reveals comparable morphology with nano-MoS, samples, with few-
micron sized secondary particles consisting of smaller flake-like primary particles with a lateral
size in the range of 100 nm (Fig. 5.4A and 5.4B). Both M0S;-HDA-1 and MoS,-HDA-0.5
appear comparable to nano-MoS,, indicating that the addition of HDA does not significantly
affect the resulting MoS, morphology when the pH of the precursor solution remained at 1.
Quantitative analysis via DLS confirms a comparable secondary particle size distribution with
MoS;-HDA-0.5 showing slightly reduced sizes (Fig. S1B).
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Figure 5.4: SEM images of interlayer-expanded MoS: using HDA pillars with precursor molar
ratios of HDA/Mo of (A) 1:1 and (B) 0.5:1. (C) XRD patterns and (D) Raman spectra of a nano-
MoS:; (same as in Fig. 2C and D, for comparison), MoS;-HDA-1, and MoS>-HDA-0.5 samples.

XRD analysis shows the formation of MoS, with a shift of the (002) signal from 13.9° 20 in
nano-MoS; to 9.0° 26 for both MoS,-HDA-1 and MoS>-HDA-0.5 samples (Fig. 5.4C). This
confirms that the addition of HDA pillars to the precursor solution leads to the formation of
interlayer-expanded MoS,, with the (002) spacing expanding from 0.64 to 0.98 nm. The
molecular conformation of HDA within the interlayer space has to be tilted with respect to the
MoS: layers, considering an estimated length of HDA including its vdW radius of around
1.22 nm. While the Raman spectrum of nano-MoS;revealed the formation of the
semiconducting 2H phase, the spectra recorded for MoS;-HDA-1 and MoS,-HDA-0.5 samples
show a distinctly different signature (Fig. 5.4D). The spectra show the characteristic vibrational
Raman modes J; at 153 cm?, J; at 213 cm™, J; at 329 cm™, and Aig at 412 cm™1.199202 The
spectra indicate the formation of a distorted 1T phase of MoS; (1T phase) upon the
confinement of HDA pillars as guest species in the MoS:; interlayer space. The distorted 1T
phase (1T’) can be distinguished from the ideal 1T phase via the presence of the A;g mode at
412 cm™ and the absence of the Exg mode at 258 cm™.199203 We hypothesize that the 1T’
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phase forms as a consequence of the confined interlayer guest species (i.e., HDA pillars),
which has been described for hydrothermally synthesized MoS; materials with various organic

guest species before.?04

The HDA content of the samples is calculated from TGA under Oz-containing atmosphere that
leads to a full burn-off of organic species (and concomitant MoS,-to-MoOs; transformation,
Fig. S2). The calculated compositions for samples MoS;-HDA-1 and MoS;-HDA-0.5 are
(HDA)o.33M0S; and (HDA)o2sM0S,, respectively, confirming that the variation of HDA
concentration in the precursor solution of the hydrothermal process can control the final
composition of pillared MoS;to some extent. Furthermore, using FTIR, the presence of
asymmetrical and symmetrical stretching vibrations of aliphatic C-H at 2915 and 2850 cm™,2%
respectively, indicate that HDA does not decompose and remains intact under hydrothermal
synthesis conditions (Fig. S3A). Additional verification is provided by the absence of D- and
G-bands in their full Raman spectra, excluding the formation of amorphous carbon that would
have resulted from HDA decomposition (Fig. S3B).

While the work mainly focuses on the interlayer-expansion of nano-MoS; because of its
demonstrated superiority for electrochemical lithium intercalation, the generalizability of the
one-pot hydrothermal synthesis approach is further demonstrated. By adjusting pH to 5.5,
interlayer-expansion of micro-MoS; with  HDA is successfully performed (Fig. S4).
Furthermore, interlayer-expansion of nano-MoS; at pH 1 is also feasible with ODA and DDDA

organic pillar molecules (Fig. S5).

TEM analysis of nano-MoS; and MoS,-HDA-1 is carried out to obtain highly localized structural
information of pristine versus interlayer-expanded MoS;. The interlayer distances of both
samples, as observed in the HRTEM images, closely align with the values obtained from XRD
patterns, with 0.63 nm for nano-MoS; (Fig. 5.5A) and 1.00 nm for MoS;-HDA-1 (Fig. 5.5B).
The values can be confirmed by the diameter of first ring of the selected area electron
diffraction (SAED) patterns. Furthermore, the second and third rings in the SAED patterns,
corresponding to the (100) and (110) planes, are at identical positions for nano-MoS; and
MoS,-HDA-1. This indicates the absence of in-plane structural changes in the individual
MoS; sheets upon addition of HDA pillaring molecules in the interlayer space. It suggests that
the interlayer expansion, facilitated by HDA, does not affect the host structure beyond
geometric expansion. Our findings are in contrast to previous studies that reported significant
structural and chemical in-plane modification of MoS,, such as nitrogen-doping via sulfur-
substitution after the addition of pillaring molecules during hydrothermal synthesis.204206
Furthermore, the distribution of HDA pillars is analyzed via EDX in STEM, confirming a

homogenous distribution of nitrogen throughout the sample (Fig. S6). It should be noted that

77


https://www.sciencedirect.com/topics/materials-science/amorphous-carbon
https://www.sciencedirect.com/topics/materials-science/high-resolution-transmission-electron-microscopy
https://www.sciencedirect.com/topics/materials-science/diffraction-pattern
https://www.sciencedirect.com/topics/materials-science/diffraction-pattern
https://www.sciencedirect.com/science/article/pii/S0013468624000185#fig0005
https://www.sciencedirect.com/science/article/pii/S0013468624000185#fig0005
https://www.sciencedirect.com/topics/materials-science/selected-area-diffraction
https://www.sciencedirect.com/topics/materials-science/selected-area-diffraction

Results and Discussion (1)

traces of nitrogen are also found in nano-MoS; (at much lower concentration, see Table S1),
indicating small residues of thioacetamide and/or urea precursors.

Figure 5.5: HRTEM images and selected area electron diffraction patterns (obtained at 80 kV
to avoid electron beam damaging) of (A) nano-MoS; and (B) interlayer-expanded MoS;-HDA-

1 samples.

The interaction of HDA molecules with the MoS; host lattice is investigated via XPS. The Mo
3d and S 2p spectra of the MoS,-based materials are displayed in Fig. 5.6. To analyze the
possibility of covalent bonding between HDA molecules and interlayer-expanded MoS; host,
the spectra of MoS,-HDA-1 (as the sample with the highest HDA-content) are directly
compared with those of pristine, nano-MoS,. In Fig. 5.6A, the most intense signals of
characteristic Mo** at around 229.0 eV and 232.4 eV are attributed to M0S,.2°” Moreover,
Mo* and Mo®" from traces of precursor residue or/and oxidized MoS; at higher binding
energies (i.e., MoOs; and M00,)?® are also present on the surface of the samples. However,
the contributions are almost identical for both samples. The S 2p spectra in Fig. 5.6B include
the MoS:; related doublets at 162 eV and 163.1 eV, and the trace of organic sulfur (C=S) at
163.8 eV and 165 eV ariginating from the precursor (i.e., thioacetamide), suggesting precursor
residues on the MoS; surface.?®® MoS,-HDA-1 doublets in both regions show no apparent
shifts in binding energy (BE) compared to the pristine nano-MoS; regardless of the interlayer-
expansion found by XRD and TEM. Furthermore, the atomic concentration of each element
acquired from survey data (Fig. S7 and Table S2) also presents highly comparable to each
other. The absence of any additional contribution to the XPS signals in MoS,-HDA-1 compared
to nano-MoS:; is indicative of a purely physical interaction as opposed to covalent bonding of
the amine group to the MoS; host lattice.?!® The results are in support of the electron
diffraction results from TEM analysis that suggest no alteration of the in-plane MoS; structure
in MoS;-HDA-1 materials. Hence, the molecular pillaring approach via hydrothermal synthesis
outlined in this work leads to MoS; with an expanded interlayer spacing with a purely physical

host-pillar interaction in the absence of in-plane structural changes. This is significant for
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the electrochemical analysis of the materials, because it allows for the electrochemical
properties to be correlated with the expanded interlayer spacing, instead of being caused by a

change in the MoS: in-plane structure.

n Mo 3d Mo* 3d,, (MoS,) S2p ~
)
A\ Mo™ 3d,, (MoS, a "
{1\ Mg (MOS) ~~ £ As*2p,,(MoS,)

Y4

Mo** 3d,, (MoO,) /)
Mo* 3d,, (MoO;) \-\\‘.'”"/"\\\ /’\/ S* 2p,5 (MoS;)/
" t /) \ /, \
N /" 4 \\_/ \._
D i N\ 2> -
ma— D — — o =
w A ———
c Mo* 3d,, (MeO,) Mo’ 3d,, (Mo0;)  MoS,-HDA-1 C MoS,-HDA-1
o 3
£ " [\ =
Mo™ 3dg, (MoO,) /| I’ — A
Mo®* 3d,, (MoO;) N 9 \ /o
k Dp— "\»\\ — \ S ?5 C=S 2p,, - \
—— e v o CsS 2p., S A
et — Nano-MoS,
Nano-MeS, S ——— -
240 238 236 234 232 230 228 226 224 222 168 166 164 162 160 158

Binding energy (eV) Binding energy (eV)

Figure 5.6: XPS of (A) Mo 3d region and (B) S 2p region of nano-MoS; and MoS,-HDA-1

samples.

5.1.2.2. Electrochemical Characterization

The structural characterization of HDA-pillared MoS; materials demonstrates that the materials
exhibit an expanded interlayer spacing compared to nano-MoS,, while other structural
properties like morphology, crystallite size and in-plane MoS; structure remained similar.
Furthermore, the concentration of HDA pillars is increased in MoS;-HDA-1 compared to MoS,-
HDA-0.5. Consequently, the materials can be used to study the influence of (1) interlayer
spacing (i.e., nanoconfinement geometry) and (2) pillar concentration (i.e., nanoconfinement

chemical composition) on the electrochemical lithium intercalation performance.

The potential profiles of the first five galvanostatic cycles of nano-MoS;, MoS;-HDA-1 and
MoS,-HDA-0.5 at a constant specific current of 20 mA/g are shown in Fig. 5.7A-C. For nano-
MoS,, a low initial Coulombic efficiency (ICE, 44 %) is observed, which is correlated to the
above described 2H-to-1T phase transformation in the plateau region around 1.1 V vs. Li*/Li
during the first lithiation (Fig. 5.7A).°! In comparison, both MoS,-HDA-1 and MoS,-HDA-0.5
exhibit higher ICEs of 65 % and 67 %, respectively, in the absence of the 2H-to-1T phase
transformation plateau. Instead, they likely undergo a 1T°-to-1T transformation during the first

lithiation (vide infra).203
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Figure 5.7: Galvanostatic profiles of the first five cycles of (A) nano-MoS,, (B) MoS,-HDA-1
and (C) MoS>-HDA-0.5 at a constant specific current of 20 mA/g. (D) Cyclic voltammograms
of the three samples at a sweep rate of 0.5 mV/s. (E) GCD experiments at specific currents
from 0.02 to 5 A/g and (F) galvanostatic cycling stability at a constant specific current of 0.5 A/g
of the three samples. All experiments carried out at 20 °C in coin cells against lithium metal in
LP30 electrolyte.

The initial anodic (delithiation) capacities of nano-MoS; and MoS>-HDA-1 are in the same
range (182 and 178 mAh/g, respectively), while the delithiation capacity of MoS>-HDA-0.5 is
increased to 199 mAh/g. Given that these values are normalized to the full composite mass of

MoS;, and HDA, the capacities of HDA-pillared materials significantly exceed that of nano-
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MoS; (1.09 Li*) per transition metal, with 221 mAh/gmoes2 or 1.32 Li* per MoS,-HDA-1 and
237 mAh/gwmos2 or 1.41 Li* per MoS2-HDA-0.5. This is in line with previous reports of increased
Li* storage in interlayer-expanded MoS, materials that potentially combines pseudocapacitive
(Faradaic) Li* intercalation with an additional electric double-layer capacitance inside the

widened interlayer galleries and/or at the solid/liquid interface.37:144

Cyclic voltammograms of interlayer-expanded MoS:; electrodes show an increased capacitor-
like, rectangular current profile and the absence of the broad redox peak around 1.7-1.9 V vs.
Li*/Li as compared to nano-MoS; (Fig. 5.7D). Given the lower content of electrochemically
inactive HDA-pillars in MoS,-HDA-0.5, its specific current signal has a slightly higher
magnitude than MoS;-HDA-1. The results indicate an increased pseudocapacitive
Li* intercalation behavior of interlayer-expanded MoS, compared to hano-MoS,. The lithiation
process of MoS,-HDA-1 results in a further expansion from 0.98 to 1.06 nm as indicated by ex
situ XRD (Fig. S8), whereas lithiation of pristine MoSz is known not to lead to significant
changes in d-spacing (changes < 0.01 nm for fully lithiated MoS; of various crystallite sizes
and degrees of disorder).1% This is indicative of a larger number or size of intercalating species
into interlayer-expanded MoS;, in line with the higher lithiation capacities measured for these
samples (Li132-M0S;-HDA-1 and Li1.41-M0S,-HDA-0.5) compared to pristine MoS,.

