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Abstract

The insatiable appetite for energy storage technologies has pushed the boundaries of
innovation — enabling humans to transition from fossil fuel-based inefficient, environmen-
tally unsustainable equipment to e-mobility devices/vehicles — three decades ago, which
was thought to be unattainable. Most of such achievements are due to the proliferation of
Lit ion-based rechargeable energy storage devices. But today, the depletion of resources
(limited supply of Li) leading to cost increase has made it clear that developing alternative
technologies and taking proper measures is imperative. With similarities in chemistry and
working principles - providing ease in technological development and abundance due to pre-
cursors in natural resources like water, sodium, and potassium ion-based storage systems
are considered the best alternatives. However, while advancements in LIB technology have
reached their acme, developments in Sodium-ion batteries (NIBs) and Potassium-ion batter-
ies (KIBs), specifically different cell components like electrodes and electrolytes, are nowhere
near their peak. Therefore, this thesis aims to investigate novel, negative electrode materials
for state-of-the-art NIBs and KIBs.

With Novoselov and Geim’s discovery of individual Graphene nanosheets, two-dimensional
(2D) materials have received uplifted interest for various applications. In this scenario, tran-
sition metal dichalcogenides (TMDs) with similar lamellar structure and versatile chemistry
present further opportunities with attractive properties — comparatively higher uptake and
faster diffusion of Lit, Na™, and K" ions being some of them. Although 2019 Nobel Prize
winner in Chemistry, M. Stanley Whittingham, in the early 70s, started investigating the
electrochemical properties of TMDs; the research was inevitably short-lived due to the poor
stability of such classes of material. This report, therefore, examines in detail the fascinating
properties of distinctive nanostructures of TMDs — where solutions to research challenges

are yet to be proposed.



One inherent issue that all TMD-based electrodes face while applied as Li*-based storage
systems is the irreversibility of the conversion reaction. On top of that, when storage of
larger ions such as Na® /K™ is considered, further complexities arise as volume changes and
subsequent pulverization of materials occur. The first two studies involve composite structure
formation using different nanostructures of sulfide-based TMDs, specifically WS, nanosheets
(WSyNS) and WS, nanotubes (WS;NTs), to rectify the abovementioned intricacies. The
composite structure was fabricated utilizing a chemically robust molecular polymer-derived
ceramic matrix of silicon-oxycarbide (SiOC). As various studies have assessed the efficacy
of high volume-to-strength ratio fiber-containing nanofillers, herein, we first investigated
the fiber production feasibility using WSsNS and WS,;NTs embedded within ceramic SiOC
fibers utilizing electrospinning followed by pyrolysis at elevated temperatures. The pyrolyzed
fibers containing WSsNS and WS,NTs, when tested beyond LiT-based storage systems,
demonstrated synergistic effects — rendering 2-3 times the capacity of the neat material.
Furthermore, the typical capacity fading behavior of the neat TMDs was also absent in the
composite electrodes — providing the basis for the initial hypothesis that SiOC fibers protect
the nanofillers from degradation.

The third study investigated a different nanostructure of sulfide-based TMDs, namely
WS, inorganic fullerenes (WS,IFs), beyond Lit ion storage applications. Such closed cage
fullerene-like structures have been previously studied in light-matter interaction — that ex-
tensively encompasses application fields of frequency conversion, optical imaging, and in-
formation processing. Additionally, their usage as lubricants or protective films for high
load-bearing applications has been explored in depth. Being motivated by the numerous
attractive properties and layered structure of WS,IFs, they were applied to Na™ and K™
ion storage applications. Like the typical TMD nanosheets, such WS,IF's also suffer from
irreversible conversion reactions for which inefficiency in cycling behavior was observed —
leading to capacity fading when larger ions than Li™ are stored. Therefore, we utilized upper
and lower voltage cut-off techniques to suspend conversion reactions at various stages. The
kinetics of Na™ and K™ ion storage within WS,IFs were further explored by employing differ-

ent electrochemical analysis techniques — rendering the faradaic and non-faradaic processes



taking place. With higher capacity achievement in the case of Na™ ion storage and higher
coulombic efficiency realization in Li* /Nat /K™ ion storage, this study lays the ground for
future studies concerning efficient storage within cage-bound like fullerene structures.
Fine-tuning the physical properties of TMD nanosheets by continuous modulation of
elemental composition has resulted in further band structure optimization — therefore, sub-
stituting metal or chalcogen atoms has rendered a new class of material such as TMD alloys,
which expands the versatility of TMD nanosheets. In the fourth work, a cation-substituted
TMD alloy, namely MoWSes— in its nanosheet form, was utilized in its nanosheet form to
explore the Na™ and K™ ion storage properties. This investigation also used the upper volt-
age cut-off experiment to curb the increased conversion reaction from two transition metals.
Three-dimensional (3D) surface plots of differential capacity analysis up to prolonged cycles
revealed the convenience of voltage suspension as a viable method for structural preservation.
Moreover, the cells with higher potential cut-off values conveyed improved cycling stability,
higher and stable coulombic efficiency for Na™ and K™ ion half-cells, and increased capacity
retention for Na't ion half-cells, respectively, with half-cells cycled at higher voltage ranges.
Selenide-based TMDs (MoSe;) were fabricated with SiOC matrix employing electrospinning
technique further to test the viability of composite formation with TMD nanosheets. Finally,
mechanical testing of the composite fibers was implemented to investigate the practicability

of such fibermats in next-generation bendable, stretchable, free-standing devices.
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One inherent issue that all TMD-based electrodes face while applied as Li*-based storage
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TMD alloy, namely MoWSes— in its nanosheet form, was utilized in its nanosheet form to
explore the Na™ and K™ ion storage properties. This investigation also used the upper volt-
age cut-off experiment to curb the increased conversion reaction from two transition metals.
Three-dimensional (3D) surface plots of differential capacity analysis up to prolonged cycles
revealed the convenience of voltage suspension as a viable method for structural preservation.
Moreover, the cells with higher potential cut-off values conveyed improved cycling stability,
higher and stable coulombic efficiency for Na™ and K™ ion half-cells, and increased capacity
retention for Na't ion half-cells, respectively, with half-cells cycled at higher voltage ranges.
Selenide-based TMDs (MoSe;) were fabricated with SiOC matrix employing electrospinning
technique further to test the viability of composite formation with TMD nanosheets. Finally,
mechanical testing of the composite fibers was implemented to investigate the practicability

of such fibermats in next-generation bendable, stretchable, free-standing devices.



Table of Contents

List of Figures . . . . . . . . . . e XV
List of Tables . . . . . . . . . xxiii
Acknowledgements . . . . . . .. XXiV
Dedication . . . . . . . .. XXVi
1 Imtroduction . . . . . . . . L 1
1.1 Motivation . . . . . . . .o 1

1.2 Researh Questions . . . . . . . . . ... 6

1.3 Thesis Objectives . . . . . . . . . . 6

2 Background and Literature Review . . . . . . .. .. .. ... . 0L 8
2.1 Electrochemical Energy Storage Devices . . . . .. ... .. ... ... ... 8
2.1.1 Historical Background . . . . . .. .. .. ... ... L. 8

2.1.2  Components of Electrochemical Energy Storage Devices . . . . . . . . 9

2.1.3 Batteries . . . . ... 10

2.2 Energy Storage in Lithium-ion Batteries . . . . . . . ... .. .. ... ... 12
2.2.1 Historical Background . . . . . .. .. ... .. 000 12

2.2.2  Method of Charging and Discharging in LIBs . . . .. .. ... ... 13

2.2.3 Electrode Materials for LIB . . . . . ... ... .. ... ... ... 15

2.3 Development and Research Progress of Na'-ion Batteries . . . . . . ... .. 20
2.3.1 Historical Background . . . . . .. .. ... ... 20

2.3.2 NIB Negative Electrode Materials . . . . . . . ... .. .. ... ... 21



2.4 Development and Research Progress of Potassium ion Batteries . . . . . ..
2.4.1 Historical Background . . . . . .. .. ... o000
2.4.2 Traditional Anode Materials for KIBs and their Shortcomings

2.5 'Transition Metal Dichalcogenides . . . . . . . .. . .. .. .. ... .. ...
2.5.1 Composition and Structure of TMDs . . . . . .. .. ... ... ...
2.5.2  Synthesis techniques of TMDs . . . . . . . . .. .. ... ..
2.5.3 Distinctively Nanostructured TMDs . . . . . . . . ... .. ... ...
2.5.4 TMD Alloys and their Origin . . . . . . ... ... ... ... ....
2.5.5 Energy Storage Mechanism of TMDs . . . . . ... .. .. ... ...

2.6 Polymer Derived Ceramics . . . . . . . . . .. ...
2.6.1 General structure of pre-ceramic polymers and their varieties . . . . .
2.6.2 Processing Technique of PDCs . . . . . . . ... ... ... ... ...
2.6.3 Microstructure of PDCs . . . . . . .. ..o

2.6.4 Electrochemical Properties of PDCs . . . . . . ... .. .. ... ...

3 Experimental Methods and Instrumentations . . . . . . . ... . ... ... ....
3.1 Experimental Methods . . . . . . . ... ... 0o
3.1.1 Electrospinning . . . . . . . . ..o

3.1.2  Preparation of Fibermats . . . . . . . . ... .. ...

3.2 Characterization Techniques . . . . . . . . . . . . ... ... ... ...
3.2.1 Microscopic Techniques . . . . . . . . . .. ... ...

3.2.2  Spectroscopic Techniques . . . . . . . . ... ...

3.2.3 Electrochemical Analysis Techniques . . . . . .. ... ... ... ..

4 WS, Nanosheet rooted SiOC Fibermat for beyond Li*- ion Storage . . ... ...
4.1 Preface . . . . . .
4.2 Introduction . . . . . . . Lo

4.3 Materials and Methods . . . . . . . . . ..

x1



4.3.1 Electrospinning Solution Preparation . . . . . . ... ... ... ... 60

4.3.2  Electrospinning Conditions and Fibermat Fabrication . . . . . . . .. 61
4.3.3 Characterization Techniques . . . . . . . .. .. ... ... ... ... 62
4.3.4 Electrochemical Techniques . . . . . . . ... ... ... ....... 62
4.4 Results and Discussions . . . . . . . ... L Lo Lo 63
4.4.1 Microscopic Analysis . . . . . . . ... 63
4.4.2 Spectroscopic Analysis . . . . . . ... 66
4.4.3 Electrochemical Analysis . . . . . . . .. .. ... L0 70
4.5 Conclusion . . . . . . .. L 78

Sodium and Pottasium ion Storage inside WSy Nanotube Embedded SiOC Com-

posite Fibers . . . . . . . 84
5.1 Preface . . . . . . . . 84
5.2 Introduction . . . . . . .. 85
5.3 Materials, Methods and Characterization . . . . . . . ... ... ... .... 87
5.3.1 Fibermat Synthesis Process . . . . . .. ... .. ... ... ..... 87
5.3.2 Characterization Techniques . . . . . . . . . . ... .. .. ... ... 88
5.3.3 Electrochemical Measurements . . . . . . . . ... .. ... .. .... 89
5.4 Results and Discussion . . . . . . . . .. L0 90
5.4.1 Microscopic Analysis . . . . . . . .. ... 90
5.4.2 Spectroscopic Analysis . . . . . .. ... 94
5.4.3 Electrochemical Analysis . . . . . .. . .. ... .. ... ... ... 101
5.5 Conclusion . . . . . . . . 106

Addressing Irreversibility and Structural Distortion in Quantum-Confined WS,IF
nanoparticles: Effects of Voltage Cut-off Experiments in Beyond Li*-ion storage
Applications . . . . . . .. 112
6.1 Preface . . . . . . . . 112

xil



6.2 Introduction . . . . . . . . . 113

6.3 Materials and Methods . . . . . . . . . . ... 115
6.3.1 Morphologic and spectroscopic characterization . . . . . . ... ... 115
6.3.2 Electrochemical Measurements . . . . . . .. .. ... .. .. ..... 115

6.4 Results and Discussions . . . . . . . . ..o 116
6.4.1 Spectroscopic and Microscopic Analysis . . . . . . . .. ... ... .. 116
6.4.2 Electrochemical Analysis . . . . . . . .. ... ... ... ... ... 118

6.5 Post-Cycling Analysis. . . . . . . . . . . ... 128

6.6 Conclusion . . . . . . . . . 130

Sodium and Potassium ion storage in Cation Substituted 2D MoWSe,: Insights

into the Effects of Upper Voltage Cut-off3 . . . .. ... .. ... ... ... ... 143
7.1 Preface . . . . . . . 143
7.2 Introduction . . . . . . .. 144
7.3 Materials, Methods, and Characterization . . . . . ... ... .. ... ... 146
7.3.1 Morphologic and Spectroscopic Characterization . . . . . . . . .. .. 146
7.3.2 Electrochemical Characterization . . . . .. ... ... ... . .... 147
7.4 Results and Discussions . . . . . . . . ... Lo 147
7.4.1 Microscopic and Spectroscopic Analysis . . . . . . . . ... ... ... 147
7.4.2 Electrochemistry . . . . .. .. ... oo 151
7.5 Post-Cycling Analysis. . . . . . . . . ... 160
7.6 Conclusion . . . . . . . .. 163

Enhanced Li-Ton Rate Capability and Stable Efficiency Enabled by MoSe; Nanosheets

in Polymer-Derived Silicon Oxycarbide Fiber Electrodes . . . . . .. .. ... .. 172
81 Preface . . . . . . 172
8.2 Imtroduction . . . . . . ... 173
8.3 Materials and Methods . . . . . . . . .. ... Lo 175

xiil



8.3.1 Materials . . . . . ... 175

8.3.2 Methods . . . . . . . . .. 177

8.4 Results and Discussions . . . . . . . ..o 180
8.4.1 Morphological Characterization . . . . . .. ... ... ... ..... 180

8.5 Summary and Conclusion . . . . . . . . . ... ... 193
8.6 Mechanical Testing of Fibermats . . . . . . . ... .. ... ... ... ... 194

9 Conclusion and Future Direction . . . . . . . .. .. .. ... L. 197
9.1 Dissertation Summary . . . . . .. ..o 198
9.2 Direction of Future Work . . . . . . . .. ... oL 201
Bibliography . . . . . . . 204

Xiv



1.1

1.2

1.3

2.1

2.2

2.3

24

List of Figures

a. plot describing energy production scenario as a function of different classes
of energies and correlated number of published articles; b. interruptions in
solar power output (percentage of rated capacity) from a solar plant situated
in Arizona, USA; c. fluctuations in wind power generation from five different
sites in USA. . . . . L
a. A map of the Li reserves and soda ash reserves (sodium reserves) in the
world reported in 2020''®, Copyright 2020 WILEY-VCH Verlag GmbH &
Co. KGaA, Weinheim; b. Elemental composition of brine from the Salar de
Atacama in Chile®'!, Copyright 2018, Macmillan Publishers Limited.

Experimental overview of five different investigations conducted for reaching

goals of the thesis. . . . . . . . . . ... .

Different types of commercial lithium-ion rechargeable batteries: a. cylindri-
cal cells; b. prismatic cells; c. pouch cells®. Copyright 2016, Macmillan
Publishers Limited. . . . . . . . . . ... oo
Schematic illustration of the working principle of lithium-ion batteries!'%7,
Copyright The Royal Society of Chemistry 2014. . . . . . . . . .. ... ...
Schematic energy diagram of a lithium cell at open circuit””, Copyright 2018
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim. . . . . . .. ... ...
Schematic representation of graphite, soft carbon, and hard carbon used for

anodes in Li-ion batteries?**, Copyright (C) 2001 John Wiley & Sons, Inc. and

The Japan Chemical Journal Forum. . . . . .. ... ... ... .......

XV



2.5

2.6

2.7

2.8

2.9

2.10

2.11

2.12

2.13

2.14

An overview of challenges in the materials and process technologies for future
flexible lithium-ion battery research 258! Copyright 2019, The Royal Society
of Chemistry. . . . . . . . . . 19
a. Shared history of NIB and LIBs®®, Copyrights 2020 The Authors. Pub-
lished by Wiley-VCH GmbH; b, and c¢. Rise in publication and research
activity related to NIBs!%®, Copyright 2020 Wiley-VCH GmbH. . . . . . . . 22
Illustration of various negative electrode materials available for NIB systems 28,
Copyright The Royal Society of Chemistry 2017. . . . . . . . . .. ... ... 24
a. Summary of challenges for KIB anode materials®**, Copyright 2019 Science

385 Copyright

Advances; b. Potassiation/Depotassiation of SngP3/C electrode
2017 American Chemical Society; c. Capacity vs. voltage and cycle number
plots of various anode materials of KIBs®***, Copyright 2019 Science Advances. 26

3717 Copy—

(a) schematic illustration of lithium intercalation based exfoliation
right 2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; (b) schematic
illustration of anion intercalation based exfliation!®*, Copyright 2014 Ameri-
can Chemical Society. . . . . . . . . . . .. 29
Effects of strong sonication of MoS, flakes dispersed in isopropyl alcohol: a.
Breaking between Basal Planes and b. great fragmentation of the lamellae?'?,
Copyright 2015 American Chemical Society. . . . . . . . .. ... ... ... 30
Charge storage mechanisms for TMDs in different alkali metal ion batteries?,

Copyright 2020, Royal Society of Chemistry. . . . . . .. .. ... ... ... 34

Simplistic formula of polymer derived ceramics and different pre-ceramic organosil-

icon polymers®, Copyright 2010 The American Ceramic Society. . . . . . . . 37
Various shaping techniques for the production of PDC components®*®, Copy
right 2010 The American Ceramic Society. . . . . . . . . . .. .. ... ... 38

The processes involved in forming PDCs at different temperatures®®, Copy-

right 2010 The American Ceramic Society. . . . . . . . . . .. .. ... ... 39

XVi



2.15

2.16

3.1

3.2
3.3

3.4

4.1

4.2

4.3

4.4

4.5

4.6

4.7

a. Proposed model of nanodomains in polymer derived SiOC based ceram-
ics®3°, Copyright 2016, American Association for the Advancement of Science,
b. Schematic representation of lithium-ion storage mechanism in SiOC based
ceramics 2335 Copyright 2018 The American Ceramic Society. . . . . . . . .
a, b. Na'-ion cycling performance of SiOC ceramics derived from silicone
0il*?, Copyright 2018 Elsevier B.V. All rights reserved; c. Alkali-metal ion
insertion into SiOC ceramics and consecutive phase formation®®, Copyright

2021 Elsevier B.V. All rights reserved. . . . . . . . . ... ... ... ....

Fiber formation by electrospinning method*, Copyright (C) 2011, Springer
Science Business Media, LLC. . . . . . ... ... . ... ... ... ...,
Schematic illustration of solution preparation process for electrospinning.