Quantitative GCD experiments (Fig. 5.7E) further underline the superior Li* intercalation
performance of MoS;-HDA-0.5 compared to the other samples. Its capacity retention of
118 mAh/g at a rate of 5 A/g corresponds to 63 % of the initial capacity (5th cycle at 20 mA/g)
compared to 95 mAh/g for MoS,-HDA-1 (58 %). The results underline that not only
nanoconfinement geometry, i.e., an expanded interlayer spacing is beneficial for increased
kinetics and storage capacity, but also the nanoconfinement chemical composition, i.e., the
number of pillars determines electrochemical performance. The decreased number of pillars
in MoS,-HDA-0.5 not only reduces weight of (electrochemically) inactive component, but it is

hypothesized that it is also beneficial for ion transport in the nanoconfined interlayer space.?'*

The Li* intercalation process is further analyzed via b-value analysis, where a b-value of 0.5
corresponds to diffusion-limited and a b-value of 1 to surface-limited intercalation kinetics
(Fig. S9).22 While decreasing of crystallite size shows an increase of the (cathodic) b-values
from 0.85 for micro-MoS; to 0.93 for nano-MoS;, the b-values for both MoS,-HDA-0.5 and
MoS,-HDA-1 are also 0.93. Trends for the anodic b-values are similar. Overall, according to
b-value analysis for sweep rates from 0.1 to 10 mV/s, there are no major differences in the
kinetic limitations for all samples, with all of them exhibiting primarily surface-limited diffusion

kinetics.3¢

Galvanostatic cycling stability over 200 cycles at 0.5 A/g is shown in Fig. 5.7F. While nano-

MoS. shows a significant initial capacity decay described in the previous Section 5.1.1.2, this
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initial decay is much smaller for both HDA-pillared samples. This can be explained by the
absence of the 2H-to-1T transition for these samples, demonstrating the advantage of the 1T’
phase formed for interlayer-expanded MoS,. When comparing MoS;-HDA-0.5 to MoS,-HDA-
1, the former shows significantly improved cycling stability. This is an indication that a reduced
number of pillars confined in the interlayer space may be beneficial for cycling stability. The
underlying mechanism and an investigation into the optimum number of pillars will be the topic

of future investigation using operando techniques and post-mortem cryogenic TEM analysis.

5.1.3. Conclusions

This study introduces a versatile one-pot hydrothermal synthesis strategy that enables
simultaneous control of MoS; structure over several length scales, ranging from macroscopic
crystallite size to microscopic lattice parameter control. Lowering the pH of the precursor
solution for hydrothermal synthesis leads to the formation of smaller crystallites. The addition
of alkyldiamines like HDA to the same precursor solution will lead to their confinement between
the forming MoS:; layers, acting as structural pillars expanding MoS: interlayer spacing. By
changing the HDA concentration, the content of structural pillars in interlayer-expanded
MoS; can be varied to some extent. The interaction between HDA pillars and MoS: host is
purely physical in the absence of covalent bonding, with no significant crystallographic

changes in the MoS; in-plane structure after pillaring.

The influence of each structural parameter on the electrochemical lithium intercalation
properties can be systematically studied. It is found that smaller crystallite sizes, as well as
expanded interlayer spacing, both lead to increasingly pseudocapacitive Li* intercalation
properties with a more and more capacitor-like CV shape. Among interlayer-expanded
MoS, materials, reducing the number of confined HDA structural pillars leads to an improved
specific capacity, rate capability and cycling stability. The number of lithium reversibly
intercalated in per MoS; ranges from ca. 1 in micro-MoS; to up to almost 1.5 in MoS;-HDA-
0.5, emphasizing the importance of nanoconfinement properties of MoS; for electrochemical
ion intercalation. Future work should also explore the influence of changes in pillar chemistry,

for example, to trifunctional pillars which may further stabilize the expanded MoS: structure.

The materials described can also be of interest to field of multivalent ion intercalation, where
expanded interlayer distances can enable reduced electrostatic interaction between ion and
host. Furthermore, the materials can be of interest as hydrogen evolution electrocatalysts,
where both an expanded interlayer distance and reduced crystallite size can increase the

number of electrochemically active sites.
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5.2.Interlayer Spacing Control of MoS2 with Covalent Thiol Functionalization:
Understanding Structure and Electrochemistry from Experiments and

Simulation

This work explores covalent thiol functionalization for controlling MoS: interlayer spacing.
Using a hydrothermal bottom-up synthesis, dithiolated molecules can be directly incorporated
into the MoS: lattice to act as pillars. Using a comprehensive combination of experiments and
simulation, we investigate the influence of dithiol pillar loading on the emerging structure, pillar—
host interactions, and electrochemistry. Our results reveal clustering of pillars at low loading,
leading to an inhomogeneous interlayer expansion. At high pillar loading, the formation of
defective bonding configurations with excess sulfur is observed. Interlayer expansion leads to
an increased electrochemical Li* storage capacity with a maximum of 1.43 Li* per MoS,.
However, dithiols occupy storage sites and impede Li* transport within the interlayer space,
leading to unfavorable performance at high pillar loading. This underlines the importance of
carefully adjusting the density of nanoconfined pillar molecules within the interlayer space.
Overall, the work comprehensively analyzes covalent dithiol functionalization of TMD-based

electrode materials, offering valuable insights for the design of advanced energy materials.

5.2.1. Structural Characterization of MoS,-Based Materials

Fig. 5.8A schematically outlines our proposed materials design strategy, in which HDT are
directly incorporated into the MoS; lattice where they act as organic pillar molecules that
modify the nanoconfinement environment. The density of pillars is controlled by varying the
molar ratio of pillar to Mo during hydrothermal synthesis between 0.2 and 5. The motivation
behind this approach is to obtain a pillared MoS; structure with (1) covalent networks between
host and pillar molecules and (2) a highly tunable pillar loading. This is a significant evolution
from previous approaches that employed ionic pillars that weakly interact with the host lattice
and exhibited limited variability in pillar loading.64°5212 The structural characterization is
focused on determining how varying the HDT loading affects the resulting pillared architecture

and analyzing the bonding character between HDT pillars and the MoS; lattice.
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Figure 5.8: (A) Schematic illustration of the proposed formation of covalent networks between
HDT pillars and MoS.. (B) XRD patterns of the pristine and HDT-pillared MoS.. (C) TGA curves
and (D) BET specific surface area of MoS;-based samples.

The structure of hydrothermally synthesized, MoS;-based materials is initially investigated
using XRD. The diffractograms of pristine and HDT-pillared MoS, materials with various HDT
loadings are shown in Fig. 5.8B. The formation of pristine MoS; is verified by the broad
reflexes centered at ca. 13.8° and 32.5° 2 Theta corresponding to the (001) and (100) planes
of 1T-MoS,, respectively, in line with previous work.® The addition of HDT in increasing
guantities from 0.2 to 5 (molar ratio between pillar molecules to Mo during synthesis) causes
changes in the diffractograms, predominantly related to the position and shape of the (001)
signal representative of the interlayer spacing. With increasing HDT pillar loading, there is a
progressive change of the (001) signal. Starting with the formation of a shoulder toward lower
diffraction angles for samples with low HDT loading (M0S2-HDT0.2 and MoS,-HDTO0.5), there
is a significant shift toward lower diffraction angles for all samples with higher HDT loading.
The shift and very broad shape of the (001) reflex is indicative of an uneven increase of the
MoS:; interlayer spacing in pillared materials with medium HDT loading. For high pillar loadings
in MoS,-HDT2 and MoS,-HDTS5, the (001) signal shifts further and sharpens again, indicative
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of higher structural order and an evenly increased interlayer spacing of 1.1 and 1.3 nm,
respectively. Moreover, we observe the formation of an additional broad diffraction signal at
around 15° for MoS>-HDT2 and 18° 2 Theta for MoS,-HDT?5 that can neither be related to the
MoS:; intralayer structure, nor to higher order interlayer spacing. Therefore, we hypothesize
that the origin of the signals is related to the ordering of the organic chains of HDT pillars within
the interlayer galleries, which decrease in characteristic distance at the highest HDT loading
in MoS2-HDTS5.

The findings indicate that HDT-pillaring of MoS: is increasingly expanding the interlayer
spacing with higher loading. The uneven expansion for low and medium pillar loadings
indicates that pillars preferentially form domains, while some MoS; regions remain unpillared
(the thermodynamic reasons are further elucidated in the simulation section). Only for high

loadings, the entire MoS; structure becomes pillared by HDT.

The density of HDT in pillared MoS, samples is quantified using TGA. The mass loss under an
oxidative atmosphere (O2/N>) is recorded up to 600 °C (Fig. 5.8C). At elevated temperatures,
pristine MoS; converts to MoOs under the release of SOx(g), leading to a theoretical mass loss
of 10%. Note that small mass gains at intermediate temperatures have been observed before
and attributed to the formation of intermediates like MoO», which then further oxidize to
MoQ3.2* The presence of significant sulfur vacancies is unlikely though, given the elemental
composition results, vide infra. The excess mass loss is therefore assigned to burned-off HDT
pillar molecules, allowing to quantify the content in the materials as MoS,-(HDT)o.10, MOS-
(HDT)o.15, M0S2-(HDT)o20, M0S,-(HDT)o.40, and MoS,-(HDT)110 for the samples MoS;-
HDTx with x = 0.2, 0.5, 1, 2, and 5, respectively. The results indicate that the pillar density is

successfully varied from a sparsely pillared to a fully crowded interlayer space.

After covalent pillaring with HDT, the BET specific surface area decreases compared to the
pristine MoS; sample (Fig. 5.8D).%” The N sorption isotherms of the MoS;-based samples
resemble Type IV (Fig. S10), indicative of mesoporous materials, with H3/H4-type hysteresis
loops that have been described for aggregates of plate-like particles.*®® The findings indicate
that covalent pillaring increases the interconnectivity of the MoS; sheets, aligning with

microscopy observations, vide infra.

The structural properties of the materials are further elucidated using electron microscopy.
Scanning electron micrographs of all samples show similar morphology across all samples,
consisting of agglomerates of nanosized flakes (Fig. S11). This demonstrates that the
hydrothermal process followed by freeze-drying ensures consistent particle morphology across
samples, allowing for direct comparison of their electrochemical properties later. However, at
the nanoscale, differences in the structure of the primary flakes are observed in each sample

through TEM. In Fig. 5.9A, pristine MoS; exhibits a flake-like morphology with a lateral size of
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approximately 50 nm. Lattice fringes show an interlayer spacing of about 0.67 nm. Three rings
are observed in the selected area electron diffraction (SAED), corresponding to the (001), (100),
and (110) planes. The d-spacing calculated from the first SAED ring is 0.64 nm, while the in-
plane lattice spacings for the (100) and (110) planes are 0.25 and 0.15 nm, respectively, which
is in agreement with XRD results. Pillared MoS, samples with low to medium HDT-loading
(M0S2-HDTO0.2, M0S,-HDTO0.5, M0oS2-HDT1,; Fig. 5.9B-D) show similar flake morphologies,
but regions with expanded interlayer spacing observed in high-resolution images. It can be
seen that the expansion is highly irregular. The (001) ring in the corresponding SAED patterns
remains most prominent at the same position as in the pristine MoS,, but SAED features with
smaller radii can be seen particularly for MoS,-HDT1, indicating regions of further interlayer
expansion. The results confirm XRD results also on a nanoscale, demonstrating that the HDT
pillars form domains and partially expand the MoS; layers, while non-expanded MoS:; is
retained in some regions. In contrast, HRTEM of densely pillared M0oS>-HDT2 and MoS>-HDT5
(Fig. 5.9E and 5.9F) shows larger interlayer spacings also in agreement with XRD. The related
(001) rings are no longer visible in the SAED patterns due to the beam stopper. Meanwhile,
the reflections corresponding to the in-plane structure remain largely unaffected by the
insertion of pillars, as no significant changes are observed in (100) and (110) planes for all
pillared samples. An elemental mapping using EDX in STEM mode (Fig. S12) depicts the

homogeneous distribution of molybdenum, sulfur, and carbon in the as-synthesized samples.
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M

Figure 5.9: (HR)TEM images and SAED patterns of (A) the pristine MoS; and (B-F) HDT-

pillared MoS, samples.

In the following, the bonding character between the MoS; host lattice and HDT pillars is
examined with spectroscopic methods. Based on previous work on thiol-functionalized
MoS, monolayers,?'>2'6 we hypothesize that HDT can form chemical bonds with the
MoS:; lattice yielding a covalent network. First, FTIR spectroscopy is employed to establish the
spectroscopic signature of the HDT molecule and analyze how it changes upon
functionalization in the MoS: lattice. Pure HDT molecules exhibit typical signatures of C-H
stretching vibrations at around 2850-2960 cm™ and a distinct peak corresponding to the S—H
stretching vibration at 2554 cm (Fig. 5.10A).2 In HDT-pillared MoS, samples, the C-H
stretching vibrations are still visible and increase in intensity for increased HDT loading.
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However, the S—H stretching vibration can no longer be detected in any of the HDT-pillared
MoS, samples, which indicates that the thiol functional groups undergo chemical changes, e.qg.,
are involved in chemical bonding with the MoS; lattice. Raman spectra of pristine and HDT-
functionalized MoS, samples show characteristic signatures at around 150 and 330 cm™ (Fig.
5.10B), corresponding to the Ji and J; modes of the metallic phase MoS,. The absence
of Ex'g (usually around 379 cm™) and A4 (405 cm™?) signals characteristic for the 2H-phase is
supportive of the formation of 1T-MoS; in all our samples.?:8 It should be noted that the Raman
measurements are conducted with a low laser power to avoid the decomposition/carbonization

of HDT molecules during the measurement.

The results of Raman and FTIR analysis indicate that all samples exhibit 1T-MoS; and that
thiol molecules chemically bond to the MoS; lattice. We therefore hypothesize that thiol groups
are directly incorporated into and participate in the formation of the MoS; layers. In other words,
it can be assumed that thiols are acting as a sulfur source for MoS; formation during the
bottom-up hydrothermal synthesis. If all thiol groups of HDT patrticipated in the MoS; formation,
the atomic ratio between S and Mo would remain constant at 2:1 across all samples. Therefore,
we employed elemental analysis using both ICP-OES and STEM-EDX (Fig. 5.10C). While the
S/Mo ratio is close to 2 for samples with low and medium HDT loadings (up to MoS,-HDT1),
both methods independently indicate that the sulfur ratio is increasing significantly for high
HDT-pillar loadings (M0oS,-HDT2 and MoS,-HDT5). We consider the ICP-OES measurements
to be quantitatively more reliable than EDX due to two primary factors: (1) the Mo La (~2.3
keV) and S Ka (~2.3 keV) peaks are very close in energy, complicating the spectral
deconvolution, and (2) X-ray absorption and scattering effects related to sample thickness can
distort the EDX quantification. The results lead to the conclusion that several sulfur bonding
configurations are simultaneously present in pillared MoS, samples, for which possible options
are schematically depicted in Fig. 5.10D. Sulfur in MoS; not associated with an HDT molecule
is labeled S1 (Mo-S) and sulfur in MoS: directly associated with an HDT molecule is labeled
S2 (Mo-S-C-) (“ideal MoS;”). Configurations responsible for S/Mo ratios greater than two (“non-
ideal M0S,”) can be sulfur in MoS; (S1-type) which additionally bonds with a thiol group, which
is then labeled S3 (Mo-S-S-C-) or a sulfur from a thiol group (S2-type) bonding with a sulfur in
MoS:; (S1-type), which is then labeled S3' (Mo-S-S-Mo).
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Figure 5.10: (A) FTIR and (B) Raman spectra of all samples. (C) Elemental composition of all
MoS,-based samples from ICP-OES and STEM-EDX. (D) Proposed structural configurations
illustrating sulfur atoms from pristine MoS; (S1) and those corresponding to nonideal MoS,,
such as Mo-S-C- (S2), Mo-S-S-C- (S3), and Mo-S-S-Mo (S3'). XPS spectra of (E) Mo 3d and
S 2s and (F) S 2p photoelectron regions of pristine (black), MoS,-HDT1 (blue), and MoS.-
HDT2 (orange) samples.

XPS is employed to investigate the proposed sulfur bonding configurations in pristine MoS.,
as well as in pillared MoS; with medium (MoS»-HDT1) and high (MoS,-HDT2) HDT-loading.
In Fig. 5.10E, the Mo 3d and S 2s spectra are presented. The Mo 3d region of pristine MoS: is
fitted with three doublets and two single peaks corresponding to the S 2s region at low binding
energies. The three doublet peaks at 229.3, 230.2, and 233.0 eV correspond to Mo** from the
ideal and “non-ideal” MoS; (e.g., from the sulfur in the edges or poly sulfur species)?!® and
Mo®*, respectively. This result reveals the formation of 1T-MoS;, in agreement with the Raman
spectrum (Fig. 5.10B).2% The display of the Mo®" doublet peaks indicates the presence of
some surface oxidation and/or traces of unreacted MoOs precursor. Meanwhile, the two
doublets of Mo** suggested that the ideal stoichiometry of MoS; is synthesized (i.e., S1), as
well as other poly sulfurs, such as the formation of disulfides bonded chemically to Mo atoms,
as indicated in Fig. 5.10D (i.e., S3'). This assumption is in agreement with the S 2s and S 2p
(Fig. 5.10F) regions. The sulfur signal shows a main peak corresponding to S2 from
MoS; (Mo-S1) and a less intense peak at higher binding energies attributed to the S—S bond
(83, Mo-S-S-Mo).2*° It should be noted that the presence of the second doublet of Mo** could
alternatively be correlated with 2H-MoS; instead of “non-ideal” MoS: with disulfide
formation.'®” However, Raman results and the complete absence of any irreversible capacity
during the initial electrochemical lithiation of the pristine MoS; sample (discussion in the
electrochemistry section, vide infra) strongly point toward exclusive 1T-MoS; formation in our

samples.

In both HDT-functionalized samples, the Mo** 3ds;z peaks shift slightly to 229.1 eV (MoS:-
HDT1) and 229.0 eV (M0S,-HDT?2), indicating that molybdenum loses electrons to sulfur which
can be explained by the formation of covalent bonds with the HDT pillars, in agreement with
FTIR results. In addition, the intensity of the peak corresponding to disulfides is increasing,
more significantly in the densely pillared MoS,-HDT2, suggesting the formation of more “non-
ideal” Mo-S-S-Mo bonds. In line with the peak increase in S 2s, a new doublet peak is displayed
in the S 2p region (Fig. 5.10F). Considering that it appears at binding energies between Mo-S
and Mo-S-S-Mo bonds, it could identify the new bond as Mo-S-C- (S2) or Mo-S-S-C- (S3)
bonds. The ICP-OES and STEM-EDX analyses indicate the presence of a higher sulfur
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concentration in the MoS>-HDT2 sample, suggesting that S2-type bonds (Mo-S-C-) are more
prevalent in less densely pillared MoS,, whereas S3-type bonds (Mo-S-S-C-) become more
dominant at higher pillar densities. Although S3-type bonds are less stable compared to S2-
type bonds, their formation might be facilitated under the higher HDT concentrations during

the bottom-up synthesis.

Overall, the correlation between the XPS results and elemental composition (S/Mo ratio) from
ICP-OES and STEM-EDX confirms the presence of various sulfur configurations proposed
in Fig. 5.10D. These configurations reflect different sulfur bonding environments influenced by
the increasing loading of HDT in pillared MoS.. The emergence of S3 and/or S3' suggests
distinct structural configurations, although their binding energies are likely very similar. These
configurations also explain why the S/Mo atomic ratio increases with higher pillar loading in
the samples. The underlying principles governing the formation of these specific structures

require further investigation by simulation, which is carried out in the following.

5.2.2. Structure Optimization by DFT Simulation

Atomistic models of pristine and HDT-pillared MoS; are simulated via DFT calculations (Fig.
5.11A and 5.11B). The optimized interlayer spacing for pristine MoS; is 0.601 nm, whereas
HDT-inserted MoS; with 25% pillar site occupancy exhibits an expanded interlayer spacing of
1.088 nm. These results predicted by DFT simulations align closely with the XRD patterns for
pristine MoS; and MoS,-HDT2 shown in Fig. 5.8B, confirming the structural changes upon
pillaring. Notably, the simulated HDT-pillared MoS; model reveals a covalent connection
between the MoS; layers and HDT pillars, established by shared sulfur atoms. The lowest-
energy configuration of alkyl chains between MoS:; layers occurs when the pillars adopt a
zigzag arrangement (Fig. S13). Additionally, DFT simulations of pristine MoS, show that the
interlayer distance follows a Lennard-Jones-like potential (Fig. S14), suggesting that interlayer
expansion results from the interplay between the energy cost of layer expansion and the

stabilization energy gained from the adsorbed pillars.
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Figure 5.11: Simulated stable atomistic models of (A) pristine MoS, and (B) functionalized
MoS2-HDTo.2s, with optimized interlayer d-spacing indicated by a black arrow. (C) The DOS for
the sulfur p orbital in pristine MoS; (orange) and the p orbital of a sulfur atom in MoS; with an
extra bonded sulfur atom (blue), both found to be stable configurations, compared with the
experimental XPS spectrum of MoS;-HDT2 taken from Fig. 5.10F (circles). The dashed line
represents the Fermi level of the simulated systems.

The insertion of HDT pillars promotes the formation of pillar domains, which minimizes energy
loss associated with layer expansion at low pillar loading. This is in line with the broadening of
XRD (001) signals due to the low periodicity of the expanded MoS; sheets. As these pillar
domains grow and densify with higher pillar loading, the interlayer expansion becomes more
homogeneous. This gradual domain growth explains the abrupt evolution of the (001) ring in
SAED and the significant peak shift in XRD observed between MoS;-HDT1 and MoS,-HDT2.
The clustering of HDT pillars causes the broad distribution of the interlayer spacings, as
observed in XRD and TEM/SAED. However, for high HDT-pillar loadings, the MoS: layers
show an increasingly homogeneous interlayer spacing. This dense arrangement may facilitate
S-S bonding between the MoS:; layers and HDT pillars, particularly at the disordered layer

edges.

To further investigate the relationship between pillar density and the formation of S-S
bonds, ab initio electronic structure analysis of sulfur atoms is performed. The calculated
density of states (DOS) of a sulfur atom in pristine MoS; (S1) and a sulfur atom bonded to an
additional sulfur atom (S3) have been compared with the experimental XPS spectrum (Fig.
5.11C). We calculate an energy shift of approximately 3 eV upon S-S bond formation, which
corresponds to the emergence of S3-type sulfur peaks in the XPS spectrum (Fig. 5.10F). DOS
analysis using a model that includes the HDT pillar reveals a similar energy shift in S3-type
sulfur (Fig. S15). Given the hydrothermal synthesis conditions and the high concentration of
HDT molecules serving as a sulfur precursor, the formation of S—S bonds is plausible. The
bonding likely occurs not only within the bulk material but also at the surface, defects, and

edges within disordered pillar domains.
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5.2.3. Electrochemical Characterization

The electrochemical properties of pristine and HDT-pillared MoS; are evaluated as host
electrode materials for Li* intercalation in standard organic electrolyte (LP30). Given the
comparable morphology and 1T phase of all samples, we can unambiguously establish a
connection between the electrochemistry and the specific nanoconfinement properties of
interlayer-expanded, covalent networks of HDT-pillared MoS, and analyze the impact of pillar
loading on ion transport and storage in detail. To exclude the influence of electrolyte wetting
effects in electrodes with varying pillar loading, we have also monitored the OCV over 12 h
before starting the measurements,??° ensuring stabilization of the OCV prior to measurement
(Fig. S16).