Schematic illustration of basic XPS equation®®, Rights managed by AIP Pub-
lishing. . . . . . . . .
Schematic of Stokes and Anti Stokes Scattering?*®, Copyright 2003 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim. . . . .. ... ... ... ...

SEM and TEM micrographs, EDS color maps and spectra of WS, /SiOC fiber-
mat ..o
Raman and FTIR spectra of WS, /SiOC fibermat . . . . .. ... ... ...

XPS survey and high-resolution spectra of pyrolyzed WS,,SiOC fibermat . .

GCD profiles of WS,,SiOC composite electrode in Na-ion and K-ion half-cells.

Post-cycling SEM micrographs of disassembled WS, /SiOC electrodes of Na
and K-ion half-cells. . . . . . .. . ...
Digital camera images of the WS, /SiOC composite fibermats in (a) as-spun;
(b) cross-linked; (c¢) pyrolyzed forms with corresponding weight retention and

linear shrinkage values. . . . . . . . . . . ...

GCD profiles of neat WS, and SiOC electrodes in Na-ion half-cells. . . . . .

xXvii

41

43

45
48

50

52

65
67
68
74

7



4.8

5.1

5.2
5.3

5.4
5.5

5.6

5.7
5.8

5.9

5.10
5.11

6.1

6.2

6.3

GCD profiles of neat WSy and SiOC electrodes in Na-ion half-cells. . . . . . 83

Schematic of the synthesis process of WS,NT/SiOC fibermat from electro-
spinning to cross-linking to pyrolysis steps through controlled annealing. . . 90
SEM micrograph, EDS mapping, and EDS spectra of WSoNT/SiOC fibermats. 92
TEM micrographs and SAED patterns of neat WS;NTs and WS,NT /SiOC
fibers. . . . L 94
Raman and FTIR spectra of WSoNT/SiOC fibermats. . . . . . ... . ... 96
XPS survey scan, high-resolution spectra and XRD reflections of WS,NT /SiOC
fibermats. . . . . .. 100
GCD profiles and rate capability tests of WS;NT /SiOC composite electrode
when tested in a Na-ion half-cell setup. . . . . . . . . ... ... ... .... 102
SEM micrographs of recovered electrodes after cycling in Na-ion systems. . . 106
Fiber diameter distribution plot of (a) As-spun; (b) Cross-linked; and (c)
Pyrolyzed fibermats. . . . . . . . ... 107
SEM micrograph of SiOC pyrolyzed fibers at (a) lower magnification and (b)

higher magnification exhibiting some irregularities (bead-like formation) in

the fiber geometry. . . . . . ... 109
GCD profiles of neat WSo,NT and SiOC electrode in Na-ion half-cell. . . . . 110
Fiber diameter distribution plot of the cycled electrode. . . . . . . . . . . .. 111

SEM, TEM, Raman Spectra, XRD Reflection, XPS Survey Scan of WSsIF
POWAETS. . . . . . . 117
GCD profiles and 3D dq/dV curves of WS,IF electrodes for NIB and KIB
cells cycled at different voltage ranges. . . . . . . . . . .. ... .. ... .. 120
Cycling stability and consequtive coulombic efficiency of: a. NIB 0.01-2.5 V
and NIB 0.01-1.5 V cells, b. KIB 0.01-2.5 V and KIB 0.01-1.5 V cells. . . . . 125

Xviil



6.4

6.5

6.6

6.7

6.8

6.9

6.10
6.11

6.12

6.13

CV curves and storage contributions of NIB and KIB cells cycled within dif-
ferent potential ranges for WSoIF electrodes. . . . . . . . . . . ... ... .. 128
Post cycling microscopic and spectroscopic characterizations of NIB and KIB
cells cycled within different potential ranges. . . . . . . . . .. ... ... .. 130
Optional: GCD curves of al. LIB 0.01-2.5 V, a2. LIB 0.01-1.5 V; differential
capacity curves of bl. LIB 0.01-2.5 V, b2. LIB 0.01-1.5 V; differential capacity
curves plotted as a function of cycle index for ¢1. LIB 0.01-2.5 V, ¢2. LIB
0.01-1.5 V half-cell. . . . . . . . . . . 132
Surface plots derived from the 3D differential capacity curves for LIB half-cells
during al. 0.01-2.5 V delithiation stage, a2. 0.01-1.5 V lithiation stage, bl.
0.01-1.5 V delithiation stage, b2. 0.01-1.5 V lithiation stage. . . . . . . . .. 133
Surface plots derived from the 3D differential capacity curves for NIB half-
cells during al. 0.01-2.5 V desodiation stage, a2. 0.01-1.5 V sodiation stage,
bl. 0.01-1.5 V desodiation stage, b2. 0.01-1.5 V sodiation stage. . . . . . . . 134
Surface plots derived from the 3D differential capacity curves for KIB half-
cells during al. 0.01-2.5 V depotassiation stage, a2. 0.01-1.5 V potassiation
stage, b1l. 0.01-1.5 V depotassiation stage, b2. 0.01-1.5 V potassiation stage. 135
Cycling stability test of LIB half-cells cycled at 0.01-1.5 V and 0.01-2.5 V range. 136
GCD curves of: al. NIB 0.25-1.5 V, a2. NIB 0.5-1.5 V, a3. KIB 0.25-2.5 V,
a4. KIB 0.5-1.5 V half-cells; differential capacity curves of: bl. NIB 0.25-1.5
V, b2. NIB 0.5-1.5 V, b3. KIB 0.25-2.5 V, b4. KIB 0.5-1.5 V half-cells. . . . 137
Cycling stability test of a. NIB half-cells cycled at 0.25-1.5 V and 0.5-2.5 V
range; b. KIB half-cells cycled at 0.25-1.5 V and 0.5-2.5 V range. . . . . .. 138
CV curves of al. LIB 0.01-1.5 V, a2. LIB 0.01-2.5 V half cells; capacitive
and diffusion-controlled contribution ratios for different scan rates of bl. LIB

0.01-1.5 V, b2. LIB 0.01-2.5 V half-cells. . . . . ... .. ... ... ..... 139

Xix



6.14 Fitting of anodic and cathodic voltammetric sweep data of al. LIB 0.01-1.5
V, a2. NIB 0.01-1.5 V, a3. KIB 0.01-1.5 V, bl. LIB 0.01-2.5 V, b2. NIB
0.01-2.5 V, b3. KIB 0.01-2.5 V half-cells. . . . .. ... ... .. ... ....

6.15 XRF spectrum and elemental composition (determined by XRF) of the neat
electrode (before cycling). . . . . . .. ..

6.16 Raman spectrum of the neat electrode (before cycling). . . . . .. ... ...

7.1 a) Low-resolution TEM images of the MoWSe, flakes; b, ¢) high-resolution
TEM images of MoWSe, nanosheets; d) six-fold symmetrical SAED spot pat-
tern generated from the MoWSe, bulk flake shown in the index; e) Raman
spectrum of bulk MoWSe, alloy depicting different vibrational modes. . . . .

7.2 a) XPS survey scan depicting the presence of different materials within MoWSe;
high-resolution b) Mo3d; ¢) W4f; d) Se3d XPS spectra of the MoWSe, mate-
rial illustrating the chemical bonding states. . . . . . . .. .. .. ... ...

7.3  GCD profiles and 3D dQ/dV curves of MoWSe;, electrodes in NIB half-cells.

7.4 Rate capability and consecutive cycling stability tests of MoWSe, electrodes
in NIB half-cells. . . . . . . ... .

7.5  GCD profiles and 3D dQ/dV curves of MoWSe;, electrodes in KIB half-cells.

7.6 Rate capability and consecutive cycling stability tests for investigating K ion
storage behavior of half-cells cycled within different potential ranges.

7.7 Post cycling analysis of MoWSe, electrodes after cycling in NIB and KIB
SYSEEINS. . . . . . L e e e e e

7.8 Fringe distance determination from TEM image of Figure lc. a) FT image,
b) Inverse FT image, and c¢) Fringe profile plot from the inverse FT image
derived from Figure 7.1c. . . . . . . . . . ...

7.9 Raman spectra of bulk a) MoSe; and b) WSes powders for clear compari-
son with bulk MoWSes powder; c¢) schematic of vibrational modes typically

obtained from TMDs. . . . . . . . . . .

XX

148

159



7.10

7.11

7.12

7.13

7.14

8.1

8.2

8.3

Differential capacity curves of Na™ ion half-cells of MoWSe;, electrode cycled
within potential ranges: a) 0.01-2.5 V; b) 0.01-2.0 V; ¢) 0.01-1.5 V. . . . .. 167
Cycling stability test of MoWSes electrodes cycled within the potential range
of 0.01-1.5 V, 0.01-2.0 V, 0.01-2.5 V in Na* ion half-cells. . . . . . . ... .. 168
Differential capacity curves of K™ ion half-cells of MoWSe, electrode cycled
within potential ranges: a) 0.01-2.5 V; b) 0.01-2.0 V; ¢) 0.01-1.5 V. . . . .. 169
Digital camera photographs of disassembled electrodes from a) MoWSe; 0.01-
2.5 V Na™ ion half-cell, b) MoWSe, 0.01-2.5 V K% ion half-cell; ¢) MoWSe,
0.01-1.5 V Na* ion half-cell, d) MoWSe, 0.01-1.5 V K* ion half-cell. . . . . . 170
XRF plots and corresponding elemental composition of a) neat MoWSe, elec-
trode, b) 0.01-1.5 V. MoWSe; Na™ ion half-cell, and ¢) 0.01-1.5 V MoWSe,
K" ion half-cell. . . . . . . . . . . . ... ... 171

Solution preparation process for (a) PVP/SiOC/MoSe, fiber mat; (b) schematic
showing electrospinning process for the fabrication of the PVP/SiOC/MoSe,
composite fiber mats. . . . . ..o 176
SEM images of (a) PVP fiber mat carbonized at 800 °C, (b) PVP/SiOC fiber

mat pyrolyzed at 800 °C, (c) PVP/SiOC/MoSe; fiber mat pyrolyzed at 8000

°C, and (d—f) corresponding high-magnification images of these fiber mats
(inset shows diameter distribution of the fibers). . . . . . .. ... ... ... 179
TEM images of (a) PVP fibers carbonized at 800 °C, (b) PVP/SiOC fibers
pyrolyzed at 800 °C, (c¢) PVP/SiOC/MoSe; fibers pyrolyzed at 800 °C, and
corresponding HRTEM (d—f) and diffraction pattern (g-i) images of these
fibers. Diffraction pattern of pyrolyzed PVP/SiOC/MoSe; indicates the pres-

ence of MoSe, particles in the pyrolyzed fiber mat. . . . . .. ... ... .. 181

Xx1



8.4 Raman spectra of carbonized PVP fiber mat with integrated peaks; (b) Raman
spectra of pyrolyzed PVP/SiOC fiber mat with integrated peaks; (¢) Raman
spectra of bulk MoSe, powder and the region of 200-300 cm~! from the py-
rolyzed SiOC/MoSe, fiber mat; (d) Raman Spectra of pyrolyzed PVP /SiOC/MoSe,
fiber mat with integrated peaks in the region of 800-2000 cm=t. . . . . . .. 184

8.5 XPS survey scan of pyrolyzed PVP, PVP/SiOC, and PVP /SiOC/MoSe, fiber

8.6 High-resolution XPS spectra of three pyrolyzed fiber mats: (a—c) PVP fiber
mat; (d-f) PVP/SiOC fiber mat; (g¢-k) PVP/SiOC/MoSe; fiber mat. . . . . 187
8.7 FTIR spectra of (a) as-spun, (b) cross-linked, and (c) pyrolyzed fiber mats.
Each figure consists of the FTIR spectra shown for PVP, PVP/SiOC and
PVP/SiOC/MoSe; fiber mats from bottom to top. . . . . . . . ... ... .. 188
8.8 Charge—discharge profile of (a) PVP fiber mat electrode; (b) PVP/SiOC fiber
mat electrode; (¢) MoSe, drop coated fiber mat electrode; (d) PVP/SiOC/MoSe;
electrode and differential capacity curves of (¢) PVP fiber mat electrode; (f)
PVP/SiOC fiber mat electrode; (g) MoSey drop coated fiber mat electrode;
(h) PVP/SiOC/MoSe; electrode; (i) cycle performance comparison for PVP,
PVP/SiOC, PVP/SiOC/MoSe; electrode at different current densities. . . . 190
8.9 Solidworks 3D model of the grip designed for tensile testing of x-linked fiber-
mats with digital camera images. . . . . . . . ... ... 194
8.10 Stress-strain plots of a. best performing fibermats from all samples; b. PVP;
c. SiOC; d. MoSey/SiOC; e WS2NT/SiOC; f. WS2NS/SiOC fibermats. . . . 195

xxii



4.1
4.2

4.3

5.1
5.2
5.3

6.1
6.2
6.3

8.1

List of Tables

Elemental Composition of the fibermats by XPS . . . . . ... ... ... ..
Summary and comparison of electrochemical performance for Na™ storage of
other nanomaterial-based structures with this work. . . . . . .. . ... ...
Summary and comparison of electrochemical performance for K* storage of

other nanomaterial-based structures with this work. . . . . . . . . . . .. ..

Elemental Composition of the fibermats by XPS . . . . . . .. ... ... ..
Elemental Composition of the spent electrode by XPS . . . . . . . ... ...
Summary and comparison of electrochemical performance for Na® storage of

other nanomaterial-based structures with this work. . . . . . . . . . . .. ..

Elemental composition of the electrodes determined by XRF . . . . . . . ..
Elemental composition determined by XPS . . . . . .. ... ... ... ...
Comparative electrochemical properties of different WS, quantum-confined

structures. . . . . . . L

Tensile properties of fibermats with or without reinforcement. . . . . . . ..

xx1il



Acknowledgments

I want to start with a few lines from “Invictus” by William Ernest Henley, the poem that

inspired me during challenges:

“Out of the night that covers me,

Black as the pit from pole to pole,

I thank whatever gods may be

For my unconquerable soul.”

“It matters not how strait the gate,

How charged with punishments the scroll,
I am the master of my fate:

I am the captain of my soul.”

I want to express my sincere gratitude and appreciation to the individuals who have
contributed to the completion of this thesis.

First and foremost, I extend my heartfelt thanks to my thesis supervisor, Dr. Gurpreet
Singh, whose guidance, expertise, and unwavering support were instrumental throughout
this research journey. Your mentorship and invaluable insights have significantly shaped the
outcome of this work, and I am grateful for your dedication to my academic and personal
growth.

I am deeply indebted to my lab colleagues at the Nanoscience and Engineering lab —
Dr. Shakir Bin Mujib, Dr. Davi Marcelo Soares, and Arijit Roy, who created a stimulating
research environment filled with camaraderie and collaboration. Your diverse perspectives
and willingness to share knowledge have enriched my understanding of the subject matter
and made this research experience truly rewarding. I would also like to thank Dr. Scott
Fan for introducing me to Lithography, Dr. Andrei Sokolov for training me on clean room

practices and instruments, and Dr. Dan Boyle for his training on TEM.

XX1V



To my parents (Priya Lal Dey, and Shipra Dey) and Sister (Priyanka Dey), your un-
wavering love, encouragement, and sacrifices have been the foundation of my educational
pursuits. Your belief in my abilities has always motivated me, and I am profoundly grateful
for your boundless support and sacrifices—additionally, a person whose unwavering belief in
my abilities made everything possible: Manash Ranjan Bhadra.

I would also like to acknowledge the invaluable assistance and guidance provided by Dr.
Reshef Tenne, and Dr. Alla Zak, who generously shared their expertise and resources.