Cyclic voltammograms (CV) of the first (de)lithiation cycle are shown for all samples (Fig.
5.12A). While pristine MoS; exhibits a quasi-rectangular CV typical for pseudocapacitive
lithium intercalation,®>98.9%.1%5 g reduction peak can be seen for all HDT-pillared samples that
increases in intensity and shifts toward lower potentials for increasing HDT-loading from MoS.-
HDTO0.2 to MoS2-HDT2. In contrast, the subsequent oxidation peak is located at around 2.2 V
for all these samples. The CV of M0oS,-HDT5 shows a drastic reduction in charge storage
capacity. Interestingly, the magnitude of the redox peaks appears linked to the pillar loading,
with increasing peak currents going from pristine MoS;to MoS,-HDT1 (before rapidly
decreasing for high pillar loadings). The findings indicate that covalent pillaring leads to
stronger ion-host interaction manifested in an increased redox signature.*®” This is in contrast
to noncovalent pillaring, for example, with hexanediamine pillars (HDA) that we have
investigated previously.®® While the addition of noncovalently interacting HDA to MoS; led to
an increasingly rectangular/pseudocapacitive CV signature, covalently interacting HDT vyields
the opposite effect. This underlines the crucial importance of host-pillar interaction on the

resulting electrochemical response.

In subsequent CV cycles (Fig. S17 and S18), the reduction peak converges around 1.7-1.8 V
for all pillared MoS, samples with different loadings (M0S;-HDTO0.2 to Mo0S,-HDT2). We
hypothesize that the initial reduction peak at varying potentials is due to an activation process
involving the rearrangement of HDT pillars during the first lithiation cycle that is necessary to
facilitate favorable Li* diffusion pathways. Impedance spectroscopy and DFT analysis will

further support this hypothesis, vide infra.

GCD is employed to examine the maximum charge storage capacity of the samples during
initial cycles at a low specific current of 20 mA/g (Fig. 5.12B, Fig. S19). The specific delithiation

capacities of HDT-pillared MoS; with low to medium loading are in a comparable range with
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196, 200, and 204 mAh/g for MoS,-HDT1, MoS,-HDTO0.5, and MoS,-HDTO.2, respectively, and
it is 170 mAh/g for both pristine MoS; and MoS,-HDT2. When taking into account the
increasing mass contribution of HDT pillars, the capacity per MoS; increases up to medium
pillar loading. The maximum reversible (de)lithiation capacities for the samples are Li1.01M0S,,
Li1 33M0S,-HDTO.2, Li13sM0S2-HDTO.5, Li1.4sM0S2-HDT1, and Li1.40M0S,-HDT2. MoS,-HDT5
with the highest pillar loading exhibits highly reduced capacity (21 mAh/g or Lio.2sM0S2-HDT5),

explainable by blocking of active sites by excessive pillar loading, as demonstrated by DFT

vide infra.
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Figure 5.12: Electrochemical performance of MoS;and HDT-functionalized MoS..
Comparison of (A) CVs at 0.1 mV/s (first cycle) and (B) GCD curves at 20 mA/g (second cycle).
(C) Rate handling at specific currents of 0.02, 0.05, 0.1, 0.2, 0.5, 1, 2, and 5 A/g. (D)
Galvanostatic cycling stability at a constant current of 0.1 A/g. All measurements are carried

out in coin cells versus Li metal with LP30 electrolyte at a constant temperature of 20 °C.

The rate handling behavior of the samples is further quantified by GCD at various specific
currents from 0.02-5 A/g (Fig. 5.12C). At increased rates, the samples with the lowest pillar

loading showed superior capacity retention, which is similar to pristine MoS,. The highest
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performance is exhibited by the sample with the lowest pillar loading, MoS>-HDTO0.2, with a
retention of ca. 120 mAh/g at 5 A/g. For MoS,-HDT2 and MoS,-HDT5, the capacity drastically
dropped at higher rates, indicative of poor kinetics caused by the high HDT-pillar loading.

Overall, the basic electrochemical characterization reveals the ambivalent influence of HDT-
pillaring on the capacity and rate performance of the lithium intercalation reaction in MoS. One
the one hand, additional storage sites become activated in the interlayer galleries, even in the
inhomogeneously expanded samples with low HDT loading. The capacity becomes maximized
in samples with medium HDT loading, with homogeneously expanded interlayers, but before
overcrowding with HDT takes place. The rate behavior benefits from low HDT loading, even if
the interlayer expansion is inhomogeneous. This is due to the hindrance toward diffusion posed

by HDT pillars, as is also shown by simulation, vide infra.

The cycling stability is tested by GCD at a medium rate of 0.1 A/g (Fig. 5.12D). For samples
up to a medium pillar loading, the stability after 200 cycles is positively impacted by a higher
HDT content. The MoS,-HDT1 sample retains ca. 87% of its capacity after several hundreds
of cycles, surpassing pristine MoS; (80%), MoS;-HDTO0.2 (80%), and MoS,-HDTO0.5 (84%).
These results indicate improved stability of the electrochemical (de)lithiation process in
covalently pillared MoS; materials. Samples with high pillar loading, however, rapidly fade in

capacity.

The impact of HDT pillar content on the (de)lithiation kinetics is studied in detail using EIS at
various states of charge over the full potential window of 3.0 — 1.0 V vs Li*/Li during the first
lithiation. We focus the analysis on understanding the reduction peak in the first cycle, which
we explained by an “activation”/pillar rearrangement process during initial lithiation. Therefore,
impedance spectra of individual electrodes are shown at 2.6 V vs Li*/Li (roughly the OCV for
each electrode), at the onset potential of the reduction process of each individual electrode
and in the (almost) fully lithiated state at 1.2 V vs Li*/Li (Fig. 5.13A-C). For pristine MoS;, the
Nyquist plots show comparable shape and magnitude at each of the probed potentials, with a
pronounced charge transfer resistance in the midfrequency region and comparable open
Warburg-type behavior in the low-frequency region indicative of finite-length diffusion (Fig.
5.13A).

For pillared MoS; electrodes with medium and high pillar density, a drastic change in the
Nyquist plots is observed as a function of electrode potential. At OCV, both electrodes show
blocking electrode behavior with large bending arcs in the low frequency region (Fig. 5.13B
and 5.13C). Moreover, both electrodes show a transition in the Nyquist plot shape around the
potential region where their initial reduction peak occurs (Fig. 5.12A), which is around 2.0 V
for MoS,-HDT1 and around 1.6 V for MoS,-HDT2. The results indicate that the interlayer

spaces of pillared MoS; electrodes only become accessible for Li* intercalation after the initial,
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irreversible reduction process. It is noteworthy that stronger reductive potentials are required
with increasing HDT pillar densities. Finally, in their lithiated state (1.2 V), all three electrodes
show comparable charge transfer resistance in the midfrequency region, while impedance in
the Warburg-region associated with ion diffusion is most pronounced for MoS,-HDT2 (Fig.
5.13D). This confirms the impeded ion transport in crowded interlayer space with high pillar
loading. It should be noted that all electrodes exhibit an increased charge transfer resistance
in the midfrequency range in their lithiated states, which can be explained by the formation of
an interfacial layer at highly reductive potentials.??! We also fitted the EIS data with an
equivalent circuit model, as indicated in Fig. S20. The mid-frequency region consists of two

semicircles, which indicate the presence of a surface film and a charge transfer resistance
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Figure 5.13: Nyquist plots at various electrode potentials versus Li*/Li of (A) pristine MoS,, (B)
MoS,-HDT1, and (C) MoS,-HDT2. (D) Comparison of lithiated electrodes at 1.2 V vs Li*/Li.

96


https://pubs.acs.org/doi/full/10.1021/acsnano.5c07717#fig6
https://pubs.acs.org/doi/full/10.1021/acsnano.5c07717#fig6
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c07717/suppl_file/nn5c07717_si_001.pdf

Results and Discussion (2)

5.2.4. Atomistic Simulation of Electrochemical Lithiation Process

To elucidate the significant differences in maximum lithiation capacity and solid-state diffusion
of Li* as a function of pillar density, lithiated structures of pristine and HDT-pillared MoS; are
compared using DFT optimization (Fig. 5.14) and CI-NEB via DFT (Fig. 5.15). Simulations
indicate that an increased interlayer distance can accommodate twice the number of
Li* compared to the pristine material (Fig. 5.14A) by providing additional space at the Mo top
sites above and below within the interlayer (Fig. 5.14B). However, while the pillars are
essential for increasing the interlayer distance, they also hinder lithiation by blocking potential
Li* sites, resulting in a charge capacity that is less than the anticipated doubled increase (Fig.
5.12D and Fig. S19). The increased lithiation sites contribute to the enhanced capacity
observed in MoS>-HDT samples with moderate pillar density. In contrast, in systems with high
pillar density, such as MoS»-HDT5, most lithiation sites are occupied by pillars, significantly
reducing capacity. The high density of pillars occupying potential lithiation sites results in
decreased charge storage capacity. The change in the optimized interlayer distance before
and after full lithiation in pristine MoS; (+9%) is moderate but significantly higher than that of
MoS,-HDTo 25 (+1%) (Fig. 5.14). This arises from the already extended interlayer distance in
MoS,-HDTy .25 that is less susceptible to volumetric expansion upon lithiation compared to

pristine MoS..

LiMoS,

Side view - J o Side \'liew ‘ Top view

Figure 5.14: Simulated stable atomistic models of fully lithiated (A) Li1.oMoS; and (B) Li1 sM0oS;-
HDTo.25. Green spheres represent Li atoms. The optimized d-spacing with Li atoms is indicated
with a black arrow. The black box outlines the simulated cell under the periodic boundary

condition. Lithiation at the potential Li site (red circle) is inhibited by the pillar.

97


https://pubs.acs.org/doi/full/10.1021/acsnano.5c07717#fig7
https://pubs.acs.org/doi/full/10.1021/acsnano.5c07717#fig8
https://pubs.acs.org/doi/full/10.1021/acsnano.5c07717#fig7
https://pubs.acs.org/doi/full/10.1021/acsnano.5c07717#fig7
https://pubs.acs.org/doi/full/10.1021/acsnano.5c07717#fig5
https://pubs.acs.org/doi/full/10.1021/acsnano.5c07717#fig5
https://pubs.acs.org/doi/suppl/10.1021/acsnano.5c07717/suppl_file/nn5c07717_si_001.pdf
https://pubs.acs.org/doi/full/10.1021/acsnano.5c07717#fig7

Results and Discussion (2)

0.5 A MoS,-HDT
- Mo0S>

o©
N

0.0 A \/

0 20 40 60 80 100
Reaction Coordinate (%)

Figure 5.15: Top view of the Li* ion diffusion pathways in (A) MoS; and (B) MoS,-HDT. (C)
The energy profiles are plotted against the reaction coordinates. Green arrows in (A) and (B)
represent the Li* diffusion pathway at each data point from (C). The interlayer distances are
derived from Fig. 5.11A and Fig. 5.11B, respectively. The black box outlines the simulated cell
under the periodic boundary condition. The complete images from pathways A and B are

available in Fig. S21.

The energy barrier for Li* diffusion pathways is simulated for both pristine MoS; and MoS,-
HDTo.25 (Fig. 5.15). The Li* diffusion barrier is 0.30 eV for MoS; and 0.51 eV for MoS,-HDTg 2s.
In pristine MoS;, the Li* ion diffuses along sulfur atoms with a low energy barrier (Fig. 5.15A).
However, in HDT-pillared MoS,, the pillars impede Li* ion diffusion, increasing the energy
barrier (Fig. 5.15B). The differences in energy barriers between the two systems suggest that
Li* diffusion preferably occurs outside or around the perimeter of the pillar-inserted domains.
The restructuring of the inserted pillars, driven by charge carrier diffusion affects the stability
of the inserted pillar, also serves as an explanation for poor capacity retention of pillared
MoS:; with high pillar loadings. Hence our calculations emphasize the importance of balancing
the pillar loading within covalently pillared MoS. host materials. While low HDT pillar loadings
improve the lithiation capacity, increasing HDT loadings leads to active site occupation and,

crucially, impeded Li* transport within the interlayer space.