Financial support from National Science Foundation grants 1743701, 1454151, and 2025298
is gratefully acknowledged. The research was performed in part in the Nebraska Nanoscale
Facility: National Nanotechnology Coordinated Infrastructure and the Nebraska Center for
Materials and Nanoscience (and/or NERCF), which are supported by the National Science
Foundation under Award ECCS: 2025298, and the Nebraska Research Initiative.

Lastly, I extend my heartfelt thanks to my cousins and well-wishers (Abu Sayed Maroof,
and Partha Pratim Chakraborti in particular), who have been a source of encouragement and
motivation. This thesis would not have been possible without these individuals’ collective

support and encouragement. Thank you for being part of this academic journey.

XXV



Dedication

For those who exist in my thoughts and offer a comforting perspective with their enduring
presence:
“When you awaken in the morning’s hush
I am the swift uplifting rush
Of quiet birds in circled flight.
I am the soft stars that shine at night.
Do not stand at my grave and cry,
I am not there; I did not die.”
- Mary Elizabeth Frye
This thesis is dedicated to the cherished memory of my beloved grandfather, Bijoy Chan-
dra Dey, who graced this beautiful world for a remarkable 102 years and played a pivotal
role in educating a nation. I also dedicate this work to my dear uncle, Chandan Dey, both

of whom left us during the initial two years of my Ph.D. journey.

XXVi



Chapter 1

Introduction

1.1 Motivation

The impact of fossil fuels on the well-being and way of life of humanity on Earth is un-
deniable and can best be gauged through the progress of human society and population
growth. Nevertheless, such a supreme gift has also brought numerous detrimental conse-
quences — air pollution due to the emission of greenhouse gases resulting in global warming
and related health issues are most prominent. On top of that, depleting resources due to
the ever-growing population poses a severe threat, forcing humans to search for alternative
technologies. Combating the obstacles stated above is no easy task, for which the search for
simple, sustainable resources providing long-term constant energy outcomes with minimal
adverse consequences, otherwise known as renewable energy sources, took place. Prominent
renewable energy sources are pump hydro, wind, and solar-based energy generation technolo-
gies, which can be expanded to geothermal, ocean, and biomass-derived sources. Figure 1.1a
shows the energy production scenario in GWh on different renewable energy classes and
the number of published and funded research articles: where significant participants are the
United States and China’. However, there is no way to overlook the intermittent nature
of such renewable energy sources. For example, Figures 1.1b, and ¢ show the fluctuations

in solar power output varying as a result of moving clouds from a 4.6 MW solar array in



Springerville, Arizona, and uneven wind power output (percentage of rated capacity) at five

different sites (Amarillo, Corpus Christi, Presidio AEI, Sweetwater, and North Washburn in
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Texas USA) respectively*’'. Such an imbalance in power output puts the reliability of grids

in question; the solution lies in using energy reservation technologies using battery systems.
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Figure 1.1: a. plot describing energy production scenario as a function of different classes
of energies and correlated number of published articles; b. interruptions in solar power output
(percentage of rated capacity) from a solar plant situated in Arizona, USA; c. fluctuations
in wind power generation from five different sites in USA.

2019 was the year when a long overdue recognition was handed out to John Goodenough,
M. Stanley Whittingham and Akira Yoshino in the form of the Nobel Prize in Chemistry, for
their part in clarifying the chemistry behind versatile energy storage devices, otherwise known
as LIBs. Commercialized in 1991 by SONY corporation, LIBs immediately experienced
immense growth, after three decades of which such technology is powering portable consumer
electronic devices to battery electric vehicles®®. However, recent years have witnessed a price
hike in LIB raw materials due to increased demand for manifold applications. For instance,

since 2010, the price hike in LIB raw material - Li;CO3, was 151% (from $5180 to $13,000



per metric ton)*?. The problem has been exacerbated due to geopolitical reasons: at present,
lithium mining is concentrated in particular regions around the globe, with Chile (8.6 million
tons) and Australia (2.8 million tons) playing significant roles, where Argentina and China
follow 118,

Nevertheless, mining itself is never a sustainable process, and Li mining does not defer
from life-threatening incidents. An excellent example is the reporting of toxic leakage into
groundwater near at least one Li mine in South America, China, and Australia. As a result
of the leakage in China and Australia, activities in the mining process were temporarily
halted or blocked from extension??”. Furthermore, Li brine processing requires evaporation
techniques that consume hefty amounts of water, leading to the depletion of groundwater
levels in arid areas®"?. On top of all these, the COVID-19 pandemic provided a wake-up call
for the world as lockdowns in China resulted in supply disruption of half of the world’s battery
raw materials. Pressingly, now is the time to look for complementary battery technologies,
more than ever, to be better prepared for the growing demand, the unforeseen supply chain
disruption event, or to achieve cleaner, reliable alternative energy production technology?.

When complementary battery technologies are considered — NIBs stand out for various
reasons, the most convincing of them is the global availability of raw materials, which in-
clude NayCOs3, NaySOy, and NaCl, which are all cheap and highly obtainable from minerals
and brine (Figure 1.2a). The search for raw material of Li often results in the production
of other abundant metals. For example, the brine deposit in Salar de Atacame, Chile (Fig-
ure 1.2b), from where the highest amount of Lithium is produced, contains Sodium (9.1
wt.%), Potassium (2.36 wt.%), Magnesium (0.97 wt.%), Lithium (0.16 wt.%), and Boron
(0.04 wt.%), Li being the least concentrated among them??®. Another important motivating
factor for utilizing NIBs derives from the cost-effectiveness on a cell level realized from using
an Aluminium (Al) current collector in the negative electrode side. Al (2.7%) provides a
cheaper alternative at a cell level than traditional Cu (11.6%) current collectors, reducing
55% mass, and improving power density. The reason behind the replacement stems from
the binary alloy formation of Al with Li at a lower potential. Although NIB research ef-
forts started with applying Na/NaCoOs cells in the early 70s, the commercialization of LIB



systems halted such activities. Investigations regarding high-temperature NIBs and Na-S

8

batteries were still taking place®. Still, the rejuvenation and consequent unprecedented

progress came three decades later — realizing the same equipment for LIB production can
be used for NIB production and the importance of possessing various battery technologies
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to attenuate supply risks and increase the application diversity The recent series of

pandemic-related incidents has added clarity to the rationale above.
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Figure 1.2: a. A map of the Li reserves and soda ash reserves (sodium reserves) in the world
reported in 2020118, Copyright 2020 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim;
b. Elemental composition of brine from the Salar de Atacama in Chile®'t, Copyright 2018,
Macmillan Publishers Limited.



When related complementary battery technologies are considered, KIBs come to our
mind next, with potassium being the next alkali metal residing in Group 1 and Period 4
of the periodic table. Relative low reduction potential (-2.936 V vs. SHE) and being the
seventh most abundant metal on earth’s crust makes potassium (K) further lucrative for
application in battery technologies®”™. Industrial-grade potassium metal (13024.6 USD/ton)
is much cheaper than Lithium (125180.9 USD/ton)?™. The advantage of low reduction
potential can also be realized from higher energy density achievement. Notably, the much
weaker Lewis acidity of KT ions results in smaller solvated ions when compared with Li™
and Na™ - as a consequence, ionic conductivity in the electrolyte increases, and solvated K™
ions are much smaller?#®. Given the numerous benefits and concentrated efforts in searching
for complementary battery technologies, KIBs are now considered potential candidates in
advanced energy storage, surpassing traditional LIBs.

Being aware of the myriad advantages that NIB and KIB technologies present to us,
this thesis further looks into the opportunity to utilize different nanostructured materials
as electrodes. Traditional LIB, NIB, or KIBs electrode materials comprise micrometer scale
( > 1 pm) particles. Development in nanotechnology has enabled researchers to substi-
tute micron-sized particles with nanomaterials with sizes ranging 1-100 nm. When applied
as electrodes, such nanoparticles exhibit different kinetic, thermodynamic, and mechanical
properties than traditional electrodes. Firstly, switching to nanoparticles decreases the time
required for alkali metal ion diffusion - enabling fast charging capability essential for the
electrification of automobiles.

Additionally, nanostructured electrodes reduce the miscibility gap for which solid solubil-
ity of alkali metal ions increases, allowing higher reversible capacity delivery. Nanomaterials
further present a mechanical advantage over traditional materials mainly due to their re-
duced size, as strain mismatch between particles is overcome as the particle size is equal to
or below the typical crack size during charge storage!®. Therefore, this thesis investigates
the application of nanostructured TMDs (sulfide and selenide-based nanosheets, nanotubes,
and fullerene-like nanoparticles) in beyond Li* ion storage. After analyzing the deficiencies

of such materials in alkali metal-ion storage applications, we employ composite structure



formation and voltage cut-off techniques and further explore ways to apply them to next-

generation mechanically deformable devices.

1.2 Researh Questions

Variability in dimensions and structure of the TMD nanosheets and fullerene-like structures,

poses several questions:

1. How does quantum confinement in TMD structures influence alkali metal ion storage?

2. How do the storage properties of different alkali metals with similar chemistry vary in

other TMD nanostructures?
3. What are the traditional drawbacks of TMD nanosheets during alkali metal ion storage?

4. Do the traditional drawbacks of TMD nanosheets during alkali-metal ion storage also

hold true for fullerene-like structures?

5. If certain drawbacks exist in quantum-confined structures of TMDs, what nanoscale

engineering techniques can be suggested to curb such disadvantages?

Answers to such critical inquiries provide feedback to design investigations for utilizing
such materials for next-generation earth-abundant alkali metal ion batteries. Answers to
such fundamental questions also drive us to look for better analysis techniques to investigate
the structural changes during alkali-metal ion storage and optimize the experimental design

for producing better complementary battery technologies.

1.3 Thesis Objectives

This research aims to investigate the impact of quantum confinement structures in TMDs
on the reversible storage of alkali-metal ions beyond Li+. To fulfill the goals, five different
studies are highlighted in the upcoming sections, which aim to clarify the following specific

objectives:



1. Investigate how reversible storage of earth-abundant larger alkali metal ions, much

alike Li", influences the structure of TMDs with different dimensionalities.

2. Develop and suggest engineering techniques and methodologies leading to efficient stor-

age of Na™ and K™ ions inside quantum confinement structures of TMDs.

3. Identify and utilize analysis and engineering techniques to fabricate electrodes utilizable

in next-generation devices.

Figure 1.3 illustrates an overview of the different investigations carried out to fulfill the

overall goal of this thesis.
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Figure 1.3: Ezperimental overview of five different investigations conducted for reaching
goals of the thesis.



Chapter 2

Background and Literature Review

2.1 Electrochemical Energy Storage Devices

2.1.1 Historical Background

The battery stands out as by far the most common energy storage device, the invention
of which can be dated back more than 2000 years ago by ancient Persians®°!. Another
interesting addition to this history was the ‘Parthian Battery, which dates back to the
Parthian empire (247 B.C.-224 A.D.) but was found in 1936 at an archaeological excavation
near Baghdad??®. The first modern battery was Volta’s cell, which consisted of alternating
discs of zinc and copper separated by cardboard, and brine was used as the electrolyte
solution. The following sets of evolutions in the battery were the innovation of the Daniel
cell (1836), the Leclanche cell (1866), and then the present dry cell with the use of zinc
anode and manganese oxide cathode (1949). The next breakthrough came as rechargeable
batteries, also known as secondary cells, were discovered, which developed over time from
lead-acid (1859) through nickel-cadmium (1899) and nickel-metal hybrid (the mid-1980s) to
Lithium-ion (1972)3%.

On the other hand, in 1745, the unexplained phenomena of rubbing amber with a cloth
and small particles being attracted to it were used to innovate the very first known capacitor:

the Leyden Jar'4”. The “valve metals” such as aluminum and tantalum allow the conduction



of electricity in one direction but hinder the current flow in the opposite direction by creating
oxide dielectric. Owing to this property, the first electrolytic capacitor was patented in
1896, which was derived from a high-purity etched aluminum foil with aluminum oxide as
a dielectric?®. The following noteworthy inventions in the field of capacitors were the mica
dielectric capacitor, developed in 1909, the polyethylene terephthalate capacitor, developed
in 1941; and the plastic dielectric capacitors, developed beginning in 1959. General Electric in
1957 first patented and described the concept of electric double-layer charge storage utilizing
porous carbon and coating it on a metallic current collector in a sulfuric acid solution!'?.
The development and use of electrochemical capacitors in commercial devices started when
Nippon Electric Corporation launched the first double-layer capacitor (1.0 F, 5.5 V)27,
NEC, Inc. (Tokyo, Japan) devised the term “Supercapacitor” for the first successful EDLC,

and Pinnacle Research Institute (USA) termed the device “Ultracapacitor” 2.

However,
Trasatti and Buzzanca first announced the idea of pseudocapacitance in 1971, which helped
scientists improve the specific capacitance of different systems3°®. After the first report
of micro-supercapacitors in 2003 with polypyrrole electrodes came the addition of ingenious
strategies such as lithographic microfabrication, inkjet printing, layer-by-layer assembly, laser
scribing, and screen printing. Although these techniques paved the way for advanced lithium-
ion batteries and capacitive energy storage devices, the industry demand still is not fulfilled.
Thus, afterward, high-tech energy storage devices with more complex functionalities and

enhanced properties, such as flexible, bendable, stretchable, foldable, and wearable?2¢,

2.1.2 Components of Electrochemical Energy Storage Devices

In an electrochemical power source, chemical energy is converted into electrical energy. The
energy of an electrochemical reaction is mainly available as electric current at a defined
voltage and time!?'. There are three categories of electrochemical energy storage systems:
(1) Batteries (primary and secondary batteries), (2) Supercapacitors, (3) Hybrid systems.
Electrochemical cells/devices comprise a positive electrode, a negative electrode, an elec-

trolyte, a separator, and a current collector. Electrodes are active components in an energy



storage system, permitting electrons to pass from one half-cell through an external circuit to
another. The electrolyte in a cell/device is a chemically stable liquid, gel, or solid material
that allows the conduction of ions. Between the positive and negative terminals of the cell/
device stands a permeable membrane named separator, which permits the transportation of
ionic conductors that are essentially necessary for closing the circuit. The separator prevents
instant self-discharge and an electrical short circuit between two electrodes. For the system-
atic transfer of electrons from the electrodes to the battery’s terminals, current collectors are
used. Nevertheless, well-interconnected carbon nanotubes, graphene, carbon fibers, or 2D
metal carbides with metallic conductivity can be an alternative to current collectors!®. Me-
chanical support, protection of the electrolyte from evaporation, and the averting negative

influence from outside are done by the casing??°.

2.1.3 Batteries

Classification of Batteries

Batteries can be classified into two basic categories: (1) primary cells, known as non-
rechargeable batteries, and (2) secondary cells (Figures 2.1:a-c), known as referred to as
rechargeable batteries24. Other groups can be created within the above-mentioned category
based on specific structures and designs.

Stationary vs. Flow Batteries

Electrodes remain motionless in the stationary type of batteries, wherein Flow Batteries the
redox moieties are in the solution phase. In flow batteries, the redox species flow and undergo
their charge transfer reactions through stationary electrodes. Examples of Flow Batteries
are Zn-Bry, and Vo1 /V3T -V, /V5T batteries®®.

Dissolution/deposition-vs. intercalation/de-intercalation-based batteries

The energy of dissolution/deposition-based batteries is stored because of chemical reactions
occurring inside the cell. The Intercalation/de-intercalation-based batteries work on the
principle that charged ions (e.g., Li*,Na®) are commuted between positive and negative

electrodes during charging and discharging cycles?2°.

10



Closed vs. Open Batteries

When the active material within a cell makes up a sealed battery, forming a closed system,
it is called a sealed battery. On the contrary, in an open battery, the active material, such
as oxygen, is provided from the atmosphere. Thus, it’s not a part of the electrodes. Based
on the nature of electrolytes and their physical state batteries are categorized as:
Aqueous vs. non-aqueous batteries

Lead-acid, nickel-cadmium, and nickel-metal hydride batteries are the most customarily used
aqueous batteries where the water-salt solution is used as an electrolyte. On the other hand,
the polar-aprotic electrolyte is used because of reactivity considerations in non-aqueous bat-
teries 1.

Solid electrolyte vs. Liquid electrolyte Batteries

Most batteries use a liquid as an electrolyte between two electrodes to regulate current
flow. But there are some instances where, in Li-ion batteries, the liquid electrolyte led to
safety issues. Therefore, all-solid-state lithium-ion batteries (SSLIBs) present a real solu-
tion employing a solid-state electrolyte (SSE). SSEs possess higher electrochemical windows
above 5V and suppress Li dendrite formation®1°%247  SSEs can be further divided into two
classes: inorganic solid electrolytes, including sulfides and oxides, and solid polymer elec-
trolytes, such as PEO, PVDF, PMMA, and PAN-based electrolytes. Although SSE-based
rechargeable batteries show prospects by mitigating the challenges of high safety and high
energy density, their feasibility is restricted by other roadblocks such as poor interfacial con-
tact, high manufacturing cost, and relatively low ionic conductivity at room temperature*S.
Acidic vs. Alkaline Batteries

There are three common groups such as: acidic batteries (lead acid battery), near neu-
tral batteries (zinc-air battery), and alkaline batteries (nickel-cadmium and zinc-manganese

dioxide batteries)?%.
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Figure 2.1: Different types of commercial lithium-ion rechargeable batteries: a. cylindrical
cells; b. prismatic cells; c. pouch cells™. Copyright 2016, Macmillan Publishers Limited.

2.2 Energy Storage in Lithium-ion Batteries

2.2.1 Historical Background

Lithium shows exciting properties such as high operating voltage, low weight, and high
energy-storage density. In addition, it is the most reducing element and the lightest material
in the periodic table. These fascinating features have shed light upon lithium used in primary
and secondary batteries since the 195052727, The earliest lithium rechargeable battery was
based on molten lithium, and molten sulfur as electrodes and molten salt as electrolyte and
operated around 450 °C33.

Electrochemical intercalation of guest molecules into layered hosts, which was previously
known as a synthesis technique, was thought to be used for energy storage and energy
release in battery electrodes by Whittingham and others in 1970. In 1970, Whittingham,
while working at Exxon, developed the first intercalation-based cathode TiS,?3733%%. This
LiTiS, battery was commercialized in 1977 but flawed by the nucleation of dendrites at the
lithium metal anode upon repeated cycling, which lost mechanical or electrochemical contact
with the anode or grew across the electrolyte to the cathode, short-circuiting the battery and
resulting in fire hazard?*'. LiMoS,, LiV30g, and LiMnO, batteries were discontinued after

being brought into the market due to safety hazards and longer charging time?26:64:211:258
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These four failed Li-metal anode batteries mark the challenge of commercializing batteries
with Li-metal anode. Metallic lithium anodes indicate compelling material but are certainly
unusable due to safety concerns and have become the ‘holy grail’ of Li-battery research.
The trick for avoiding such safety issues called for alternative approaches, such as modifying
the negative electrode or the electrolyte. The method of rocking-chair batteries was used
in the 1980s, and early 1990s, which solved the problem of dendrite formation as lithium

164 However, as the potential

was present in its ionic state rather than the metallic state
of the negative electrode increased, the necessity for high-potential insertion compounds
was there for the positive electrode. Goodenough recognized that LiCoOs had a lamellar
structure and lithium can be removed electrochemically 4. In 1991, a carbon host structure
containing LiCoO, at the anode instead of lithium metal was manufactured and brought
into the market by Sony, having potential exceeding 3.6V (thrice the density of the alkaline
systems) and gravimetric energy densities as high as 120-150 W h kg (three times those of

Ni-Cd batteries)3%. Since their introduction in 1991, the energy density of cells has almost

doubled, and new batteries with better anodes have been developed.

2.2.2 Method of Charging and Discharging in LIBs

When the positive and negative terminal of a direct current power source are connected to
the anode and cathode side, respectively, the phenomenon of charging happens. Potential
arises because of the connection mentioned above. The extraction of Li* from the interstitial
space between the atomic layers within the active material of the cathode happens, driving
it to the interstitial space between the atomic layers of the active material of the anode
through the electrolyte. In this way, the ceLi+ ion gets inserted into the anode, and the
process is generally known as ‘lithiation” or ‘insertion’. On the other hand, in the cathode,
the opposite process happens, known as ‘delithiation’ or ‘extraction’. Again, as the influx
of electrons reduces the anode, it becomes the negative electrode, while simultaneously, the
cathode becomes the positive electrode.

On the other hand, in discharging the LIB, the anode and cathode experience polarity
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reversal. Thus, the Lit ion gets extracted from the anode and moves to the cathode. At
that time, an equivalent number of electrons move from the anode to the cathode through
the externally connected device.

For instance, the positive-electrode material is commonly a metal-oxide having a layered
structure such as lithium cobalt oxide (LiCoOs) or a material possessing a tunneled frame like
lithium manganese oxide (LiMnyO,) situated on a current aluminum collector. On the other
hand, the negative electrode material in the current technologies used is generally carbon-
based material like graphite located on a current copper collector. The electrochemical
process described above is shown as a schematic in Figure 2.2. Two half-cell reactions of
both cathode and anode are defined in Eq (2.1) and (2.2). The overall response in this cell

is also presented in Equation 2.33%,

Cathode : LIMOg + C <— LixC + Li(1_;) MO, (2.1)
Anode : C +xLi" + xe” +— Li,C (2.2)
Overall : LIMOy <— Lig_;)MOg + xLi* 4 xe™ (2.3)

Li* conducting electrolyte

Discharge

S Li*
P o< I
ol

o Lt

& reo,

b=
A PO, Cathode

26

Figure 2.2: Schematic illustration of the working principle of lithium-ion batteries'®”, Copy-
right The Royal Society of Chemistry 2014.
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2.2.3 Electrode Materials for LIB

The open circuit voltage Voc of a lithium cell is defined by the difference in the lithium
chemical potential between the cathode and the anode. The equation can be written as

equation 2.4
_ Kri(c) — HLi(a)

Voc
F

(2.4)

Here, F is the faraday constant. The cell voltage depends on the energies involved in
both the electron transfer and the Li" transfer. The energy involved in electron transfer is
related to the work function of the cathode and anode. The energy involved in Li™ transfer
is associated with the site’s crystal structure and coordination geometry into or from which
Li* ions are inserted or extracted. Additionally, the redox energies of the cathode (Ec)
and the anode (Ea) need to lie within the bandgap (Eg) of the electrolyte according to the
thermodynamic stability considerations because of unwanted reduction or oxidation of the
electrolyte occurring during the charge and discharge process. So, a limitation on the cell
voltage is imposed for the electrochemical stability requirement, which can be described from

the equation 2.5.

eVoe = HLi(c) — MLi(a) < Eg (25)

Figure (2-3) shows a schematic energy diagram of a cell at an open circuit. The lowest
unoccupied molecular orbital (LUMO) and the highest occupied molecular orbital (HOMO)
regulate its electrochemical stability window. The electrolyte is a chemically inert medium
that permits efficient ionic transport between the two electrodes to maintain the charge
balance. The rechargeable batteries work within this window of LUMO and HOMO. In
summary, the lithium insertion compound should satisfy the criteria below for being a suc-

cessful electrode material:

e The insertion compound LixMyXz (X = anion) should possess a high lithium chemical

potential (uLi(c)) to maximize the cell voltage.

e The insertion compound LixMyXz should allow the insertion or extraction of a large

amount of lithium, x, to maximize the cell capacity. Combining high capacity and
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cell voltage can maximize the energy density, which is a product of the capacity and

voltage.

e The lithium insertion or extraction should be reversible with minimal changes in the
host structure over the entire range x of lithium insertion or extraction to provide a
good cycle life for the cell. This implies that the compound should have good structural
stability without breaking M-X bonds.

e The insertion compound should support mixed conduction. In general, it should have
good electronic conductivity o, and lithium-ion conductivity ¢ Li for minimizing the
polarization losses during the charge or discharge process, thus supporting high current

density and power density.

e The insertion compound should not react with the electrolyte over the entire range, x,

of lithium insertion or extraction and be chemically stable.

e From a commercial point of view, the insertion compound should be inexpensive, en-

vironmentally benign, and lightweight 3177

Vacuum level

o,
Voc Eg
L4
HOMO .
L I\.-l ‘7;
Electolyte

Figure 2.3: Schematic energy diagram of a lithium cell at open circuit!””, Copyright 2018
WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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Materials for Negative Electrodes

Finding a suitable anode material to replace the perfect anode material - Lithium metal was
the last major obstacle for developing a Li-ion battery, which was motivated by dendrite
formation. Thus, intercalation anodes were introduced where Lit intercalated alternately
into the anode and cathode, storing and releasing energy as the battery ‘rocks’ back and forth
between its two states®%180. As a result, carbon materials became an appealing alternative
for intercalation anodes as they could accept lithium ions by insertion or intercalation going
through little volume change at an electrochemical potential near that of Lithium metal.
Because of the simplest and highly ordered carbon material, graphite became a good choice
but faced several challenges because of its interaction with electrolytes in harmful ways, such
as co-intercalation of solvents and Li" exfoliation of graphite and carbon being decomposed

at lower potentials in the discharge cycle®.

Graphite

Non-graphitizable carbon

Figure 2.4: Schematic representation of graphite, soft carbon, and hard carbon used for
anodes in Li-ion batteries*, Copyright ©) 2001 John Wiley & Sons, Inc. and The Japan
Chemical Journal Forum.
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A credible solution to the problem discussed above arises with the inauguration of “soft
carbon” (moderately disordered carbon and converted to graphite by heat treatment around
23000C), and “hard” carbon (highly disordered and not easily converted to graphite by heat
treatment) shown in Figure 2.4. Sony used soft carbon as the anode in the first Li-ion
battery with propylene carbonate as the electrolyte with no adverse side reactions, achieving
an energy density of 80 kWh kg~!. In its second generation of lithium-ion batteries, the soft
carbon was replaced by hard carbon by Sony for its higher voltage and capacity for lithium

insertion, increasing the energy density to 120 kWh kg=1224232,

In its third generation
of batteries, Sony introduced graphite with a flatter discharge voltage profile and higher
capacity above 3.0 V. It was more of a market decision rather than a technological decision
which led to the use of graphite as many cell phones require a minimum of 3.0 V to operate3®.

The most recent advancement in energy storage and conversion systems was the insti-
gation of flexible or bendable systems, which were fabricated to be portable, lightweight,
and wearable, being mechanically flexible and having high energy density®. However, the
preparation methods, assembly process, and selection of proper electrolytes to transform
traditional energy storage devices are challenging. The conventional LIBs usually consist of
a carbon-based anode, a transition metal oxide-based cathode, a polymer separator, and an
organic liquid electrolyte. In such devices, heavy metal foils are always used as conductive
substrates and structural supports with a slurry of active materials, binders, and conductive
additives on their surface. As the metal foil possesses a smooth surface, the active materials
can easily get detached from the current collector.

Additionally, there’s an increase in internal impedance and passivation of active materi-
als due to relatively poor chemical stability. Moreover, conductive additives such as carbon
black, carbon nanotubes, and graphite account for 10-20 wt% of the whole slurry and have
no or little contribution to the capacity of the electrodes. The polymer binders such as
polyvinylidene fluoride (PVDF) are electrochemically inactive or even insulating, making
their presence a hindrance to the transportation of lithium-ion and electrons. The flexi-

ble electrodes replace the traditional metal-foil-based heavy current collectors and standard

binders with light substrates or in-bedded current collectors. The approach is to make a
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combination of active materials and flexible substrates by taking advantage of the conduc-
tive and flexible matrix as embedded in the current collector, or substrates with functional

materials firmly entrapped on them through novel methods like coating, spraying, or de-
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positing “#1°%°°% shown in Figure 2.5.
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Figure 2.5: An overview of challenges in the materials and process technologies for future
flexible lithium-ion battery research'®'181. Copyright 2019, The Royal Society of Chemistry.

Although the use of CNT and graphene as both active materials and current collectors
has been widely studied, other forms of carbon materials and some novel metal-based current
collectors are now more highlighted. An effective chemical oxidation and reduction method
to increase the surface area of carbon materials using a carbon cloth-based solid-state su-
percapacitor was prepared by Wang et-al.3'”. A novel bamboo-like structure was reported
in 2005, which showed excellent mechanical flexibility, foldability, and electrochemical per-
formance. Polyacrylonitrile and tetraethyl orthosilicate in dimethylformamide were used to
make the nanofibers via electrospinning?”®. In this study, a similar approach was taken us-

ing Polyvinylpyrrolidone (PVP) as a precursor to producing the basic carbon nanofibers and
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other suitable materials for better-performing LIBs.

2.3 Development and Research Progress of Nat-ion

Batteries

2.3.1 Historical Background

The almost equal capability of Na'-ions intercalating into compounds (specifically, TiSs)
as much as Li*-ions was first reported by Whittingham in 197633, Following the research,
along with the discoveries of the layered metal-oxide family of compounds in 1980, came
the initiative of research into NaMeOy (Me = Co, Ni, Cr, Mn or Fe) compounds by Delmas
and co-workers®. As the deep delve into the development of Lit ion intercalation system
conducted by Goodenough and co-workers were continuing at that time, the research efforts
of Na*-ion intercalation compounds halted - concerning cell-voltage, LiCoO, showed double
the open-circuit voltage compared to that of TiSs. Furthermore, electrochemical properties
of Li* ion-based compounds were found to be superior to those of Na™ -ion-based compounds.

Following the commercialization of LiT-ion batteries by SONY, the 1990-2000 period
witnessed a sharp decline in NIB research (Figure 2.6b). Nevertheless, developments in
high-temperature sodium batteries were still being investigated, which did not go unnoticed.
Such development programs include a joint consortium between Ford Motor Company and
Japanese TEPCO and NGK concerning their study of NaS batteries?*'. ZEBRA cells,
developed by Zeolite Battery Research Africa, working in a slightly lower temperature range
of 250-300 °C is another instance of a high-temperature NaS system under development at
that time. Such techniques were widely applied in grid-scale energy storage, e-mobility, and
space missions.

The renewed research thrust in room temperature NIBs started in early 2000, after
the discovery of hard carbon negative electrodes by Dahn and co-workers®*®. Although this

research proved to be a turning point in the advancement of room temperature NIBs, a spark
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in the number of research papers still was not visible until 2012 (Figure 2-5b). Therefore, the
reason behind the unprecedented heightened research activity was actually the supply risk
of LIB resources. Hard carbon is still the most prominent negative electrode material for
NIBs, although a decade has passed after Dahn’s discovery — the merits and disadvantages
of which will be explained in the next section. A historical development of LIB and NIB
technology can be seen in Figure 2.6a.

Current advancements in NIB technology have pushed them into applications towards
heavier and larger stationary applications. Heavier and larger batteries are suitable for
power tools or starters that do not require continuous operation. Batteries for stationary
storage require as little space as possible with less regard for weight. In this application
mentioned above, the current technology of NIBs fits the best, especially for grid storage
applications where suitable energy density, relatively low cost, and potential to offer improved
safety are required''®. Commercial applications of such NIBs have been represented by five
companies mainly. Faradion’s (UK) 140-160 kWh kg=! in a 32 A.h pouch cell at 4.2-1 V
with a good cycling life is suitable for e-scooters and e-bikes. HiNa Battery Technology
Co. Ltd. (China) 2019 established the world’s first 30 kW /100 kW h NIB energy storage
system. Aquion Energy (Pennsylvania, USA) has claimed to have produced non-flammable,
non-explosive, abundant, and nontoxic materials, including the Aspen series, suitable for
residential, commercial, or industrial-scale energy storage systems. Initially founded by
John B. Goodenough’s group, Novasis Energies has demonstrated 3.2 V individual cells
with normal energy in the range of 100-130 Wh *~1. Natron Energy (California, USA)
is developing NIB technology for energy storage applications like backup power systems,
391

transportation, material handling, etc A small overview of such companies and their

product is viewed in the extension of Figure 2.6c.

2.3.2 NIB Negative Electrode Materials

In this section, the main focus will be on the latest progress in the negative electrodes

of NIBs, building upon the thorough investigation of nanostructured materials of negative
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Figure 2.6: a. Shared history of NIB and LIBs®, Copyrights 2020 The Authors. Published
by Wiley-VCH GmbH; b, and c. Rise in publication and research activity related to NIBs'%,
Copyright 2020 Wiley-VCH GmbH.

electrode materials presented in this thesis. Graphite — universally known as the robust
electrode material for LIBs due to it’s low price, ease of fabrication, and excellence of cycling
stability, cannot be applied as a negative electrode material for NIBs. It was found that Na
metal electroplating on the surface of carbon is energetically more favorable than Na+ ions
being inserted into the layers of graphite®.

Conversion and alloying materials such as Sn, Sb, or P transition metal oxides, nitrides,
and phosphides were deemed as suitable electrodes for their high specific capacity. Neverthe-
less, significant volume change during reversible electrochemical processes and pulverization
of active materials. One major disadvantage of utilizing conversion-based cathodes in Na-
ion batteries is the relatively large potential gap between the charge and discharge process,
otherwise termed hysteresis. First principles studies revealed the cause of this behavior due
to a significant mismatch in ionic mobilities between an alkali metal. They displaced ionic
species (mostly transition metals), an insufficient thermodynamic driving force that could
not redistribute the displaced ions upon the charging process- possibly taking place due to
different reaction paths in the conversion reaction. The potential gap in the conversion type

anode material Co3O, is shown in Figure 2.7. Overpotential or hysteresis leads to energy
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loss and can be understood from a detailed analysis of equation 2.6. The round-trip energy

efficiency can be quantified by the final derived form given in equation 2.8.

‘/dis = ‘/oc - n(Q7 [dis) (26)

‘/ch = V;)c - n(Q7 [ch> (27)

Where 1 denotes different overpotential at different currents. The overpotential decreases
the discharge voltage and increases the charge voltage from the open-circuit voltage. As
a result, the power density decreases, as a decrease in efficiency is seen according to the

equation 2.8
vais(q)dg

Ef ficiency = 100% x
ven(q)dg

(2.8)

A possible approach to overcome such hurdles is to combine properties with conduc-
tive additives such as Graphene!'”® and composite formation with bimetal sulfides such as
Ni@NiCO,S, — revealing a new path to attain enhanced performance metrics37®.