5.2.5. Conclusion

In this work, we have demonstrated a strategy for tailoring the nanoconfinement environment
in MoS; intercalation host materials via pillaring with HDT molecules. The materials consist of

covalent networks between HDT pillars and the MoS; lattice, and we were able to demonstrate
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a systematic variation in HDT pillar loading. Structural analyses by XRD, TEM, and SAED
revealed that, at low to medium pillar loadings, the interlayer expansion is irregular because of
the formation of thermodynamically preferential HDT domains, whereas high HDT loadings
promote a more homogeneous expansion of MoS,. A combination of XPS, elemental analysis
and DFT calculations reveals the presence of several sulfur configurations depending on the
HDT loading. While at low to medium loading, most pillars are directly incorporated in the lattice
forming “ideal MoS_” (Mo-S-C), high pillar loadings lead to increased formation of “non-ideal
MoS,” (Mo-S-S-C and Mo-S-S-Mo). Hence, we developed a comprehensive understanding of

the structure of covalently pillared MoS; materials.

Electrochemical characterization reveals an increased storage capacity in pillared MoS,. DFT
simulation demonstrated that this is due to the availability of additional storage sites in the
expanded interlayer, and a maximum reversible storage capacity of 1.43 Li* was measured
experimentally in MoS-HDT1. However, it was shown that HDT pillars occupy Li* storage sites,
hence at high pillar loadings, the capacity rapidly diminishes. Excessive pillar densities impede

Li* diffusion by increasing the energy barrier along diffusion paths.

Overall, the study provides a comprehensive understanding of the structure and covalent
interaction in HDT-pillared MoS; as a function of HDT loading and the resulting lithium
intercalation capacity and kinetics. It presents covalent pillaring with thiols as a promising
strategy for TMDs used as ion intercalation hosts materials. Crucially, the impact of pillar
loading on the electrochemical performance is emphasized, underlining the importance of

controlling materials structure to guide functional properties.
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5.3.Interlayer Expansion of Bulk MoS:2 via Top-Down Organic Pillaring

Enables Tunable Li* Intercalation and Controlled Solvent Co-Intercalation

5.3.1. Structural Characterization of MoS,-Based Materials

The goal of this work is to extend the interlayer expansion strategy via molecular pillaring with
hexanediammonium (HDA) from previously described bottom-up grown nanomaterials
towards top-down pillaring of bulk MoS.. We employ commercially available bulk MoS: as the
starting material and use a chemical pre-reduction step with butyllithium to obtain LixM0S..
Subsequent exposure to an aqueous solution of HDA leads to the formation of MoS,-HDA. To
disentangle the respective roles of chemical pre-reduction and interlayer expansion for the
subsequent electrochemical tests, LixM0S; is also exposed to water without HDA molecules,
to obtain exfoliated and partially restacked MoS; as a control sample. The synthesis procedure

is outlined schematically in Fig. 5.16.
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Figure 5.16: Schematic synthesis procedure of pillaring MoS,-bulk via a top-down approach
involving chemical pre-reduction using butyllithium to form LixMoS; and subsequent immersion
in an aqueous solution of HDA pillars, resulting in MoSz-HDA. Immersion of LixMoS; in H2O

and subsequent filtration yields a partially restacked MoS; control sample.

The morphological evolution of the materials was examined by scanning electron microscopy
(SEM). Commercial, bulk MoS; consists of irregularly shaped, platelet-like particles with well-
defined flat facets, consistent with layered crystal structure of MoS,. The particles form

micrometer-sized aggregates composed of stacked lamellae with clearly visible layered edges
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(Fig. 5.17A). After chemical pre-reduction, exfoliation in water and partial restacking, the
control sample MoS,-restack exhibits compact platelet-like crystallites but displays a more
disordered morphology composed of thinner sheets. The sample forms loosely packed
aggregates with folded and partially delaminated layers, indicating a disruption of the original
stacked lamellar structure after exfoliation and restacking (Fig. 5.17B). The pillared MoS,-HDA
sample shows a morphology similar to bulk MoS;, however with a stacking that appears slightly

looser and edges that indicate a partially separated lamellae structure (Fig. 5.17C).

The crystal structure of the materials was then characterized by X-ray diffraction (XRD, Fig.
5.17D). Commercial, bulk-MoS exhibits the characteristic diffractogram of 2H-MoS,,
according to PDF card #01-071-9809, with an interlayer spacing of 0.62 nm, as visible from
the diffraction peak at 14.4 °26 corresponding to the 002 set of planes. After chemical lithiation
with butyllithium, the interlayer spacing of LixM0S; increases to 1.13 nm, visible from a shift of
the diffraction signal to 7.84 °26 in agreement with previous reports.??® This is indicative of Li*
and hexane confined between the bulk MoS; layers, and the complete absence of the original
002 signal at 14.4° indicates extensive lithiation of the MoS: structure. The presence of a higher

order diffraction peak indicates the high ordering of the lithiated MoS, material.

Upon immersion of LixMoS; in aqueous solution (both with and without HDA), the intercalated
lithium reacts with water according to the well-known chemical exfoliation mechanism (LixMo0S;
+ xH20 — MoS,* (&) + XLIOH + x/2 Hy)*4, generating MoS; sheets with negative partial charge
that electrostatically repel each other and undergo exfoliation. Without the presence of HDA
pillar molecules, the MoS; sheets (partially) restack and form again a crystalline MoS structure
with the characteristic interlayer spacing at 0.62 nm visible from the diffraction peak at 14.4°,
however, the lower intensity and broadening of the 002 signal of MoS;-restack compared to
bulk MoS; indicates a decreased stacking order in agreement with SEM observations. When
HDA is present in the agueous solution, there is a distinct change in the diffraction pattern. The
main diffraction signal is shifted to 9.04°, indicative of an interlayer spacing of 0.98 nm in MoS.-
HDA and the successful confinement of the cationic HDA molecules in the MoS; interlayer
space. The same interlayer spacing was observed previously for HDA-pillared MoS;
nanomaterials that were grown bottom-up during hydrothermal synthesis.® The higher order
diffraction signal remains, indicating the high structural order of the expanded, pillared MoS,-
HDA structure.

Nitrogen sorption measurements were performed to evaluate the porosity and accessible
surface area of the samples. The sorption isotherms of bulk MoS,, MoS;-restack and MoS:-
HDA all exhibit high similarity (Fig. 5.17E). They most-closely resemble a type Ill shape
according to the IUPAC technical report,'® indicative of their non-porous (or macroporous)

structure. There are very small hysteresis loops noticeable for all samples that can best be
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classified as type H3, indicative of non-rigid aggregates of plate-like particles.'®® The Brunauer-
Emmett-Teller (BET) specific surface areas of bulk, restacked, and HDA-pillared MoS; are all
around 9-10 m? g, quantitatively confirming that the top-down pillaring approach was able to
maintain the bulk character of the MoS, sample, while primarily alters the internal interlayer

structure.

Thermogravimetric analysis (TGA) was employed to quantify the number of confined guests
within the pillared MoS: interlayer space (Fig. 5.17F). TGA profiles reveal two major mass-loss
stages: (1) removal of adsorbed surface water up to ca. 130 °C, and (2) conversion of MoS; to
MoOs under oxidative atmosphere (via 2MoS; + 50, — 2MoOs + 4S0,)?** and evaporation
and/or combustion of organic HDA molecules, above ca. 200 °C, where the latter two
processes are partially overlapping. In stage 1, the mass loss of adsorbed surface water is 1.6
wt.% for bulk MoS;, 2.4 wt.% for MoS,-HDA and 3.9 wt.% for MoS,-restack, which indicates
the highest area for water adsorption on the latter sample despite its comparable BET surface
area relative to MoS;-bulk and MoS;-HDA. In stage 2, further heating of MoS,-bulk and MoS,-
restack leads to an additional mass loss of around 11 wt.% (relative to the weight after H.O
loss), which is consistent with the theoretical value (10.1 wt.%) expected for the conversion of
MoS; to MoOs. MoSz-HDA shows an additional mass loss of 21.3 wt.%, leading to an estimated

content of ca. 0.20 HDA molecules per formula unit of MoS..
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Figure 5.17: Scanning electron micrographs of (A) MoS»-bulk, (B) MoS;-restack, and (C)
MoS,-HDA. (D) X-ray diffractograms, (E) nitrogen sorption isotherms, and (F)
thermogravimetric analysis in O2/N, atmosphere at a heating rate of 5 K min* for the three

materials.
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Raman spectroscopy is carried out to assess the phase composition and layer coupling of the
MoS; host material. The Raman spectra of bulk MoS; and MoS;-restack exhibit characteristic
El4 (in-plane) and A4 (out-of-plane) modes at 384 and 409 cm™, respectively (Fig. 5.18A).1%%
In comparison, the MoS,-HDA spectrum shows both modes shifted to lower wavenumbers (red
shift) to 381 and 407 cm?, respectively. This red shift is attributed to the interlayer expansion
induced by confined HDA pillars, which weakens the van der Waals coupling between adjacent
layers, thereby releasing atomic vibrations and resulting in lower force constants.??®
Additionally, the emergence of J; (156 cm™) and Jz (226 cm™®) peaks in MoS;-HDA (and to a
lesser extent in MoS;-restack) confirms the presence of the metallic 1T phase, resulting from
the 2H-to-1T phase transformation induced during chemical pre-lithiation (Fig. S22).2% These
1T-specific modes are absent in the MoS,-bulk spectrum, which instead displays a strong Eq4
mode (287 cm™), indicating that MoS,-bulk is in a purely semiconducting 2H-phase, while the
modified samples coexist as mixed 2H/1T phases.??” The Fourier transform infrared spectrum
(FTIR, Fig. 5.18B) of functionalized MoS,-HDA reveals two C—H stretching modes at 2912
and 2850 cm™, confirming the presence of n-alkyl chains that are originated from the HDA
pillars and indicating successful incorporation between MoS; layers.®® These peaks are absent
in the spectrum of MoS,-bulk.

X-ray photoelectron spectroscopy (XPS) reveals clear chemical changes in interlayer-
expanded MoS; functionalized with HDA pillars. A distinct N 1s component at 401.9 eV (Fig.
5.18C) is consistent with protonated amine/ammonium species (R-NHs*). We thus hypothesize
that cationic ammonium groups electrostatically interact with the partially negatively charged
outer sulfide layers of the MoS; host material.®®222 The Mo 3ps. peak shifts from 395.75 eV in
bulk MoS; to 395.24 eV in M0S>-HDA, and the Mo 3ds; peak from 229.86 eV to 229.41 eV
(Fig. S23), suggesting modification of the electronic environment upon interlayer expansion
and HDA confinement. In addition to the dominant 2H-MoS; features, lower binding energy
components in the Mo 3d and S 2p regions corresponding to metallic 1T-MoS; are primarily
observed in MoS,-HDA (Fig. 5.18D), consistent with the Raman results and the 2H-t0-1T
phase transformation induced during chemical lithiation. Increased Mo®* contributions in MoS-
restack and MoS,-HDA in the Mo 3p and Mo 3d regions, along with SO,% (x = 3, 4) features at
168-170 eV in the S 2p region, indicating partial surface oxidation of MoS, during chemical

processing.

These structural analyses confirm the successful preparation of three MoS,-based materials
with distinct interlayer architectures and phase compositions, providing a well-defined platform
to investigate the influence of chemical activation and interlayer expansion on electrochemical

lithium storage.
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Figure 5.18: (A) Raman spectra of MoSz-bulk, MoS,-restack, and MoS,-HDA. (B) FTIR spectra,
and XPS of the (C) Mo 3p and N 1s and (D) S 2p regions of the MoS,-bulk, MoS,-restack, and
MoS,-HDA samples.

5.3.2. Electrochemical Characterization of MoS,-Based Materials

The electrochemical investigation of the MoS»-based samples focuses on three major scientific
guestions. First, we aim to elucidate how the chemical pre-lithiation via butyllithium, exfoliation
and subsequent restacking alters the electrochemical behavior of MoS,-bulk. Second, we

analyze the role of interlayer expansion via HDA molecules. Third, we answer how the
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electrolyte environment influences the intercalation mechanism by comparing a standard,
carbonate-based electrolyte with diglyme, which is a solvent known for its propensity to co-

intercalation.