Hard carbons are the up-to-date negative electrode material for rechargeable NIBs. Hard
carbons, including graphitized hard carbons and porous hard carbons, show a specific ca-
pacity of 200-500 mAh g~!, and initial coulombic efficiency (ICE) in the range of 30-80%
- even when cycled at high rates. Typically, sodium storage in such materials happens in
three mechanisms: adsorption on the edges, defects and functional groups, insertion in the
graphitic interlayers, and filling in the pores. In the charge curve, highly graphitized hard
carbons show a low potential plateau (0.01-0.10 V) and a high-potential slope (0.10-1.00 V).
The reversible capacity is obtained primarily because of the plateau region. But when the
battery is operated at high current rates, the plateau region gets affected by polarization or
hysteresis discussed beforehand?#. Thus, it is imperative to search for an alternative for the

negative electrode material as an alternative to hard carbons, which possess a high specific

capacity and will enhance the energy density of the full cell.
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Figure 2.7: Illustration of various negative electrode materials available for NIB systems!?®,

Copyright The Royal Society of Chemistry 2017.

2.4 Development and Research Progress of Potassium

ion Batteries

2.4.1 Historical Background

Research efforts in KIB systems only began two decades ago with efforts from Ali Eftekhari,
who illustrated the KIB prototype with Prussian blue cathode in 2004%'. With a robust
cycling performance of 500 cycles and amazing capacity retention of 88%, this material was
more than satisfactory in front of the community. Continuing on this effort came the patent

315 Only two years later,

application of KPFg as the viable electrolyte for KIB applications
the first commercialized product — a portable media player was brought to the market by
Starsway Electronics, operated by a KIB system?#®. The surge in research and publications
regarding KIB systems came a decade later, in 2015. With KIB’s immense potential, novel

and innovative electrode materials are being investigated carefully.
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2.4.2 Traditional Anode Materials for KIBs and their Shortcom-
ings

A summary of drawbacks faced by KIB anodes is illustrated in Figure 2.8a. Although
Graphite is not utilizable in NIB systems, it is far more suitable for KIBs, as KC8 forms
during intercalation, and the achievable theoretical specific capacity is around 279 mAh g=!.
However, intercalation of K* ions into Graphite leads to a substantial increase in interlayer
distance (volume change observed up to 61%), and related strain causes such material’s
practical application ineffective®!?. Other than Graphite, non-graphitic soft carbon, carbon
nanofibers, and reduced graphene oxide also show considerable K ion storage properties.
However, the notable capacity achievement of approx. 350 mAh g is witnessed from func-

tionalized carbon materials such as N-doped graphene?™

. The major challenge behind such
material’s practical utilization lies in the origin of slope-like voltage characteristics, which
might lead to potassium plating-related safety risks. All the issues related to current KIB
anodes are illustrated in Figure 2.8a and described in this section.

Alloying and conversion reaction-based materials were thought to be promising for KIB
applications, but the development of research activities was hindered due to the origination
of intermediate states, which again alters the typical shape of the charge-discharge curve
— rendering them to be sloping in shape. For example, the potassiation of SnsP3 leads to
the formation of Sn particles and K(3-x)P matrix (Figure 2.8b). Subsequently, in the latter
stages K4Sno3 forms, leading to the final product of K-Sn alloys. A high theoretical capacity
is achieved from this formation process, however, the reverse process creates electrically
dead areas within the electrode. Additionally, notable volume change within the material
also occurs (approx. 681% for SnyP3)3%.

Conversion-type materials were also deemed suitable candidates as anode materials for
KIBs due to comparatively high initial capacity compared to Graphite. Examples of such
materials include Co304-Fe;O3 composite anode with 750 mAh ¢! initial specific discharge

capacity. However, the capacity loss was significant starting from the second cycle?**. Such

degrading behavior of the electrode material is attributed to structural re-alignment of mate-
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rial during potassiation/depotassiation when adjusting the chemical transformation, energy
dissipation as a result of voltage hysteresis during repeated charging/discharging, and severe
side reactions leading to consumption of electrolytes?3°

Literature also suggests several intercalation compounds suitable as negative electrode
material. Examples include KyTi O with large interlayer spacing (8.5 A), presenting very
low volume change during cycling. However, the capacity achievement from such materials

156 which questions the

is significantly low — 80 mAh g! at 100 mA g! current density
applicability of such materials. Other than the above-mentioned drawbacks, KIB anodes
also need more energy and power density due to the large atomic mass of K and sluggish
reaction kinetics during insertion and extraction. Dendrite growth remains a challenge when

K metal is used as an anode. A summary of recent electrode materials and their capacity as

a function of cycle number and voltage is shown in Figure 2.8c.
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Figure 2.8: a. Summary of challenges for KIB anode materials®®*, Copyright 2019 Science
Advances; b. Potassiation/Depotassiation of SnyPs/C electrode’’, Copyright 2017 Amer-
ican Chemical Society; c¢. Capacity vs. wvoltage and cycle number plots of various anode
materials of KIBs**, Copyright 2019 Science Advances.
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2.5 Transition Metal Dichalcogenides

It has been seen in recent research that along with the composition and arrangement of atoms
in materials, dimensionality also plays a crucial role in determining the essential properties.
Graphene being produced from bulk graphite has been one of the most studied materials
over time because of such qualities mentioned beforehand, specifically showing condensed
matter phenomena absent in the bulk graphite form?. As the research in graphene made
swift progress, other 2D materials, specifically transition metal dichalcogenides (TMDs),
having layered structures much like graphene, achieved notable recognition because some

were semiconductors and naturally abundant 297284,

2.5.1 Composition and Structure of TMDs

TMDs are a class of layered material with a generalized formula MX,, where M stands for
transition metal (from groups 4 to 10 in the periodic table) and X corresponds to chalcogen
species, i.e., sulfur (S), selenium (Se), or tellurium (Te). With this general formula, there
exist more than 60 TMDs, among which at least two-thirds possess a lamellar structure, thus
presenting the opportunity of versatile chemistry with varying mechanical and electronic
properties along with polymorphism 2811345,

TMDs consist of a hexagonally packed layer of metal atoms sandwiched between two
chalcogen atoms, where each layer has a thickness of 6 to 7 A. The weak van der Waals
forces coupled the sandwich layers, permitting the crystal to cleave along the layer surface
readily. On the contrary, the intralayer M-X bonds are primarily covalent!®. As the oxida-
tion states of the metal atoms and the chalcogen atoms are +4 and -2, respectively, the metal
atoms provide four electrons to fill the bonding states of TMDs. The layer surfaces get dis-
continued because of the lone-pair electrons of the chalcogen atoms, and the layers stabilize
against environmental species as there are no present dangling bonds. The metal coordina-
tion of multilayer TMDs can be either trigonal prismatic or octahedral (usually distorted
and often referred to as trigonal anti-prismatic). Because each discrete MX, monolayer com-

prises three atomic layers (X-M-X), they can be in either of the two phases; bulk TMDs
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display a broad range of stacking polytypes and polymorphs. 1T,2H, and 3R are the most
frequent polymorphs, with the letters standing for trigonal, hexagonal, and rhombohedral,
respectively. In a unit cell, the amount of X-M-X units is indicated by the integers®!.

The works in this study are concerned with a specific TMD, which is MoSe;. MoSe, can
have multiple phase structures, much like MoS2. However, while the 2H trigonal prismatic
symmetry is semiconducting, the 1T octahedral symmetry is metallic. Still, it deliberately

converts into the former phase because of thermodynamic instability, rendering it not desir-

able for application®?.

2.5.2 Synthesis techniques of TMDs

The anisotropy in the characteristics of TMDs, notably in their electronic and crystallo-
graphic structure, renders them one of the essential two-dimensional materials with a wide
range of applications. As a result, the focus is on synthesis methods through which re-
searchers try to alter the interlayer gap and microstructural morphology to tailor these
features to the application’s demands. Moreover, the center of attention is on synthesis ap-
proaches that provide a maximum material yield while being scalable, energy-efficient, and
cost-effective.

The first obstacle to carrying out fundamental research or making industry-based ap-
plications is the suitable material synthesis techniques. Generally, when producing two-
dimensional TMDs, two routes are to be followed- the top-down or the bottom-up approach.
As the names of these routes speak for themselves, in the top-down approach, one starts
with bulk precursor material and reaches the final goal of desirable material with a particu-
lar morphology. In contrast, in the bottom-up approach, atomic layers are deposited in step
by step fashion.

In 2004, Novoselov et al. used the mechanical exfoliation method to produce single layers
of two-dimensional crystals from bulk materials, such as graphite, MoS,, BN, NbSe, 6.
Although the single-layer TMD crystals fabricated using this method guarantee good quality,

unlike their graphene counterpart, the main drawback stems from meager material yield. It
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offers a small production volume. However, the materials produced by this method are
used for examining their fundamental properties at lab scale by microscopic techniques such
as scanning tunneling microscopy (STM), atomic force microscopy (AFM), transmission
electron microscopy (TEM), and so on?%.

The intercalation-based exfoliation or natural exfoliation in solvents ensures the signifi-
cant production rate of TMDs in the form of a single or few layers. Previous studies indicate
that intercalation-based exfoliation has been carried out in two routes, namely, lithium
intercalation-based exfoliation and anion intercalation exfoliation. In lithium intercalation-
based exfoliation, the force required for separating the TMD layers is produced by the H,

194;360

gas bubbles formed. SO, or Oy gas bubbles exert the required force , as illustrated in

Figure 2.9a-b.
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Figure 2.9: (a) schematic illustration of lithium intercalation based exfoliation”, Copyright

2011 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim; (b) schematic illustration of
anion intercalation based exfliation’”, Copyright 2014 American Chemical Society.

The liquid phase exfoliation process consists of three steps: a) immersing the bulk TMDs
in a solvent, b) sonicating the bulk TMDs using ultrasound, ¢) separating nanosheets from

dispersion (the first two steps are illustrated in Figure 2.10(a, b). There are various param-
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eters for selecting a solvent Hildebrand solubility parameter, Hansen parameter, and surface
energy. Coleman et al. primarily sonicated as received commercial TMD bulk materials in
several solvents with varying surface tensions. They found that the solvents that minimized
the power of sonication were the better-performing ones. For instance, N-methyl pyrrolidone
(NMP) and isopropanol (IPA) show more promising performance than the other ones®”. In
the sonication process, the physical effect of very high energetic transient acoustic cavitation
comes into play. The ultrasound produced in this process gives rise to cavitation containing
enough high kinetic energy, which collapses afterward. These collapsed bubbles convert the
high surface energy into chemical energy. The result of this process is the separation of
platelets from the bulk material (figure 2.10). Sonication also changes the temperature of
the medium, and the increase in temperature is linear to time. So, the temperature must

be kept at the optimum for best results?®!

. In addition, sonication time affects not only the
shape of the nanosheets but also the characteristics. However, with the increase in sonication
time, smaller nanosheets possess a larger area and improved edge sites, features desirable for

many applications.

Figure 2.10: Effects of strong sonication of MoSs flakes dispersed in isopropyl alcohol: a.
Breaking between Basal Planes and b. great fragmentation of the lamellae®'?, Copyright 2015
American Chemical Society.

The chemical vapor deposition method is widely used to fabricate nanosheet material
for achieving large-area growth. For example, Zhan et al. studied the synthesis of MoS,
film by annealing in an atmosphere made out of sulfur with deposition of a Mo thin film on

Si0,/Si surface®™. Substrates such as quartz, glassy carbon, and oxidized silicon have been
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used to grow uniform TMD films. However, the uncontrollable sulfur/selenium diffusion and
anisotropy of TMD layers have made the growth process arduous. However, Wang et al.
reported a facile process by synthesizing MoO, nanoplates by thermally evaporating MoOj3
powder in a sulfur environment and further sulfurizing at higher temperatures to yield MoS,

329 " This bottom-up approach of growing thin films of TMD

flakes with higher crystallinity
materials has found its wide application in electronic devices, optoelectronic devices, and
gas sensing devices. But for using TMDs in energy storage devices, most studies regarding

fabrication in the literature consist of the top-down approach.

2.5.3 Distinctively Nanostructured TMDs

A heightened application of carbon-based nanostructures like nanotubes, graphene, and
nanoparticles has brought a revolution in different fields. Inspired by such activities, the
driving force behind research in nanostructures of TMDs came along and gained interest
in the fields of material science, chemistry, and condensed matter physics in recent years.
Previously research thrust was in TMD nanosheets — rigorous investigations leading to the
discovery of exciting electronic and optical properties as a function of layer number.

The discovery of inorganic nanotubes (NTs) and fullerene-like nanoparticles (IFs) can
be dated back to more than three decades. Practically at first, the synthesis of inorganic
NTs and IF's proved to be exceedingly tricky. However, with the development in synthesis
techniques, catalyst-free, scalable growth of TMD-based 0D and 1D was rendered possible
by Zak et. Al, primarily led by Reshef Tenne et. Al.°2. This work utilized WSy-based NTs
and IF's for their energy storage applications synthesized by Zak et. Al.

Interesting features of such nanoparticles, render them quite different from their bulk
counterparts. For example, zone folding and strain-induced for the tubular structure enable
such materials to change electronic properties as a function of diameter. Moreover, with
smaller mechanical strength and larger specific weight than their carbon counterpart, these
materials still apply in high-strength nanocomposites, primarily because of high compression

strength. Importantly, their application as solid lubricants because of their superior tribolog-
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ical behavior cannot be called into question®°?. Moreover, IF-like TMD nanocages have also
found manifold applications in medical device fabrication, which will be highlighted later in

specific chapters.

2.5.4 TMD Alloys and their Origin

Bilayer formation with several 2D materials is already evident in the literature and has wide
applications due to a combination of individual properties. Being inspired by such structures,
engineering of 2D TMDs provides us with more exciting opportunities as TMDs themselves
are versatile and widely applicable to nanoscale devices. Among many interesting properties
that 2D materials present, fine-tuning the valence band (VB) and conduction band (CB) po-
sitions is very important to engineering properties at the nanoscale. With TMDs presenting
us with band gaps ranging from zero to UV region, the scientific community has pushed the
utility of such materials further — this is possible by skillful substitution of transition metal
cations or chalcogen anions in different proportions according to the needs. Usually, anion
substitution of TMDs is carried out because of lesser lattice mismatch, and the process is
easier, examples include Mo/W-X; where X is S/Se/Te. However, conversely, substituting
cations with different transition metals is quite challenging due to larger lattice mismatch.
However, there exists plenty of examples of cation-substituted TMD alloys: Mo;_,W,Ss,
TaSy(1—g)Se2s, ReSy1—q)Sea, and so on.

Applications of TMD alloys are plenty, starting from Field Effect Transistors (FETS)
due to carrier scattering and electron mobility, optoelectronic devices due to superlinear
photocurrent generation with an increase in illumination power, and hydrogen evolution
catalysis for offering H, affinity fine-tuning ability®#®. Although, with an asymmetry, more
cations or anions providing higher storage sites and lattice mismatch resulting in increased
interlayer spacing in certain TMD alloys, there is a possibility of superior electrochemical be-
havior, these particles nevertheless have been less explored. Therefore, in this investigation,
we curiously investigate how Na™ and K ion storage is affected when a cation in TMDs

is substituted with another cation. Specific details of the literature study and motivation
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behind electrochemical characterization are highlighted later in the chapter.

2.5.5 Energy Storage Mechanism of TMDs

To accommodate different kinds of guest species, especially in energy storage applications
(Li" ions in LIB systems), TMDs possess the necessary interlayer spacing. Furthermore, as
lithiation of bulk TMD materials results in structural instability, the exfoliated counterparts
became the points of interest because, in exfoliated form, the nanosheets stay loosely attached
and can withstand structural deformities. For instance, TMDs such as MoS, (0.615 nm),
MoSe2 (0.646 nm), WS, (0.618 nm), WSey (0.651 nm), TiS, (0.569 nm), VS, (0.573 nm),
TaS, (0.601 nm) have higher interlayer spacing than graphite (0.335 nm)?°2. Additionally,
with the help of various chemical and physical methods, this interlayer spacing can be tuned.
Moreover, as different reaction mechanisms such as intercalation, conversion, and alloying
are observed building upon the applied potential change, TMDs become more attractive. For
example, in 2012, Fang et al. and his group confirmed that MoSs, one of the most investigated
TMD materials, shows reversible reactions when the cutoff voltage is 0.8 V. Zhang et
al., using XRD and in situ, XAS, demonstrated that 2H to 1T phase transition occurs in
intercalation reaction at a voltage window of 0.8-3.0 V3"". However, the low theoretical
storage capacity restricts the use of TMDs in various sectors, although the intercalation
mechanism ensures good cycling performance. As the conversion reaction happens in low
discharging voltage with the ability to transfer up to 6 electrons, reducing the cutoff voltage
( 0.01 V) is feasible to obtain a significant increase in capacity. The alloying reaction, which
occurs at a shallow potential, needs to be covered in this thesis.

To summarize, as the alkali metal ions, have similar physical properties, they exhibit
identical charge storage mechanisms, which are presented in the figure 2.11. In figure 2.11,
M’ indicates V, Mo, W, Re, and M” indicates Ti, Nb (the transition metals), X marks the
chalcogen atoms (S, Se, Te), and A denotes the alkali metal ions (Li, Na, K)?%.