The baseline of our investigation is MoSz-bulk in the carbonate-based electrolyte (1M LiTFSI
in ethylene carbonate and dimethyl carbonate, 1:1 by volume). The cyclic voltammogram (CV)
shows a significant reduction peak around 1.2 V, which is typical for the 2H-to-1T phase
transition in the first few cycles (Fig. 5.19A). Moreover, typical redox peaks around 1.7-2.0 V
are indicative of reversible Li* (de)intercalation. The MoS,-restacked sample shows high
similarity to MoS.-bulk, however, the reduction peak associated with 2H-to-1T transition is less
pronounced, which can be explained by the partial 1T-MoS; formation during pre-reduction
(CV and GCD of first cycles in Fig. S24). Moreover, a second redox peak couple centered
around 2.5 V is more pronounced in this sample compared to pristine MoS;-bulk. In the first
galvanostatic charge-discharge (GCD) cycle, the reduction profile of MoS,-bulk is dominated
by the 2H-to-1T phase transition plateau, and the initial Coulombic efficiency (ICE) is 73% (Fig.
5.19B). The phase transition is less pronounced for MoS;-restacked in agreement with CVs.
Moreover, the MoS;-restacked sample exhibits more sloping regions and a slightly increased
ICE of 78%, suggesting that the chemical pre-treatment does not lead to increased parasitic
reactions during electrochemical (de)lithiation. Both samples exhibit a comparable maximum
anodic/delithiation capacity of 146 (MoS:-bulk) and 140 mAh g?! (MoS,-restacked),
corresponding to a reversible storage capacity of 0.84-0.87 Li* per formula unit of MoS,.
Interestingly, the rate capability of MoS;-restacked is strongly improved over MoS;-bulk (Fig.
5.19C). For example, at a high rate of 5 A g1, the electrode still delivers a reversible capacity
of about 55 mAh g, while MoS;-bulk exhibits close to 0 capacity at this rate. This suggests
that the chemical pre-reduction treatment and its associated partial exfoliation play a major
role in enabling high rate electrochemical (de)lithiation of MoS,. Even though both MoS;-bulk
and MoS;-restacked exhibit the same BET-surface area, the reduced stacking order and/or
partial 1T-phase transition in MoS;-restack likely contribute to the enhanced charge storage
kinetics. The presence of partially delaminated layers together with metallic 1T domains may
enhance electronic conductivity and facilitate faster Li* intercalation. This interpretation is
further supported by b-value analysis of CVs at varying rates, where MoS.-bulk exhibits typical

diffusion-limited kinetics and MoS;-restack trends towards surface-limited kinetics (Fig. S25).
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Figure 5.19: Investigating the influence of chemical pre-lithiation, comparing MoS,-bulk and
MoS:-restack electrodes in EC/DMC electrolyte. (A) CV comparison at 0.1 mV s, third cycle.
(B) First GCD cycle at 0.02 A g*. (C) Anodic / delithiation capacity from GCD at varying rates
from 0.02-5 A g. All measurements are carried out in coin cells at 20 °C. Error bars indicate
standard deviation from 3 measurements.

Having established the influence of the chemical pre-reduction, the influence of HDA pillaring
can be isolated by a comparison of MoS;-restack and MoS;-HDA. The CV comparison shows
several distinct differences between the two electrodes (Fig. 5.20A). First, MoS,-HDA does
not show the reduction peak of the 1T-phase transformation, further confirming that the
material is mostly present as 1T already after synthesis. Second, in MoS,-HDA, the redox peak
features around 1.7-2.0 V and 2.5 V are smaller in magnitude, while in the low potential region,
stronger rectangular features indicative of pseudocapacitance are visible. This is in agreement
with previous observations of nanosized, HDA-pillared Mo0S,.*> The observations are
confirmed in GCD, where also the first reduction of MoS,-HDA does not show an obvious
plateau for 1T formation (Fig. 5.20B). The ICE is reduced compared to MoS;-restack with 66%.
The maximum capacity of MoS,-HDA is reduced to 112 mAh g, but this includes the mass
contribution of HDA pillars; the measured lithiation capacity translates to 0.78 Li* per MoS..
The rate behavior of MoS,-HDA is slightly reduced compared to MoS;-restack (Fig. 5.20C),
but still significantly improved compared to MoS;-bulk. This trend is consistent with the
corresponding b-value analysis (Fig. S25A-C). Importantly, these results confirm that chemical
pre-reduction dominates the rate capability, while interlayer expansion via pillaring does not
provide an additional enhancement under these conditions. Instead, the role of interlayer
expansion becomes more evident in controlling the intercalation mechanism and structural

stability, as discussed below.
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Figure 5.20: Investigating the influence of interlayer expansion by HDA-pillaring, comparing
MoS,-restack and MoS,-HDA electrodes in EC/DMC electrolyte. (A) CV comparison at 0.1 mV
s, third cycle. (B) First GCD cycle at 0.02 A g. (C) Anodic / delithiation capacity from GCD
at varying rates from 0.02-5 A g*. All measurements are carried out in coin cells at 20 °C. Error

bars indicate standard deviation from 3 measurements.

Finally, we probe the influence of the electrolyte solvent on the lithium intercalation properties
of the MoS;-based materials. Besides the standard, carbonate-based electrolyte system
(EC/DMC), we probe the mechanism in an ether-based electrolyte, namely diglyme (2G),
which is known for its strong solvating power and tendency to co-intercalate in sulfide-based
electrode materials. A comparison of MoS»-bulk in both electrolytes by CVs shows similar
features, but the magnitude of the peaks around 2.5 V is slightly increased in 2G, while the
reduction peak of the 1T-phase transformation is slightly suppressed (Fig. 5.21A). The first
few cycles from CV and GCD in diglyme are further shown in Fig. S26. Strikingly, the rate
capability of MoS,-bulk is highly improved in 2G compared to EC/DMC. Even at a GCD rate of
5 A g}, there is still a reversible capacity of up to 33 mAh g in 2G electrolyte, compared to
practically zero in EC/DMC (Fig. 5.21B). The improved kinetics are also visible from b-value
analysis (Fig. S25D-F). Given the tendency for solvent co-intercalation in 2G-based
electrolytes, these results may indicate a solvent-dependent change of intercalation
mechanism and kinetics.

When probing MoS,-HDA in the two different electrolytes, there are almost no differences in
the CV signatures, except a slight broadening of the redox peak features around 1.7-2.0 V in
2G electrolyte (Fig. 5.21C). Moreover, the rate capability in both electrolytes is also much
closer than for the MoS,-bulk electrodes, although a modest advantage of 2G electrolyte over
EC/DMC remains (Fig. 5.21D), consistent with slightly higher b-values (Fig. S25F). However,
the strongly overlapping CV curves and comparable rate capability do not necessarily suggest
an electrolyte-dependent change of intercalation mechanism like in MoSz-bulk. Overall, the
baseline electrochemical characterization indicates a strong performance-dependence of the

electrochemical Li* intercalation reaction from the electrolyte solvent (EC/DMC vs. 2G) in
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MoS:z-bulk, but to a lesser extent in MoS2-HDA, with significantly improved rate capability in
2G electrolyte for MoS;-bulk electrodes. The underlying mechanisms will be investigated in the

following section.
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Figure 5.21: Investigating the influence of electrolyte solvent comparing MoS;-bulk and MoS;-
HDA in EC/DMC and 2G electrolytes. (A) CV comparison of MoS,-bulk at 0.1 mV s, third
cycle. (B) Anodic / delithiation capacity of MoS;-bulk from GCD at varying rates from 0.02-5 A
gL (C) CV comparison of MoS,-HDA at 0.1 mV s, third cycle. (D) Anodic / delithiation capacity
of MoS;-HDA from GCD at varying rates from 0.02-5 A g*. All measurements are carried out

in coin cells at 20 °C. Error bars indicate standard deviation from 3 measurements.

5.3.3. Analysis of Electrolyte-Dependent Lithium Intercalation Mechanisms

To correlate the distinct electrochemical behavior observed in carbonate- and diglyme-based
electrolytes with specific storage mechanisms, both the crystallographic evolution and the
macroscopic volume changes of MoS;-based electrodes are monitored in real time using
operando X-ray diffraction (XRD) and electrochemical dilatometry (ECD), respectively. These

techniques are complementary and probe structural changes across multiple length scales,
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providing insight into volume changes during (de)intercalation from the crystallographic level
(XRD) to the electrode level (ECD).

MoS,-bulk and MoS2-HDA electrodes were investigated using operando XRD during GCD at
a specific current of 0.02 A g* to monitor crystallographic evolution. For MoS,-bulk (Fig. 5.22A),
the initial (002) interlayer spacing of 6.15 A expands to 6.29 A during the first cathodic scan,
coinciding with the 2H-to-1T phase conversion associated with Li* insertion into the MoS;
layers. Upon subsequent delithiation and relithiation, the (002) reflection exhibits reversible
expansion and contraction between approximately 6.30 and 6.37 A. Excluding the irreversible
expansion associated with the phase conversion (6.15 to 6.30 A), the reversible breathing
amplitude of the (002) plane is about 2.7%, indicating a solid-solution intercalation mechanism
of desolvated Li* after the initial 2H-1T transformation when using the carbonate-based
(EC/DMC) electrolyte.

In the ether-based electrolyte (1 M LIiTFSI in diglyme, 2G), MoS,-bulk displays a markedly
different structural evolution (Fig. 5.22B). The initial interlayer spacing of 6.13 A shifts to 6.30
A during the 2H-to-1T phase conversion at 1.15 V (vs. Li*/Li). In addition to this signal, a new
reflection appears at 14.25 A (2.25° 206 using Ag Ka radiation) during the initial reduction
plateau, corresponding to an expansion of more than 130% relative to the initial interlayer
spacing. Such a drastic expansion is reminiscent of solvent co-intercalation reactions
previously reported for TiS; electrodes in lithium- and sodium-based ether and propylene
carbonate electrolytes.??%23° The new reflection is therefore attributed to a fundamental (001)co
set of planes corresponding to an expanded MoS; interlayer spacing hosting Li* together with
diglyme solvent molecules. A second-order reflection indexed as (002)c, is observed at 20 =
45° (d = 7.12 A), indicating the formation of an ordered expanded phase. Operando

diffractograms with an extended 26-range are further shown in Fig. S27.

To further support this interpretation at the atomic scale, representative intercalation states
were investigated using DFT-based geometry optimization. The optimized interlayer spacing
for Li-(2G), complex (model for solvated Li* species) intercalated MoS, was calculated to be
13.55 A (Fig. 5.22C), in good agreement with the experimentally observed spacing of 14.25 A.
Upon partial delithiation while retaining trapped 2G molecules, the interlayer spacing contracts
to approximately 10.3 A (Fig. 5.22D), accompanied by structural flattening of the Li-(2G).
complex into a more two-dimensional configuration. Simulated XRD patterns derived from
these optimized structures reproduce the emergence of a strong (001)., reflection near 13.55
A and a corresponding (002)., peak near 6.78 A (Fig. 5.22E), consistent with the operando
diffraction features observed during lithiation. Simulated patterns for different coordination

configurations (Li-(2G)x, x=1, 2) are shown in Fig. S28.
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After delithiation, the disappearance of the ordered expanded phase together with the
persistence of a broad feature in XRD corresponding to a d-spacing of approximately 10-13 A
in XRD are consistent with residual solvent molecules remaining within the MoS; interlayer
space (Fig. 5.22B). These results support the interpretation that ether-based electrolytes
enable the formation of a solvation-induced expanded phase in MoS.-bulk during lithiation,
while a partially contracted but still expanded state reflects retained solvent molecules after Li*

deintercalation.

To corroborate the findings from operando XRD, complementary operando ECD
measurements were performed to monitor macroscopic electrode height changes. The MoS;-
bulk electrode cycled in EC/DMC exhibits a height increase of 7.2% during the initial cathodic
cycle (Fig. 5.22F), coinciding with the 2H-to-1T phase transformation and Li* intercalation.
Upon completion of the first lithiation/delithiation cycle, an irreversible height increase of 4.4%
relative to the initial electrode thickness remains. In subsequent cycles, the dilatometric
changes are limited to reversible variations of up to 2.8%. This moderate electrode breathing
is consistent with a mechanism dominated by reversible intercalation of desolvated Li* ions

and supports the structural evolution observed by operando XRD (Fig. 5.22A).