This study concerns MoSe,; as the TMD material with a similar sandwich structure to

the most studied TMD material, MoS,;. However, electrodes based on MoSe, suffer from
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Figure 2.11: Charge storage mechanisms for TMDs in different alkali metal ion batteries®’,

Copyright 2020, Royal Society of Chemustry.

low cycling stability and unsatisfactory rate capability, possessing a narrower bandgap and
lower electronic conductivity. The subsequent efforts have been implemented to understand
better such hurdles: preparing material mixing with selenides, mixing with chalcogenides,
and preparing composite electrodes with carbonaceous material. In such an event, Beatriz et
al. fabricated MoSes nanoplatelets/SWCNTSs electrode via spray-deposition method without
conductive additives, which showed improved cycling stability and rate capability from the

210 In a similar study, Furong et al. prepared a composite

MoSe, nanoplatelet electrode
electrode with mesoporous MoSes/C via a nano-casting method and tested that in the LIB
system. As a result, it displayed 618 mAh g at the current density of 200 mA g, the
reason for which can be ascribed to mesoporous structure providing enough space for the
volumetric expansion and product of charging and delivering a short diffusion pathway 2.

However, for the relevance of this study, the details are limited to composite electrodes with

carbon-related material.
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2.6 Polymer Derived Ceramics

The conventional process of fabricating ceramic materials calls for powder technology, which
is a burdensome technique involving the existence of sintering additives. On the contrary,
ceramics produced via the PDC route involve pre-ceramic polymers as the base material, us-
ing which layers of fabric, ceramic fibers, or composite material can be fabricated, which was
impossible using powder technology. Specifically, the polymeric precursors are flexible to be
used in run-of-the-mill forming techniques, and once they are formed, they can be converted
into ceramics by applying heat. Furthermore, by controlling this heating environment, one
can modify the final ceramic product as the organization of their nanostructure depends on
the inorganic/organometallic polymeric precursors. Enhanced thermo-mechanical properties
at elevated temperatures make these materials desirable for various applications, including
high-temperature withstanding applications in energy materials, automotive and aerospace

sectors, or the field of micro/nanoelectronics acting as a functional material*’.

2.6.1 General structure of pre-ceramic polymers and their vari-
eties

As discussed in the previous paragraph, the pre-ceramic polymer influences the ceramic
produced by the composition and the number of phases and phase distributions. The strong
bonding between the silicon and carbon makes the carbon stable in the polymer compound,
stopping the carbon from desiccating away during pyrolysis in small molecular hydrocarbon
56

form? Briefly, for the PDC route, the pre-ceramic polymers should hold the following

properties:

e Having adequate high molecular weight for circumventing volatilization of the small

molecular compounds.

e For the shaping processes, these polymers must own specific rheometry, such as explicit

solubility and viscoelasticity.
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e Having no properties of gelation such that aging of polymers does not happen without

control.

e For specific curing properties, functional groups should be present.

An organosilicon polymer can be illustrated simply by the figure. The pre-ceramic polymer

can be tailored and modified in the following ways:

e Changing the group X in the backbone of this structure yields various groups of
the silicon-based polymer. For example X=Si, CH2, O, NH, N=C=N yields poly-
organosilanes, polyorganocarbosilanes, polyorganosiloxanes, polyorganosilazanes and

ployorganosilylcarbodiimides, respectively.

e Changing the R1 and R2 functional groups can tune the final ceramic product’s elec-

tronic, rheological and optical properties depending on the pyrolysis temperature.

These R groups mentioned above are also responsible for the free carbon, which appears
after the pyrolysis when hydrogen atoms are removed. G.T. Burns et al. first studied the
effects of R groups on the final SiCN and SiOC-based ceramics. They found that the yield of
free carbon content on the final ceramic was lower for the saturated R groups such as methyl,
ethyl, propyl, and isobutyl. In contrast, for the saturated R groups such as allyl, vinyl, and

1

phenyl, the result of free carbon content on the final ceramic was higher®!. Different pre-

ceramic polymers and derived PDCs are illustrated in Figure 2.12.

2.6.2 Processing Technique of PDCs

From one end to the other of the PDC route consists of three main steps, namely pre-ceramic
polymer synthesis from monomers, creation of organic/inorganic network via cross-linking
of polymers, and converting the cross-linked polymers to inorganic amorphous material via
pyrolysis at an upraised temperature level (which is still lower than the traditional ceramic
formation technique). As this study does not concern the synthesis technique of pre-ceramic
polymers, the shaping techniques, cross-linking, and polymer-to-ceramic transformation will

be highlighted in the following sections.
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Figure 2.12: Simplistic formula of polymer derived ceramics and different pre-ceramic
organosilicon polymers®®, Copyright 2010 The American Ceramic Society.

The solubility, fusibility, and viscosity of the pre-ceramic polymers are the most attractive
properties, making them appealing for copious shaping techniques according to various ap-
plications. Example of such processing techniques expands from a dip or spin coating, fiber
drawing, freeze casting, and polymer infiltration to lithography. The most recent advance-
ment in shaping methods has been the introduction of additive manufacturing techniques for
producing PDCs. Moreover, the stereotypical drawbacks of ceramic materials, such as tool
wear and brittle fracture, can be outmaneuvered by shaping and machining techniques before
ceramization®. Various shaping techniques utilized for PDCs are illustrated in Figure 2.13.

Cross-linking is a step of great significance where the polymeric precursors are changed
into organic/inorganic materials at low temperatures (100-400 °C). Due to this step, the final
ceramic yield turns out to be high as the loss of low molecular weight compounds is thwarted.
Besides, due to this step, the duroplasts (infusible materials) are formed, maintaining their
shape during the pyrolysis step. Hydrosilylation, polymerization, transamination, and de-
hydrogenation are the chemical reactions in charge of this thermal process. Hydrosilylation
usually occurs in the lower temperature(100-120 °C) region and leads to the formation of Si-

C-Si and Si-C-C-Si. Dehydrogenation reaction results in Si-N and Si-Si bonds and starts in
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the Si-H/N-H or Si-H/Si-H groups at an elevated temperature of 300 °C. Vinyl polymeriza-
tion, which can be identified as polyaddition, also occurs at a higher temperature. Finally,
a Transammination reaction occurs in the case of oligosilazanes by heating thermally at
the temperature region of 200-400 °C®. As this research concerns polysiloxanes, the reac-

tions responsible for the cross-linking of such material are of concern: hydrosilylation, and

hydrolysis.
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Figure 2.13: Various shaping techniques for the production of PDC components®®®, Copy-
right 2010 The American Ceramic Society.

At a higher temperature region of 600-1000 °C, the pre-ceramic materials from the cross-
linked stage go through different intermediate stages and turn into amorphous covalent ce-
ramics. Thermolysis and volatilization of the organic groups are the processes that come into
play. The shrinkage of the final ceramic product happens, and the product becomes porous
because of the pyrolysis process. Figure 2.14 shows the entire process and the formation of

PDCs at different temperatures.

2.6.3 Microstructure of PDCs

For boosting the performance according to the different fields of application, the preserva-

tion of the final amorphous ceramic product obtained via the PDC route is of paramount
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Figure 2.14: The processes involved in forming PDCs at different temperatures®®, Copyright
2010 The American Ceramic Society.

interest. Specifically, the chemical bonds get reallocated, phase separation occurs, and the
nanocrystals transform into coarse form. Therefore, it is crucial to study the nanostructure
evolution in successive thermal treatment stages of the entire route. One exciting aspect
is the graphitization process, which plays a significant role in the microstructural evolution
of the PDCs. This process takes place in the free carbon phase, happening after the phase
separation phase.

As this study involves polymer-derived SiOC-based ceramic, the details of its structure
are highlighted. The SiOC-based ceramic is amorphous with silicon atoms tetrahedrally
coordinated by oxygen and carbon atoms?%2%0. Therefore, the SiOC ceramic product de-
rived consists of the tetrahedral units of SiCy, SiC30, SiCy0,, and SiO4%'2. Two types of
hybridization are seen in the carbon atoms. The sp3 hybridization occurs in the C-Si bonds,
and the sp2 hybridization is observed in the C-C bonds in the free carbon phase. Saha et al.,
in 2005 (Figure 2.15a), proposed the model presented in the figure where the components of

the SiOC-based ceramics are as follows:
e The silica tetrahedra build the heart of the nanodomain structure.

e The nanodomains encaged by the graphene-like carbon network.
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e The graphene network and silica clusters connected by the single layer of SiC,O4 — x)

(0 < x < 4) mixed bonds?°!.

2.6.4 Electrochemical Properties of PDCs

Lit ion storage inside PDCs

In recent years, the application of PDC materials in electrochemical devices has been widely
studied. Due to desirable properties such as high stability during cyclic loading and preserv-
ing the structure during very high C-rates has become a material of increasing interest 4265314,
In addition, being chemically inert concerning other battery components, being lightweight
but boasting superb mechanical properties, and most interestingly, providing a conducting
network with the free-carbon phase PDCs are admired all over the industry. Moreover, where
there stands a possibility of the carbon being exfoliated during high charging and discharg-
ing rates, the silicon matrix plays its role in guarding the carbon and, thus, enhancing the
stability and is more desirable than other free-standing carbon materials 19346,

For the ceramics stemming from SiOC-based polymers, in several investigations, it was
found that the free carbon phase does not significantly impact the first cycle charge and

107;265

discharging capacities in lithium-ion batteries . However, several experimental studies

indicate that PDCs with higher carbon content perform better by showing cycling stability

93-95;106;242

about hundreds of cycles . Furthermore, several studies also indicate that better

anodes can be fabricated by preserving the free carbon in an amorphous or highly disordered
state by controlling the temperature of thermolysis!%.

To summarize, the free carbon content in SiOC-based ceramics improves lithiation ca-
pacity by escalating the electrical conductivity successfully. This phenomenon happens as
the transportation of electrons through the electrode materials speeds up due to the increase
in the storage sites of lithium ions. Three zones can be observed where lithium ions get re-
versibly stored: the edges of the graphene layers, the defect sites, and the interstitial spaces.

This process is quite similar to the lithium-ion storage mechanism in the amorphous carbons.

Therefore, the augmented high capacity and cycling stability can be traced to the current
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free carbon phase. Figure 2.15b illustrates the schematic model of the reversible (marked in

yellow) and irreversible (marked in green) lithium-ion storage in SiOC ceramics®3°.
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Figure 2.15: a. Proposed model of nanodomains in polymer derived SiOC based ceram-
ics??, Copyright 2016, American Association for the Advancement of Science, b. Schematic
representation of lithium-ion storage mechanism in SiOC based ceramics®5%%%° Copyright
2018 The American Ceramic Society.

Na' ion storage mechanism inside PDCs

Na™ ion storage inside SiOC amorphous ceramic is a complicated process. Previous inves-
tigations have highlighted possible ion storage sites within the ceramics via spectroscopic
and theoretical investigations. Four possible sites have been identified as micropores, C-rich
SiOC, O-rich SiOC, and some Na™ ions getting bonded with Si. Density functional the-
ory (DFT) calculations have shown that O-rich SiOC materials firstly prefer the microvoids
within the material, which does not significantly cause strain of material. Further, Na® ion
insertion induces a change in the microstructure — a gradual weakening in the Si-O bonds
was observed as Na-O bond attraction increased. Further, Na™ ion insertion causes cleavage
of Si-C bonds and Si-O bonds, respectively. For the time being, the O-rich SiOC material
prefers Na-Si bond formation as the bond length in between decreases compared to Si-O

and Si-C bonds. On the other hand, C-rich SiOC structure can uptake more Na™ ions, due
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to structural stability, but causes far more volume expansion. Furthermore, it was found
that the existence of SiC phases increases the long-term stability of the electrode material®*.
Park and co-workers utilizing Silicone oil AP 150 as precursors found the practical capacity
of SiIOC material as 50-60 mAh g=123¢. Using a co-polymer of poly(dimethylsiloxane) and
poly(methylphenylsiloxane) Chandra and co-workers observed a capacity of 134 mAh g!

from the synthesized SiOC ceramic??.

K™ ijon storage mechanism inside PDCs

There exist only a few investigations regarding K ion intake of SiOC material. The storage
mechanism is similar to Li" and Na™ ions. Chandra and co-workers evaluated the K™ ion
uptake of the O-rich and C-rich SiOC structure via DFT calculations. They found that as
compared to lithiation (2.5%) and sodiation (18.8%), potassiation (36.7%) causes massive
volume expansion. After an optimal amount of K™ insertion, further insertion of ions leads
to repulsive interaction — resulting in an abrupt increase of ion insertion voltage. In the same
work, the authors demonstrated a comparatively low capacity achievement from practical
experiments®®. Figures 2.16(a-c) illustrate Na™ and K" ion storage mechanisms as depicted

in the above-mentioned sections.
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43



Chapter 3

Experimental Methods and

Instrumentations

3.1 Experimental Methods

3.1.1 Electrospinning

Fibers are universal, having a continuous filament-like shape or appearing as an elongated
object. Spiders have existed on Earth for over 140 million years, having the ability to hunt
with fiber webs. In addition, silkworms also construct their cocoons with silk filaments. Such
natural creatures have been a source of inspiration for humans to produce fibers artificially

17313 - With the flow of events, humankind has been producing

with a modified diameter
fibers with polymeric raw materials for numerous applications by wet, dry, melt, and gel
spinning methods. On the other hand, making long fibers and continuos in shape with the
flexibility of production at the nanometer-scale, electrospinning has recently been explored.
Around the turn of the century, electrospinning drew more and more attention as the capa-
bility of producing fibers got enhanced with the advent of new materials for manufacturing

ceramic and composite nanofibers0%!™ . Additionally, the ability to draw fibers quickly by

electrospinning enabled the researchers to use them in various applications such as energy
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harvesting, conversion, and storage.
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Figure 3.1: Fiber formation by electrospinning method'™, Copyright ©) 2011, Springer
Science Business Media, LLC.

The electrohydrodynamic process of electrospinning involves the electrification of liquid
droplets, converting them to jets. This jet gets stretched and elongated further and turns
into fibers. A basic electrospinning setup illustrated in figure 3.1 can be made in a laboratory
setup for producing fibers according to application needs. The setup described in the figure
contains a spinneret as a needle connected to a power supply with sufficiently high voltage
(5-30 kV), and a plate for collecting the fiber, which should be grounded in a syringe for
feeding the solution. The polymer solvent in the syringe is fed at a specific rate to confirm the
formation of droplets. The applied voltage on the needle tip is responsible for the stretching
of the liquid droplet, and Taylor cone formation occurs. If the cohesion of the molecules
in the material is excessive, the stream does not break up. The result of such phenomena
is the electrospraying of droplets in a charged jet. The jet derived from the droplet flows
toward the applied electric field to the collector. The jet extending in the axis continues
such behavior until bending instability occurs due to the electrical field. The current flow
changes its mode from ohmic to convective, and the charge inside the jet gets transferred to

the surface of the fibers. The jet thus gets bent through 900, forming recurring loops that go

45



through abrupt acceleration. The process occurring can be named the ‘whipping process,’
which allows the elongation of fibers to a nanometre scale and thus gets deposited into the
collector. The solvent inside the liquid gets evaporated, thus leaving behind the polymer,

63173 Figure 3.1 illustrates the fiber formation process

which gets solidified to form a fiber
during electrospinning.

The fabrication of polymer-derived ceramic fiber involves numerous steps, which begin
with spinning the fiber generated from the preceramic polymeric precursor in sol-gel form.
However, the raw material required for producing the fibers necessitates specific physical
properties. One of such properties is the flowability or viscoelasticity of the raw material.
Moreover, properties such as being fundamentally liquid and solubility in certain solvents,
thus creating an undistinguishable solution, are desirable for spinning and producing fibers.
Monomers and oligomers having infrequent repeating units tend to be present in liquid
form in ambient temperatures. For this sole purpose, as the preceramic silicon polymer
possessed low molecular weight (< 500 g mol™!), which appeared water-like liquid, the
inauguration of linear polymers based on carbon materials with high molecular weight was
necessary. Introducing a high molecular weight compound ensured the sol-gel obtained would
be viscous enough (>10 poise) for electrospinning. Various parameters affect the final fibers

obtained via the electrospinning method. Among them, the following seemed to affect the

fiber qualities:

e A stepper motor controls the speed of the polymer-solvent feed rate through the syringe.
When the syringe capacity was fixed, the feed rate was directly affected by the rotating
speed of the stepper motor. Thus, the high feed rate pushed the distance of the needle
tip to the collector to be larger or the voltage to be higher as the polymer solution
needed to be converted to fibers. Conversely, after continuous testing, a slower feeding

rate ensured the production of good-quality fibers with lower applied voltage.

e The optimization of the applied voltage between the needle tip and collector ensured the
formation of the fibers from the solution. However, a higher voltage than the optimized

one resulted in the deposition of fibers in other places rather than the collector.
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e Needle tip and collector distance be adjusted depending on the feed rate of the polymer
solution and applied voltage. The space was preferred to be between 15 and 20 c¢m for

the proper Taylor cone formation and fibers with the best quality without beads.

e Air bubbles in the polymer solvents resulted in inconsistent feed rate through the
syringe. So, any air bubbles formed must be removed to ensure the continuous feeding

of the solution.

Based on the above engineering parameters, the best conditions for the formation of

fibers were found on a trial basis and implemented to produce fiber mats.

3.1.2 Preparation of Fibermats

In this study, different amounts of bulk TMD powders were sonicated for varied amounts
of time in isopropanol (IPA) to form a dispersion. Then, 800 mg of Polyvinylpyrrolidone
(PVP) powder was added, and the ratio of PVP: IPA was varied for different fibermat
fabrication. The solution was stirred via a magnetic stirrer at 200 rpm for an hour. 1, 3, 5,
7- tetramethyl, 1, 3, 5, 7- tetravinyl cyclotetrasiloxane (4-TTCS) was primarily mixed with
1% Dicumyl peroxide (DCP), which was a cross-linking initiator and added to the previous
dispersion. The resultant solution was stirred again using a magnetic stirrer for 1 hour and
30 minutes. The final solution was loaded in a 10 mL syringe with a flat metallic needle for
electrospinning. The feed rate for the process was 5mL h~!. An alligator pin was connected
to the metallic needle and was subjected to a high voltage of 15 kV depending on the viscosity
of the solution, and the ground was connected to a cylindrical-shaped roller collector. The
distance between the needle tip and the roller was 15 cm. Thus, as-spun fiber mats of
dimension 20 x 20 cm2 were fabricated. After drying the as-spun fiber mat in the open
air, the fiber mat was put into a low-temperature oven and cross-linked at 160 °C for 6-24
hours. The cross-linked fiber mats were cut into small pieces, fitted into small ceramic boats,
and put into a tube furnace in the argon gas for pyrolysis. Two-step annealing was carried
out at 400 °C for 1 hour and 800 °C for 30 mins. The heating rate was 2 °C per minute.

Thus, SiOC-functionalized TMD fiber mats were produced. This section gives a general
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idea about the fibermat preparation process. Specific details regarding individual fibermat
production methods are described separately in each chapter. Figure 7?7 demonstrates the

solution preparation process described above.

4-TTCS
: ; PVP
Sonication DCP

% Stirring Stirring

2 hours 1 hour

Figure 3.2: Schematic illustration of solution preparation process for electrospinning.

3.2 Characterization Techniques

3.2.1 Microscopic Techniques

Scanning Electron Microscopy

For revealing important morphological properties of the materials on the nanoscale, engi-
neers and scientists have been using electron microscopy for many years. Light microscopes,
inexpensive, non-destructive, and robust, have also been used for many years. But their
inability to tell apart objects less than micrometer-scale has opened up the world of electron
microscopes. In scanning electron microscopy (SEM) electron beam is used to bombard the
sample and focus on a specific spot. The beam then consecutively scans the whole sample at
each location where the gun points at elastic and inelastic interactions. Due to the interac-

tions between backscattered electrons, primary and secondary electrons, and characteristic
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X-rays, auger electrons emerge from the sample. Specifically, primary electrons can be differ-
entiated from secondary electrons as the former impacts the specimen. The latter arises from
the specimen produced by the interaction of electrons and matter. In SEM, these secondary
electrons being detected by the detector are used to reveal the topographic contrast of the
sample, i.e., the surface and texture of the sample. Moreover, the average chemical compo-
sition of the material can also be studied by investigating the generated X-rays. Thus, EDX
spectroscopy in SEM has also been used as a beneficial method for exploring the chemical

analysis of various samples.

Transmission Electron Microscopy

While the working principle of transmission electron microscopes (TEM) is quite similar to
the SEM, the TEM is primarily used to inspect the intrinsic microstructure of the sample,
materials that are on the nanometer scale (such as particles and fibers), and the imaging
of the arrangement of atoms within the sample. The electron guns used in a TEM setup
generally accelerate the high-voltage electrons (commonly 80-300 keV and samples with very
light elements such as carbon with le 100 keV). Compared to SEM, a TEM setup consists of
many sets of electromagnetic lenses for adjusting the focus of the specimen to examine the
diffraction pattern and magnification of this pattern to the system for detection. To extract
the maximum amount of information from the samples, various imaging modes are also
available in TEM. For example, the bright field imaging technique reveals internal properties
of the samples, such as changed mass, thickness, grain boundaries, and dislocations, with
the help of elastic and inelastically scattered electrons. Furthermore, the crystallographic
information of the samples can also be identified by the diffraction pattern of the samples.
In TEM, the diffraction pattern is developed using elastically scattered electron interference

(both constructive and destructive).
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Figure 3.3: Schematic illustration of basic XPS equation®®®, Rights managed by AIP Pub-
lishing.

3.2.2 Spectroscopic Techniques

X-Ray Photoelectron Spectroscopy

Heinrich Hertz first discovered in 1887 discovered the photoelectric effect, based on which the
X-ray Photoelectron Spectroscopy (XPS) technique works. In 1905, Albert Einstein more
formally described the method of emission of electrons from surfaces by the irradiation of
light and was awarded the Nobel Prize in physics in 1921. In this revolutionary technique,
the sample is bombarded with X-rays with energies lower than 6 keV. The emitted electrons
from the sample’s surface have a certain kinetic energy, which is detected and analyzed. The
photoelectron emitted from the surface results from the energy transfer from an X-ray to an
electron in the atom’s core. The kinetic energy of the electron can be calculated from the

equation 3.1

KEmeasured = hV - BE - ¢spectrometer (31)

Where the kinetic energy is denoted by KE, the energy of the X-ray is indicated by hv,
the spectrometer work function is represented by @spectrometer (8 constant value), and the

binding energy (how tightly the electron is bound to the orbital). The equation is illustrated
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schematically in the following figure. The Fermi energy level is known as the zero binding
energy. The difference of energy between the Fermi energy level and any energy level below
denotes the energy of the ion remaining after the emission of an electron, otherwise named
Binding Energy. The photoelectron peaks obtained from the experiment are expressed by the
element and the orbital emitted by the electron. For instance, Cls in this picture denotes the
electron from the 1s orbital of the Carbon atom!'®’. Figure 3.3 illustrates the XPS working

principle.

Raman Spectroscopy

Raman spectroscopy works based on the principle of Raman Scattering. Specifically, Raman
scattering is based on the principle that there is a difference in the frequency of scattered
radiation and incident radiation that is monochromatic. In this method, the sample is irra-
diated with a monochrome laser of a specific frequency. This monochromatic light interacts
with the sample molecules and scatters in different directions. The frequency of this scattered
radiation is often the same as the incident radiation and is described as the Rayleigh Scat-
tering. However, only a small amount of scattered radiation contains a frequency different
from the frequency of the incident light, which builds up the Raman scattering phenomena
(known as Inelastic Scattering). The scattered radiation mentioned above is measured at
900 to the incident light and picked up by a detector after being separated from the Rayleigh
scattering (Elastic Scattering). In the figure, the energy transfer process due to the coupling
of the incident light and the quantized state of the scattering system is shown. This cou-
pling decides whether the incident photon will lose energy (Stokes scattering) or gain energy
(Anti-stokes scattering) on the level of molecular vibration-rotation. Figure 77 illustrates
the stokes and anti-stokes scattering processes. Raman Spectra is presented as an intensity
vs. Raman shift plot. Using this data, the detection of molecules in the sample is carried out,

and the structural transformation during different chemical reactions can be highlighted.
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Figure 3.4: Schematic of Stokes and Anti Stokes Scattering®®®, Copyright 2003 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.

Fourier Transform Infrared Spectroscopy

When the molecules absorb electromagnetic radiation, the transition between the rotational
energy level and vibrational energy level of the lowest electronic state occurs in the mid-
infrared region. However, infrared spectroscopy mainly deals with the vibrational modes of
the molecules. Therefore, an FTIR instrument primarily consists of a source that continu-
ously provides infrared radiation, a part that translates this infrared radiation to component

wavelengths, and a detector. Thus, the whole procedure can be expressed by the equation 3.2.

T(v) = (3.2)

Where T is denoted as transmittance, I is the intensity of the infrared radiation when the
sample is placed between the source and detector, and I, states the infrared radiation when
the sample is not present. The wavenumber is represented by v, and at equal wavenumber
intervals, the transmittance is recorded. The compounds with molecular structures pro-
ducing increments in dipole antisymmetric vibration are considered infrared active. Thus,

the available functional groups and the evolution of structural bonds in such materials are
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investigated with this instrument 3!

3.2.3 Electrochemical Analysis Techniques

A range of electrochemical analysis techniques were utilized in this thesis, the working prin-
ciple of which are briefly discussed below. Specific experimental conditions are discussed in

the material and methods section of each chapter.

Galvanostatic Charge Discharge

Galvanostatic charge-discharge (GCD) is one of the most utilized electrochemical analysis
techniques for electrode performance evaluation. A constant current is applied to the elec-
trode while charging and discharging the electrode within a specific potential range, and
the change in voltage as a function of time is measured. Different energy storage devices
— capacitors, pseudocapacitors, and batteries yield distinct GCD profiles due to the unique
reactions. The reason behind such behavior falls outside the depth of this research, however,
a small description will definitely be provided. The current density affects the diffusive or
capacitive controlled behavior and contributions of the total system. At sufficiently low cur-
rent density, ions access the active sites of the electrode material, and all the reactions get
captured in the profile. The opposite happens at higher current density as sufficient time
for diffusion of ions is not available at higher scan rates. In practice, the specific capacity of

the electrode material is determined from the equation 3.3

o iteutos _ i [Vt
practical = g e m 3.6 xmxV

(mAhg ) (3.3)

Where V denotes the potential, t is the time for which the experiment was performed,
and m denotes the specific weight of the active material within the electrode.

Coulombic efficiency is another important parameter obtainable from the GCD exper-
iment — defined as the ratio of charge drawn out from the cell during discharge and the

stored charge during the charging process. As this study utilizes half-cells, an inverse of
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this ratio will be considered as the coulombic efficiency (C.E.). GCD also presents different
derivative techniques to evaluate the performance of the cell overall. Rate capability is one
technique where the device’s capability is measured as a function of increasing current den-
sity. An electrode possessing fast kinetic properties performs well at higher current densities
with a decrease in diffusion pathway and an increase in fast electron/ion transport. An-
other method of cell-level electrochemical property measurement is predominantly known as

cycling stability, where capacity is measured at constant charging/discharging conditions*?.

Cyclic Voltammetry

Highlighting on cyclic voltammetry (CV) drives us back to linear sweep voltammetry (LSV),
where current is measured while the potential is linearly swept as a function of time. The
voltage change over time can be represented as a slope, otherwise known as scan rate (mV
s). Various factors affect the curve obtained from LSV: the rate of electron transfer as the
electrochemical reaction takes place, the reactivity of the electrode active material, and the
scan rate at which the curve is obtained. The data obtained from the LSV experiment
denote either the anodic or cathodic peak. The difference between LSV and CV is that
the CV experiment is not particularly limited to a single scan but a loop of multiple scans,
and for this very cyclic nature, the technique gained its particular name. The nature of
electrochemical processes within the material can be qualitatively identified as reversible,
quasi-reversible, or irreversible and can be demonstrated by astute observation of the shape
of the CV curve or the correlation between current, scan rate, and potential. The currents

within the system always follow the power law as equation 3.4.

i=av’ (3.4)

Where i is the current in A, v is the scan rate (mV s), and a and b are dependent values.
The b-value from the above-mentioned equation is a sum of the diffusion-controlled and
capacitive currents. According to the Randles-Sevcik equation, diffusion-controlled currents

1/2

yield a proportional change with the scan rate, v'/=. On the contrary, capacitive currents

o4



follow a linear relationship with scan rate. Taking the log of the above equation yields,

logi = loga + blogv (3.5)
From where b can be rewritten as:
logi — loga
b= ——— 3.6
logv (36)

This b term in the equation takes a value between 0.5 and 1.0, depending on the type of
reaction. Notably, the total current i is a sum of both diffusion-controlled and capacity

reactions, which can be expressed as follows:
. 1
i = kv + kouz (3.7)

Where kyv represents the capacitive reaction and kgl/% represents diffusion controlled reac-

1/2

tions. A linear fit of i/vl/ 2 vs. vY2 results in specific values of k; and ky, — therefore, k;

denoting the slope and k, denoting the y-intercept value yields a fraction of currents!®4233,

3D differential capacity curves

Differential capacity (dQ/dV) curves are similar to CV experiments with the major difference
in the analysis technique from which it is derived. The dQ/dV curves are derived from the
experimental data obtained from GCD experiments'®. In general, the similarity lies in the
fact that the CV curve, where current (i) is plotted in the x-axis, can be transformed into

dQ/dV, by following the equations stated below:

V=ut (3.8)
av
_ &«
1= (3.10)
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I d
= d—? (3.11)
In this thesis, differential capacity curves were reinvented as an in-situ technique through
which changes in electrochemical reactions were measured as a function of the cycle index.
While different in-situ techniques (in-situ Raman, FTIR, or XRD) for measuring the material

properties of electrodes are expensive, require intricate experimental conditions, and depend

on the expertise of the personnel, 3D dQ/dV can be an excellent complementary technique.
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Chapter 4

WSo Nanosheet rooted SiOC

Fibermat for beyond LiT- ion Storage!

4.1 Preface

Transition metal dichalcogenides (TMDs) such as the WS, have been widely studied as po-
tential electrode materials for lithium-ion batteries (LIB) owing to TMDs’ layered morphol-
ogy and reversible conversion reaction with the alkali metals between 0 to 2 V (v/s Li/Li")
potentials. However, works involving TMD materials as electrodes for sodium- (NIBs) and
potassium-ion batteries (KIBs) are relatively few, mainly due to poor electrode performance
arising from significant volume changes and pulverization by the larger size alkali-metal ions.
Here, we show that Na®™ and KT cyclability in WS, TMD is improved by introducing WS,
nanosheets in a chemically and mechanically robust matrix comprising precursor-derived
ceramic (PDC) silicon oxycarbide (SiOC) material. The WS, /SiOC composite in fibermat
morphology was achieved via electrospinning followed by thermolysis of a polymer solution
consisting of a polysiloxane (precursor to SiOC) dispersed with exfoliated WS, nanosheets.
The composite electrode was successfully tested in Na-ion and K-ion half-cells as a working

electrode, which rendered the first cycle charge capacity of 474.88 mAh g=! and 218.91 mAh

'Reprinted from Dey, Sonjoy, and Gurpreet Singh. WS, Nanosheet Loaded Silicon-Oxycarbide Electrode
for Sodium and Potassium Batteries.” Nanomaterials 12.23 (2022): 4185.
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g~ ! respectively. The synergistic effect of the composite electrode leads to higher capacity

and improved coulombic efficiency compared to the neat WSy and neat SiOC materials in

these cells.

4.2 Introduction

With innumerable advantages such as high round trip efficiency, long cycle life, and minimal
maintenance of electrochemical energy storage, rechargeable batteries have opened the door
to innovative technologies such as mobile electronics and electrified transportation!*®. Fur-
thermore, the widespread application of electronic devices in the healthcare, fitness, sensing,
sports, and textile industries has shifted consumer focus to flexible and stretchable electron-
ics1%. Consequently, rechargeable batteries, specifically LIB technology, have drastically
developed in the last two decades. Although LIBs are superior in the electrochemical energy
storage systems (EESS) due to their high energy density and lightweight characteristics, their
questionable sustainability, low theoretical capacity (theoretical specific capacity of 372 mAh
g™1) of anode material in advanced LIBs (does not match the energy density requirement),
and high cost of lithium metal and other battery components have shifted the research at-
tention to other options. Thus, high-capacity batteries based on lighter alkali metals, such
as sodium (Na) and potassium (K), are becoming valid contenders due to their abundance

3% However, Na and K ions have larger ionic radiuses (1.02 A for

and minimal expense
Na't; 1.38 A for K¥), rendering graphite-based anodes with an interlayer spacing of 3.35 A
useless. Also, high volume expansion (61% for K™ ions) causes structural disintegration and
subsequent capacity fading in graphite during charge and discharge cycles!™%3%4,

When graphene was first exfoliated from graphite using the mechanical cleavage tech-
nique, the scientific community’s elevated interest was focused on developing similar two-
dimensional (2D) materials. 2D TMDs contain a sheet-like graphene morphology with hexag-
onally packed layers of transition metal atoms sandwiched between two chalcogen atoms.

Although the intralayer metal chalcogen bonds in TMDs are covalent, the sandwich layers

are coupled by van der Waals bonds which are typically weak, rendering them useful for ap-
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plication in vast fundamental and technological disciplines such as catalysis, energy storage,

°L Among the various 2D TMDs, WS, contains a lamellar

sensing, and electronic devices
structure with an interlayer spacing of 0.62 nm between (002) lattice planes, thus offering
suitable space for the reversible insertion of large-sized Na and K ions®. Moreover, because
WS, has a superior volumetric energy density of 3248 mAh cm™3 as a LIB electrode due to
the high density (>7 g cm™3), WS, is an auspicious choice for anode material®>*’. Although
significant research has investigated WS, as a potential lithium-ion storage application, the
application of WS, in NIBs and KIBs is somewhat limited. Unique, distinctively tailored
nanostructures of WSy, such as nanoflakes, nanosheets, nanowires, and nanoflowers, have
also been studied to determine if they enhance the performances of NIBg?80:316:363;380;382;392
Still, these require extensive conditions to fabricate such structures. On the other hand,
when commercial WS, powder was investigated for K-ion storage behavior, the capacity was
only 103 mAh g~! in a potential window of 0.01-3.0 V at 100 mA g~ !32. Furthermore,
few investigations have found that when alkali metal ions are inserted and extracted within
the layers, the failure of the electrode structure occurs as it goes through significant volume
change induced by mechanical stress. As a result, the delamination between the active ma-
terial and the current collector results in poor stability over a more extended period 70134356,
Moreover, the widely studied TMD materials prefer to undergo irreversible conversion reac-
tions rather than reversible intercalation reactions when interacting with alkali metal ions

forming an inert layer and causing first-cycle losses!C.