In contrast, the use of diglyme electrolyte induces a pronounced expansion of the MoS;-bulk
electrode. As shown in Fig. 5.22G, a substantial expansion of 11.9% occurs during the first
cathodic scan, followed by a contraction of 5.9%, resulting in an irreversible height increase of
approximately 6% after the first cycle, consistent with partial solvent trapping. In subsequent
cycles, large reversible height changes of up to 6.8% are observed. These reversible variations
significantly exceed the expansion expected for desolvated Li* intercalation and are consistent
with the solvent co-intercalation mechanism identified by operando XRD (Fig. 5.22B). Notably,
the electrode retains its expanded height up to approximately 1.7 V during the anodic scan
before contracting sharply. The potential at which this contraction occurs correlates with the
disappearance of the (001)¢, and (002)., reflections in operando XRD, linking the macroscopic
electrode contraction to the loss of the crystallographic signature of the expanded co-
intercalated phase. Together, the operando XRD and ECD results and DFT structure
optimization indicate a transition in the lithium storage mechanism in MoSz-bulk from

conventional Li* intercalation to a solvated ion co-intercalation process.
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Figure 5.22: Analysis of the electrolyte-dependent intercalation mechanism in MoS:-bulk.
Operando XRD measurements of MoS»-bulk in custom-made coin cells using a transmission
geometry and Ag Ka X-ray source with (A) carbonate- and (B) diglyme-based electrolyte for
four GCD cycles at 0.02 A g*. DFT-optimized structures of (C) Li-(2G). complex intercalated
in MoS;, and (D) 2G molecules intercalated in MoS, without Li, and (E) corresponding
simulated X-ray diffractograms. (F) Electrochemical dilatometry over four GCD cycles at 0.02
A glin (F) carbonate- and (G) diglyme-based electrolyte.
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To evaluate whether interlayer pillaring alters the solvent-dependent intercalation mechanism
observed for bulk MoS,, the structural evolution of MoS,-HDA was investigated using operando
XRD and ECD. MoS,-HDA in carbonate electrolyte exhibits a moderate expansion of the (002)
interlayer spacing from 9.9 A to ca. 10.3 A during the first lithiation (Fig. 5.23A). Upon further
lithiation, the d-spacing increases to ca. 10.4 A, corresponding to an overall expansion of
approximately 5.1 % relative to the initial spacing. In subsequent cycles, the interlayer spacing
gradually increases to about 10.6 A, representing an additional expansion of ~1.9 % compared
to the end of the first cycle. During lithiation, the intensity of the (002) reflection decreases,
indicating decreased stacking order of the expanded layers, which partially recovers upon
delithiation. Overall, the moderate lattice breathing and reversible structural evolution are
consistent with a solid-solution intercalation mechanism involving Li* insertion into the

expanded MoS: layers.

When cycled in diglyme electrolyte, MoS,-HDA shows a gradual increase of the interlayer
spacing from 9.9 A to approximately 10.7 A during the first lithiation/delithiation cycle (Fig.
5.23B). Importantly, no reflections corresponding to a highly ordered solvent co-intercalated
phase, such as the 14.25 A feature observed for bulk MoS,, are detected (see also full range
operando diffractograms in Fig. S27). Instead, the d-spacing evolution closely resembles that
observed in the carbonate-based electrolyte. These observations indicate that the confined
HDA pillars suppress the formation of a highly expanded solvent co-intercalated phase despite
the larger initial interlayer spacing. This finding suggests that interlayer spacing alone is not
the decisive factor enabling solvent co-intercalation in bulk-sized MoS; particles. Rather, we
hypothesize that the confined organic pillars inhibit solvent incorporation through steric
constraints and possible modifications of the local solvation environment within the interlayer

space.

Due to the relatively low intensity of the XRD reflections, complementary operando ECD
measurements provide additional insight into the structural evolution of MoS,-HDA during
lithium (de)intercalation. In carbonate electrolyte, the MoS,-HDA electrode exhibits very small
electrode breathing (Fig. 5.23C), with an initial thickness increase limited to 2.2 % and
subsequent reversible variations of approximately 1.1 % during further cycles. These small
height changes make solvent co-intercalation unlikely, in agreement with the operando XRD
results. When cycled in diglyme electrolyte (Fig. 5.23D), the MoS>-HDA electrode shows
somewhat larger height variations, with an irreversible initial expansion of about 3.1 % followed
by reversible thickness changes of up to ~2 %. Importantly, the large step-like expansion
observed for MoS»-bulk in 2G is absent. Together with the absence of a distinct co-intercalation
XRD signature (Fig. 5.23B), the moderate electrode height changes indicate that solvent co-
intercalation into MoS,-HDA is strongly suppressed even in diglyme electrolyte. Overall, these

results demonstrate that while ether electrolytes can induce solvated ion co-intercalation in
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bulk MoS,, the introduction of confined interlayer pillars could preserve a conventional,

desolvated Li* intercalation mechanism and suppress excessive volumetric changes during

cycling.
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Figure 5.23: Analysis of the electrolyte-dependent intercalation mechanism in MoS;-HDA.
Operando XRD measurements of MoS>-HDA in custom-made coin cells using a transmission
geometry and Ag Ka X-ray source with (A) carbonate- and (B) diglyme-based electrolyte for
four GCD cycles at 0.02 A g*. Electrochemical dilatometry over four GCD cycles at 0.02 A g*
in (C) carbonate- and (D) diglyme-based electrolyte.

5.3.4. Conclusion

In this work, we demonstrate that interlayer engineering concepts previously developed for
nanoscale MoS; materials can be translated to bulk-sized particles through a top-down pillaring
strategy. Chemical pre-reduction of bulk MoS; using butyllithium enables exfoliation and
subsequent insertion of hexanediammonium (HDA) pillars, resulting in an expanded interlayer
spacing while preserving the macroscopic particle morphology and specific surface area of the

113



Results and Discussion (3)

bulk material. Structural characterization confirms the formation of MoS,-HDA with an
increased interlayer spacing of 0.98 nm and a mixed 2H/1T phase composition arising from

the chemical activation step.

Electrochemical analysis reveals that the improved rate capability of the modified MoS;
materials is primarily associated with the chemical pre-reduction rather than with the interlayer
expansion itself. In contrast, the electrolyte environment strongly influences the lithium storage
mechanism. While MoS:-bulk exhibits conventional Li* intercalation in carbonate electrolyte,
the use of diglyme induces a transition to a solvent co-intercalation mechanism, as evidenced
by large interlayer expansion in operando XRD and pronounced electrode swelling in

electrochemical dilatometry.

Importantly, the pillared MoS2-HDA structure suppresses this solvent co-intercalation behavior
despite its larger interlayer spacing. Operando XRD and dilatometry show that MoS,-HDA
undergoes only moderate lattice breathing and electrode expansion in both carbonate and
diglyme electrolytes, indicating that lithium storage proceeds via conventional Li* intercalation.
These results demonstrate that solvent co-intercalation in layered MoS; is governed by the

nanoconfined interlayer structure and steric constraints rather than by interlayer spacing alone.

Overall, this study provides mechanistic insight into how interlayer engineering and electrolyte
solvation jointly determine the charge storage behavior of MoS; electrodes. The results
highlight that top-down pillaring of bulk materials offers a viable strategy to control interlayer

spacing and limit excessive volume expansion phenomena driven by solvent co-intercalation.
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Chapter 6: Integrative Summary

6.1.Revisiting the Challenge: Bridging the Performance Gap

As outlined in the introduction, there is a fundamental trade-off in EES systems: the dichotomy
between high-energy batteries and high-power SCs. While MoS, possesses the theoretical
capacity to serve as a high-energy anode, its bulk form is severely limited by sluggish diffusion
kinetics. This thesis was motivated by the hypothesis that nanoconfinement design, specifically
the manipulation of the interlayer environment, could bridge this performance gap. By
transforming the charge storage kinetics from diffusion-controlled to surface-limited
intercalation, this work aimed to realize a material that delivers battery-like energy with
capacitor-like power. The research presented herein successfully elucidates the critical
correlation between the nanoconfinement-designed interlayer geometry, the chemical nature
of the pillars including their interaction with the host, and the resulting electrochemical kinetics,

providing a comprehensive pathway for designing next-generation layered electrodes.

6.2. Summary of Key Findings
Study I: Simultaneous Structural Control for Pseudocapacitive Lithium Intercalation

The first study established a versatile one-pot hydrothermal synthesis strategy to
simultaneously tune the crystallite size and interlayer spacing of MoS; using pH control and
1,6-hexanediamine (HDA) pillars.

e Findings: The study demonstrated that reducing crystallite size via pH control and
expanding the interlayer spacing via HDA pillars act synergistically to enhance kinetics.
The optimized nanoconfinement-designed structure (MoS;-HDA-0.5) exhibited a
diffusion-independent, pseudocapacitive signature (b = 0.93) and achieved a reversible
lithium capacity of 199 mAh/g. This quantitatively proved that physical
nanoconfinement of HDA pillars can unlock capacity beyond the theoretical
intercalation limit of bulk MoS, (1 Li* per formula unit) by activating additional storage

sites.
Study II: The Ciritical Role of Pillar Density and Bonding

Building on the physical confinement approach of HDA pillars, the second study investigated
the limits of this strategy by introducing covalent functionalization with 1,6-hexanedithiol (HDT)

pillars. This directly addressed the knowledge gap regarding host-pillar interactions.

e Findings: While covalent bonding stabilized the structure, the study revealed a critical

trade-off between stability and kinetic accessibility. Optimized loading (M0oS>-HDT1)
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maintained high capacity (196 mAh/g), but excessive pillar density (MoS>-HDTS5)
caused a drastic reduction of Li* storage (21 mAh/g). This provided evidence that pillars
can act as barriers if overcrowded, fundamentally altering the diffusion pathways and
competing for Li* storage sites. It established that high-performance nanoconfinement
design requires a delicate balance: enough pillars to prop open the layers, but few

enough to allow unobstructed ion transport.

Study IlI: Transition of Nanoconfinement Design to Bulk MoSz: Impact on lon Transport and

Chemo-Mechanical Behavior

This study extends the nanoconfinement design strategy from nano-sized systems to
electrode-relevant bulk MoS,. By applying a top-down approach using commercially available
MoS; and introducing HDA pillars, this study investigates how nanoconfinement influences ion
transport and structural evolution in bulk materials, with particular emphasis on the role of

electrolyte environments.

e Findings: The study demonstrated that nanoconfinement design in bulk MoS: enables
a transition from diffusion-limited toward less diffusion-constrained electrochemical
behavior, improving rate capability compared to pristine bulk materials. Importantly, this
kinetic enhancement is not solely governed by interlayer expansion but is strongly
influenced by the structural and chemical modifications introduced during the top-down
process. The electrolyte environment plays a decisive role in determining the charge
storage mechanism. In ether-based electrolytes, bulk MoS, exhibits pronounced
structural expansion driven by solvent co-intercalation, while nanoconfinement-
designed MoS; shows significantly suppressed volume expansion and no clear
evidence of solvent co-intercalation. This indicates that organic pillars act as steric
regulators of ion-solvent interactions, favoring desolvated Li* intercalation within the
confined interlayer space. Consequently, nanoconfinement design not only modifies
ion transport pathways but also governs the coupling between structure and solvation,

leading to improved chemo-mechanical stability during cycling.

6.3.Conclusion and Outlook

The starting point of the thesis was sparse reports in the literature that an expanded interlayer
spacing of layered electrode materials has been widely considered to improve ion intercalation
capacity and/or kinetics, although this work demonstrates that interlayer expansion alone is
not the sole determining factor. While under the right synthesis conditions, this initial
assumption was confirmed, this thesis revealed much deeper mechanistic insights into the

structural requirements and resulting electrochemistry of interlayer-expanded host materials.
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Instead, it is demonstrated that the electrochemical performance is also largely driven by the
complex interplay of pillar density, the nature of the pillar-host bonding, and the interaction with
the electrolyte. Crucially, we have proven that nanoconfinement design can indeed bridge the
power-energy trade-off. The nanoconfinement-designed MoS; architectures developed here
exhibit the high capacity characteristic of batteries while accessing the rapid kinetics of

pseudocapacitors.

By establishing a “gatekeeping function” of organic pillars towards electrolyte solvent, this work
also opens new avenues for stabilizing layered electrodes against possible solvent-induced
degradation. These findings provide significant new findings for rational design of future high-
rate energy storage materials, suggesting that designing the “empty space” between layers is

just as important as the layers themselves.
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Appendix
Appendix 5.1: supporting information

Study I: Simultaneous control of crystallite size and interlayer spacing of MoS; to achieve
pseudocapacitive lithium intercalation
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Figure S1: Secondary particle size distribution analyzed by DLS for (A) micro-MoS, and nano-
MoS,, and (B) interlayer-expanded MoS;-HDA-1 and MoS,-HDA-0.5, including reproduced
data of nano-MoS; for better comparability.
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Figure S2: TGA curves of nano-MoS;, MoS,-HDA-0.5, and MoS,-HDA-1 under flowing oxygen
atmosphere at a heating rate of 2 K/min.
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Assuming that interlayer-functionalized samples consist of MoS; and HDA at room
temperature (100 % mass), and are fully converted to MoO3 at 600 °C (75.6 % and 72.5 %
mass, respectively), we calculate molar compositions of (HDA)o.2sM0S; for MoS,-HDA-0.5 and
(HDA)o 33MoS; for MoS>-HDA-1.

vasCH; v,CH, MoS,-HDA-1 E —— MoS,-HDA-1
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Figure S3: FTIR of M0oS;-HDA-1 and MoS;-HDA-0.5 showing asymmetrical and symmetrical
stretching vibrations of aliphatic C-H at 2915 and 2850 cm™, respectively, and nano-MoS; as
comparison. (B) Raman spectra of MoS,-HDA-1 and MoS;-HDA-0.5 showing the absence of
D- and G-signals, excluding the formation of amorphous carbon as a result of HDA

decomposition.
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Figure S4: Characterization of “micro-MoS;-HDA-1", which was synthesized at pH 5.5.
(A) Scanning electron micrographs and (B) X-ray diffractograms, with reproduced
diffractogram of (nano-)MoSz-HDA-1 synthesized at pH 1 for direct comparison.
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Figure S5: Characterization of interlayer-expanded MoS; materials synthesized at pH 1 using
different organic pillar molecules, i.e., ODA and DDDA. Scanning electron micrographs of (A)
Mo0S,-ODA-1 and (B) MoS,-DDDA-1, and (C) X-ray diffractograms with reproduced
diffractogram of MoS,-HDA-1 synthesized at pH 1 for direct comparison. The results
demonstrate that larger sized molecules only lead to a minor further increase in d-spacing,

indicating that the molecules’ arrangement in the confined interlayer space is close to parallel

to the MoS:; sheets.
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Nano-Mos,

MoS,-HDA-1

Figure S6: HAADF images from STEM technique including elemental mappings from energy
dispersive X-ray spectroscopy (EDX) for Mo, S, C, N, and O of (A) nano-MoS; and (B) MoS,-

HDA-1, demonstrating even distribution of all elements throughout the samples.
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Figure S7: Full survey X-ray photoelectron spectra of nano-MoS; and MoS;-HDA-1.
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Figure S8: X-ray diffractograms of pristine MoS>-HDA-1 and fully lithiated MoS,-HDA-1 after
the first electrochemical reduction to 1.0 V vs. Li*/Li, indicating an increase in d-spacing from
9.83 to 10.59 A after lithiation. The lithiated electrode was removed from the coin cell in a

glovebox, rinsed with DEC solvent, placed in an airtight XRD specimen holder and immediately

measured.
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Figure S9: b-value analysis: Cyclic voltammograms with varying sweep rates from

0.1 — 10 mV/s for (a) micro-MoS,, (B) nano-MoS;, (C) MoS;-HDA-1, and (D) MoS,-HDA-0.5.

Logarithmic plot of (E) cathodic peak current and (F) anodic peak current against logarithmic

sweep rates, including linear fits of the data points. The slopes of the linear fits are indicated

in the fit functions, corresponding to the cathodic or anodic b-value of the respective sample.
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Table S1: Elemental composition calculated from STEM EDX analysis.

Element Nano-MoS:; (at. %) MoS,-HDA-1 (at. %)
C 6.48 16.70
S 61.25 50.56
Mo 22.54 16.85
O 8.49 10.67
N 1.24 5.22

Table S2: Elemental composition calculated from XPS surface analysis.

Signal Nano-MoS:; (at. %) MoS,-HDA-1 (at. %)
C1ls 34.71 39.27
S2p 33.67 30.99
Mo 3d 18.59 18.66
O1s 13.04 11.08
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Appendix 5.2: supporting information

Study I

Interlayer Spacing Control of MoS, with Covalent Thiol Functionalization:

Understanding Structure and Electrochemistry from Experiments and Simulation

—y
(<))
o

& M082 'If
2] /
@ {
o fl
«_ 100

€ :
(%]

= |
g e

© /-

2 50 Adsorption 7/

] —— Desorption ﬁ_:fu

E R.,.;.,'-‘

= T e o

o R S

> 0 _e_‘_DD-L’

0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/P,)

40

o MoS,-HDT1
m -
© 0. [
s /
L]

5 |
~ 20+ |
g |
o o

= =— Adsorption -
g 109 - Desorption oa

3 -, —"i -

° e r

> 0 @J}D-uu-'.r_ﬂ}*ﬂ-’%'*‘- -

0.0 0.2 0.4 0.6 0.8 10
Relative pressure (P/P;)
40 E

o

-

0

@ 30

o

©

5

=~ 20-

@

o

o

2 Adsorption

g 101 Desorption

2

2

0 -\ T T T T T
0.0 0.2 0.4 0.6 0.8 1.0

Relative pressure (P/P,)

Figure S10: Nitrogen adsorption-desorption isotherms of (a) pristine MoS;, (b) MoS2-HDT1,

and (c) MoS,-HDT2 samples.
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MoS,-HDTO0.5

Figure S11: Scanning electron micrographs of (A) MoS, (B) MoS,-HDTO.2, (C) MoS,-HDTO0.5,
(D) MoS2-HDT1, (E) M0S2-HDT2, and (F) MoS2-HDTS5.
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E MoS,-HDTO.2
= Mo

Figure S12: Elemental mapping of molybdenum (pink), sulfur (orange), nitrogen (yellow),

oxygen (blue), and carbon (red) by EDX spectroscopy in STEM mode. Inset: High-angle

annular dark field images.
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u Zigzag-HDT pillar B Twisted-HDT pillar
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Figure S13: The two most stable geometries of the inserted HDT pillar in MoS; were simulated
and compared for both the "zigzag" and "twisted" structures as shown in side views (left) and
top view (right). The relative energy is provided in eV per number of inserted pillars, as shown

below.
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Figure S14: The increase in Mo-Mo distance in pristine MoS;, and the corresponding energy

calculated using DFT were compared. The results follow the Lennard-Jones potential.
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Figure S15: The DOS for the sulfur p orbital in pristine MoS; (red) and p orbital of a sulfur atom

in MoS; with an extra bonded HDT molecule (black), both found to be stable configurations,

compared with the experimental XPS spectrum of MoS>-HDT2 taken from Fig. 5.10F (circles).
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Figure S16: Development of the OCV of freshly assembled coin cells over 12 hours, prior to

the start of the electrochemical measurements, (A) in terms of potential change over time, and

(B) overall development of potential versus Li*/Li, i.e., the cell voltage in the coin cell.
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Figure S17: Cyclic voltammograms at 0.1 mV/s of the first three cycles of all MoS,-based

samples. Recorded in coin cells in LP30 electrolyte at a constant temperature of 20 °C.
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Figure S18: Cyclic voltammograms of all MoS,-based samples at sweep rates of 0.1, 0.2, 0.5,
1, 2,5, 10, 20, 50, and 100 mV/s. Current is hormalized by scan rate for better visibility of low

sweep rates. Recorded in coin cells in LP30 electrolyte at a constant temperature of 20 °C.
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Figure S19: First two GCD curves of all MoSz-based samples at a specific current of 20 mA/g.

Recorded in coin cells in LP30 electrolyte at a constant temperature of 20 °C.
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Figure S20: Electrochemical impedance spectra of (A) MoS;, (B) MoS,-HDT1, and (C) MoS;-
HDT2 at 1.2 V vs. Li*/Li. The data is fitted using the equivalent circuit shown in (D). Rs
corresponds to the ohmic resistance of the electrochemical cell, the first RQ-element is to
correct for high-frequency artifacts from the CE, the second RQ-element corresponds to
surface film impedance, R is the charge transfer resistance and Z, is an open Warburg

element corresponding to finite-length diffusion.

133



Appendix

Figure S21: The top view of the complete trajectory for each CI-NEB simulation is presented

for (A) pristine MoS; and (B) MoS,-HDT. The pillar restructuring is observed in image B3.
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Appendix 5.3: supporting information

Study llI: Interlayer Expansion of Bulk MoS; via Top-Down Organic Pillaring Enables Tunable

Li* Intercalation and Controlled Solvent Co-Intercalation
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Figure S22: Supplementary Raman spectra of MoS,-bulk, MoS;-restack, and MoS;-HDA.
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Figure S23: XPS spectra of the Mo 3d and S 2s regions of MoS»-bulk (black), MoS,-restack
(red), and MoS,-HDA (blue).
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Figure S24: Initial CV and GCD cycles at 0.1 mV s and 0.02 A g, respectively, in carbonate
electrolyte. (A, D) MoS,-bulk, (B, E) MoS,-restack, and (C, F) MoS,-HDA.
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Figure S25: Cyclic voltammograms at different scan rates (0.2-2 mV s) for (A) MoSz-bulk, (B)
MoS;-restack, and (C) MoS»2-HDA electrodes in 1M LiTFSI in carbonate electrolyte, and for (D)
MoS,-bulk, (E) MoS,-restack, and (F) MoS2-HDA electrodes in diglyme electrolyte. The
corresponding b-values, derived from the relationship i = a-v°, are indicated for the

characteristic redox peaks and were used to evaluate the charge storage kinetics.

136



Appendix

n 50 E 50 40 :
‘Tm o] ‘Tm o] ‘Tm 204 00 e
< < <«
E 0] E 0] E
- - = -20
o o o
©-100 ©-100 S .
5 bulk MoS, 5 exf-MoS, 5 MoS,-HDA
©-150 4 IMLITFSIin2G6 ~ ©-150 IMLITFSIin2G6 9 -60 1M LiTFSI in 2G
- @01 mvis b @0.1 mvis b . @0.1mVis
3'200’ st 3'200’ st g 1 viE T e 1st
a o Q100
0250 i 250 ] 7]
i —4 i ——4th -120 ——4th
-300 1 : . : : 300 . . . . . . : . .
1.0 1.5 2.0 2.5 3.0 1.0 15 2.0 25 3.0 1.0 1.5 2.0 25 3.0
Potential (V vs. Li"/Li) Potential (V vs. Li"/Li) Potential (V vs. Li*/Li)
E 304 bukMos, | E 3.0 exiMos, E 304 \os,-HDAO.1 :
%”oLBT;ff in2G 1M LiTFS in 2G 1M LITFSI ih 2G
- 9 - iy -
= 5 @0.02 A = @ 0.02 Alg
25 25 F25¢
- 1 - - "
] ‘ ] ']
> [ > > 3
2204 >20] >20]"
® N 1stoow o SO e 1stow® | N e 1st
= i —2nd E= 2nd = —2nd
815] o § g5 w § g5 3rd
o i 4th o 4th o 4th
o : sth @ sth O ) \ 5th
10 7‘ T T - T T 1 0 q T T T . T 10 : T T T - T
0 50 100 150 200 0 50 100 150 200 0 50 100 150 200

Specific capacity (mAh g ™)

Specific capacity (mAh g7)

Specific capacity (mAh g™)

Figure S26: Initial CV and GCD cycles at 0.1 mV s and 0.02 A g%, respectively, in diglyme
electrolyte. (A, D) MoSz-bulk, (B, E) MoS,-restack, and (C, F) MoS,-HDA.
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Figure S27: Full range operando X-ray diffraction measurements of (A) MoS.-bulk and (B)
MoS,-HDA in carbonate electrolyte, and (C) MoS;-bulk and (D) MoS,;-HDA in diglyme
electrolyte. Each panel shows (left to right) the corresponding galvanostatic profile, the
evolution of the low d-spacing (high-angle) region, and the full diffraction patterns collected

using an Ag X-ray source.
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Figure S28: Simulated X-ray diffraction patterns of Li-(2G). (black) and Li-(2G) (blue)
complexes intercalated in MoS,. The dominant reflections correspond to the (001)¢, planes,
reflecting the interlayer spacing defined by the respective coordination structures (modeled
using neutral Li-(2G)x complexes). Insets show the optimized geometries of the intercalated Li-
(2G)2 and Li-(2G) complexes within the MoS; interlayer space. The Li-(2G). configuration
yields an interlayer spacing of 13.55 A, while the Li-(2G) complex shows ca. 9.9 A.
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