The layer formation is associated
with the dissolution of polysulfides in the electrolyte used in the device. With the issues
mentioned above, further investigation is needed to determine a simple and cost-effective
fabrication process to enhance electrode capacity in NIBs and KIBs.

To overcome the difficulties discussed above, when the TMD materials as battery elec-
trodes, are amalgamated with carbon materials, metal sulfides, oxides, and conducting poly-
mers which impart electronic conductivity within the composite material and boosts the

286 With unique physical and chemical properties, PDC materi-

electrochemical properties
als are also eying candidacy for their use in electrochemical energy storage devices. When the

microstructure of PDC is revealed, a network of sp2-bonded carbon atoms can be located at
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the tetrahedral silica boundary. In addition, the Si-C bonds are formed in PDCs, and these
bonds, along with the free carbon network resembling graphene, prevent the diffusion of
chemicals and degradation. For example, Davi et al. have shown that this amorphous struc-
ture of PDCs helps protect MoS, from degradation and prevents the loss of sulfur species in
PDC/MoS, composite, thereby improving capacity retention in NIB electrodes!3*. However,
the use of PDCs as KIB electrodes is yet to be thoroughly studied, which prompted the
current investigation.

The present study sought to chemically functionalize WSy nanosheets with PDCs by
fabricating a fiber structure via electrospinning, thus obtaining electrodes with lucrative
electrochemical properties. The fibermat electrode was achieved by preparing a spinnable
solution with liquid phase preceramic oligomer and exfoliated WS, nanosheets, followed by
pyrolysis. The obtained non-woven fibermat structure contained an arid amount of WS,
nanosheet embedded into the SiIOC structure that helped buffer the volume change induced
by the TMD material when used as Na™ ion and K ion half-cells. The microscopic and
spectroscopic analysis confirmed the presence of WS, nanosheets and the SiOC structure,
exhibiting improved rate capability compared to the neat materials in NIBs and KIBs. This
is potentially the first investigation to feature WS, nanosheet and PDC in fibermat form for

use beyond LIB chemistry.

4.3 Materials and Methods

4.3.1 Electrospinning Solution Preparation

The neat WS, powder utilized in this study was purchased from Alfa Aesar (Haverhill, MA,
USA). The preceramic silicon oligomer 1, 3, 5, 7-tetramethyl, 1, 3, 5, 7-tetravinyl cyclote-
trasiloxane (4-TTCS) was purchased from Gelest (Morrisville, PA; USA) and used without
further modification. The solution preparation process for the electrospinning process in-
cluded sonicating the obtained WS, powder with isopropyl alcohol purchased from Fisher

Chemical (Lenexa, KS, USA) for 1 h in a probe sonicator. The result was a black dispersion.

60



This 4-TTCS and Polyvinylpyrrolidone (PVP) with an average molecular mass of 1,300,000
g mol™! purchased from Sigma Aldrich (Missouri, MA, USA) were mixed with the previ-
ous solution via stirring until a homogenous mixture was obtained. The weight ratio of the
4TTCS: TPA was kept at 1:9, and the weight ratio of the WS, powder: 4TTCS was 1:5. PVP
was mixed at a weight ratio of 1:3 with 4TTCS to induce viscosity to the overall solution as
the preceramic oligomer possessed low molecular weight (j500 g mol™!). A small amount of
Dicumyl peroxide (1 wt. % of 4TTCS) purchased from Sigma Aldrich was also mixed with

this solution which worked as a cross-linking agent.

4.3.2 Electrospinning Conditions and Fibermat Fabrication

Preparation of fibermat containing WS, nanosheets is a multistep process in which the
first step is to produce a flowable and viscous solution (10 poise) favorable for spinning
conditions and as described in the previous section. The as-prepared solution was loaded
into a syringe with a metallic needle connected with a high-power voltage source grounded
with a roller collector. Aside from the prepared solution, the spinnability of fibers depends
on various other parameters. Examples include the feed rate of the solution (kept at 5 mL
h™'), optimization of the applied electric field between the needle and the roller collector
(19 kV was utilized in this study), and the distance between the needle tip and the roller
collector (constantly kept at 12 cm). Such conditions enabled us to fabricate the as-spun
fibermat about 20 x 20 cm? in area and dark greyish in appearance. The as-spun fibermat
was kept in a low-temperature oven for 6 h at a temperature of 160 °C to cross-link under
ambient conditions. A small portion of this fibermat (30 x 25 mm?) was taken into a
ceramic boat and pyrolyzed at higher temperatures in a tube furnace. The heat treatment
was carried out in a two-step process at 400 °C for 1 h and 800 °C for 30 min under an inert
atmosphere (Argon gas). The heating rate was kept constant at 2 °C per minute. Thus, the
final pyrolyzed WS, /SiOC fibermat was obtained.
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4.3.3 Characterization Techniques

The morphology of the fibermat was investigated with two SEM microscopes, namely Carl
Zeiss EVO MA10 and FEI Nova NanoSEM450, with a 5-30 kV impinging voltage. Trans-
mission electron microscopic images were obtained using Phillips CM100 TEM (Nashville,
TN, USA) under an accelerating voltage of 100 kV. The chemical analysis of the samples
was done by X-ray photoelectron spectroscopy (XPS), obtained using PHI Quantera SXM
using monochromatic Al-Ka with an energy of 1486.6 eV. The Raman imaging system of
Horiba Jobin Yvon LabRam Aramis was utilized using a He-Ne laser (wavelength of 633 nm
and power of 17 mW) to collect the Raman spectra of the pyrolyzed samples. The FTIR
spectra of the fibermats were collected utilizing the Spectrum 400 FT-IR spectrometer from

PerkinElmer (Waltham, MA, USA).

4.3.4 Electrochemical Techniques

The electrodes studied in this work were prepared in the following composition: 70 wt.%
of active material (WS,/SiOC pyrolyzed fibermats), 15 wt. % of carbon black as the con-
ducting agent (Alfa Aesar, Haverhill, MA, USA), and 15 wt. % of polyvinylidene fluoride
as the binder (Alfa Aesar). A homogenous slurry was obtained upon mixing the materials
mentioned above by adding 1-Methyl-2-pyrrolidinone (Sigma Aldrich, Missouri, MA, USA)
in a dropwise manner. This slurry was then coated on a 9 pm thick copper substrate and
then dried at 80 °C for 18 h to remove solvents. The thickness of the then-obtained film
was found to be 125 pm. Circular sections were obtained with a 14.29 mm diameter circular
punch to be used as a working electrode in the 2032 type coin cell. The active material
(WS, /SiOC) mass loading for the NIB and KIB cells was 0.63 mg each. The negative elec-
trode in the case of NIBs was sodium metal with 1.0 M NaClO, (Alfa Aesar) in (1:1 v/v)
EC: DMC (anhydrous, 99%, Sigma Aldrich) as electrolyte. On the other hand, the negative
electrode in the case of KIBs was potassium metal with 1.0 M KPFg (Alfa Aesar) in (1:1
v/v) EC: DMC (anhydrous, 99%, Sigma Aldrich) as electrolyte. In both cases, the two

electrodes were separated by a monolayer membrane (Celgard), and the glass separator was
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soaked with electrolytes. All the cells were assembled in a high-precision argon atmosphere

with Oy and HyO contents below 0.1 ppm.

4.4 Results and Discussions

4.4.1 Microscopic Analysis

As the fibermats were first electrospun and then cross-linked and pyrolyzed at elevated tem-
peratures, it was essential to investigate the surface of the fibers as the effect of temperature
could be diverse. Thus, SEM micrographs were obtained for the as-spun (figure 4.1a), cross-
linked (figure 4.1b), and pyrolyzed fibermats (figure 4.1c). The inset of each figure shows
distribution plots obtained from ImageJ software to study fiber diameters. The average di-
ameter for the as-spun fibers was 6—7 pm, while the average diameters for the cross-linked
fibers were 3—4 pm, and the diameter range of the pyrolyzed fibers was 1.6-2.0 pm. Mag-
nified SEM micrographs (figure 4.1d,e) of the final pyrolyzed fibermat showed regular fibers
with no anomalies such as beads or defects. The WS, nanosheets were sporadically scat-
tered as islands in the fiber geometry. The fiber diameter decreased as a function of the
temperature and was further investigated via spectroscopic methods. The change in fiber
diameter in different conditions was comparable to the weight-loss phenomenon recorded
in various annealing stages, as shown in Figure 4.6(a—c). A digital camera image showed
a gray WS, /SiOC as-spun fibermat, which correlated to the color of the near WS, fibers
but differed from the neat SiOC fibermat. The cross-linked fibermat, however, had a light
gray appearance with a weight retention of 56.04% and a linear shrinkage of 4.9%. The
final pyrolyzed fibermat was black, with a weight retention of 52.27% of the cross-linked
fibermat. Linear shrinkage was observed at 51.43%. The weight loss and linear shrinkage
records were then corroborated by the fiber diameter from the SEM images. The elemental
distribution map obtained from the Energy Dispersive Spectroscopy (EDS) showed an even
distribution of the materials in the fibermats. The W-La-1 and S-Ka-1 maps in Figure 1f,g

show the nanosheet-like distribution for these elements in the fibermat, implying that the
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WS, nanosheets are well bonded with the SiOC fiber matrix. Si-Ka-1, C-Ka-1,2, and O-Ka-
1 maps in figure 4.1h—j show that these elements were distributed in a fiber-like fashion. A
qualitative analysis of the elements in the fibermats was also carried out via the EDS, shown
in figure 4.1k. Characteristic W-La at (8.6 keV) and S-Ka (at 2.52 keV) spectral lines were
observed in the fibermat, confirming the presence of WS, nanosheet material. In addition
to the peaks, spectral lines for Si-Ka (at 1.97 keV), O-Ka (at 0.73 keV), and C-Ka (at 0.48
keV) were also observed, denoting the presence of Si-O-C matrix after pyrolysis. Notably,
calibration caused the entire spectra to shift by 0.2 keV.

TEM was conducted to gain further insights into fiber morphologies. Bulk WS, powders
were first studied (figure 4.11) to confirm the layered morphology of the crystal. figure 4.11
shows layered WS, sheets with edge angles of 120°. The crystalline nature of this sheet was
revealed by the selected area electron diffraction (SAED) pattern, denoting the 100 and 110

crystal planes®9! (

shown in figure 4.1m). The magnified TEM image of the WS, nanosheet
containing SiOC fibers is illustrated in figure 4.1n, which shows the numerous pores through
which the electron beam could pass. These pores are likely being generated due to gas
evolution during polymer-to-ceramic transformation at elevated temperatures. Liwen et al.
have demonstrated that these pores are beneficial for electrochemical storage applications as
the porosity induces the charge transfer at the electrode-electrolyte interface and attenuates
the volume change providing a feasible container space®?. The SAED pattern taken from
the WSy nanosheet within the fiber shows the same hexagonal spotted pattern observed
from figure 4.1o with 100 and 110 crystal planes indicating that the WS, nanosheet retains
its crystalline nature even after pyrolysis. The micrographs show that the WS, nanosheets
maintain their crystalline structure even after functionalizing with SiOC material in fiber
form. This formation might lessen the polysulfide dissolution when cycled in alkali metal-
ion batteries. As the fibermats were first electrospun and then cross-linked and pyrolyzed at

elevated temperatures, it was essential to investigate the surface of the fibers as the effect of

temperature could be diverse.
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Figure 4.1: SEM micrograph of (a) as-spun WSs/SiOC fibermat; (b) cross-linked
WSs/Si0C fibermat; (c) pyrolyzed WSs/SiOC fibermat; the inset showing the distribution
curve of the fiber diameter; (d) magnified SEM micrograph of the pyrolyzed fibermat eluci-
dating the individual fibers; (e) magnified SEM micrograph of the pyrolyzed fibermat showing
WSy nanosheet dispersed in the SiOC matriz; (f) W-La-1; (g) S-Ka-1; (h) Si-Ka-1; (i)
C-Ka-1,2; (j) O-Ka-1 EDS color map of the pyrolyzed fibermat; (k) EDS Spectra of the
WSs/Si0C fibermat confirming the presence of the materials within; (1) TEM image of the
bulk WSy nanosheet; (m) SAED pattern obtained from a part of the WSy nanosheet of Fig-
ure l; (n) TEM image of the WSs/SiOC fibermat; (0) SAED pattern of the crystalline WSy
nanosheet obtained from a specific portion of the WSy, /SiOC' fibermat.
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4.4.2 Spectroscopic Analysis

Raman Spectroscopy, an all-embracing technique, was used to decipher the microstructure
of the fibermat and designate the free carbon phase and the presence of the WS, nanosheet
materials. Figure 4.2a illustrates the Raman spectra of the bulk WS, powder that can be
compared with the WS, nanosheet within the fibermat geometry. The figure also shows
many major and minor peaks in the spectrum. Minor peaks with low intensity in the
spectrum include Aj,(M)-LA(M) at 230 ecm™!, 2LA(M)-3E?,(M) at 264 cm™', 2LA(M)-
2E%5,(M) at 297 em™!, and 2LA(M) at 350 cm™!. In addition, the spectrum shows two
major high-intensity peaks: first-order optical modes E'5, at 354 cm™! and A, at 418
cm~!. Notably, the 2LA(M) mode overlapped with the E's; mode. While in backscattering
geometry, the first-order modes E'5, and A;, were prominent, with the Brillouin zone edge
mode primarily being activated by disorder-induced within the sample, thereby identifying
the longitudinal acoustic mode at the M point, namely LA(M). Specifically, the LA(M)
mode results from the in-plane collective movement of atoms within the lattice, identical
to sound waves. The atoms periodically compress and expand to create such waves along
the propagation direction. Additional peaks in the spectra were the result of multi-phonon
combinations of the above mode?%2%203:283:368  Although the LA(M) mode at 176 cm™
was shallow in this investigation, the 2LA(M) mode combined with the E's, to render a
high-intensity peak. All the first-order and second-order peaks occurred in the WS, bulk
material and WS, nanosheets in the fibermat. For the WS, /SiOC fibermat sample (shown
in Figure 4.2b), the high-intensity peaks were E's; and A;, bands at 350 cm™! and 417 cm ™,
respectively.

Another experimental feature from the WS, /SiOC sample’s Raman spectra was the filler
material’s layer thickness. Because the exfoliated WSy nanosheets were used to prepare the
electrospinning solution, some features of the few layers of thick nanosheets were identified
as expected. In summary, the A;, peaks underwent a slight red shift. In contrast, the E's,
peak experienced a subtle blue shift, as indicated by the few-layer nature of the nanosheets,

potentially due to the sonication of the WS, nanosheet material during solution preparation
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for the as-spun fibermat '*®. Moreover, the intensity ratio of the E's; to A, peak of the WS,
nanosheets in the fibermat was 0.83, indicating a few layered natures of the nanosheets within
the fibermat. However, the intensity ratio of the two major peaks of the bulk material was
in the range of 0.48, which accurately reflects previous studies by Zeng et Al. and Berkdemir

et AL2%3,
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Figure 4.2: Raman Spectra of (a) Bulk WSy powder showing the typical position of the
peaks obtained from the neat material; (b) WSs/SiOC fibermat in the lower wavenumber
region confirming the presence of the WSy nanosheet material within the fibermat showing the
same peaks as the bulk material with subtle differences; (¢) WSs/SiOC fibermat in the higher
wavenumber region confirming the free carbon species (integrated spectra using a gaussian
function); (d) FTIR spectra of As-spun, cross-linked, and pyrolyzed fibermats. The spectra
from top to bottom illustrate data obtained from individual pyrolyzed, cross-linked, and as-
spun fibermats.

Peak-fitted Raman spectra from Figure 4.2¢ showed the free-carbon phase of the WS, /SiOC

fibermat. The prominent D and G peaks occurred at 1351.65 cm~! and 1590.17 cm ™!, re-
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spectively. While the D peak was due to disordered carbon in the sample, the G band (E2g
symmetry) caused in-plane stretching of the sp2 carbon bonds?%!'2. The deconvoluted Ra-
man spectra revealed T and D” peaks in the shoulder of D and G bands at 1246.22 cm™!
and 1481.68 cm ™!, respectively. The T band signified the sp2-sp3 carbon-carbon double and
triple bonds. The D” band signified the amorphous nature of carbon in the sample, which
was verified in TEM diffraction pattern studies?'?. The high degree of disorder present in the
fibermats could also be verified from the intensity ratio of the D and G bands. For instance,

Ip /1 ratio for the WS, /SiOC sample was 0.71.
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Figure 4.3: (a) XPS survey scan of WSy containing SiOC' fibermats representing the pres-
ence of individual elements after pyrolysis of the fibermat at high temperature; (b) High-
resolution S2p (L) and W4f (R) XPS spectra of the WS, /SiOC fibermat recording the bond-
ing states due to s.o.s. of W and S; High-resolution: (c) Si2p XPS spectra; (d) Ols XPS
spectra; (e) Cls XPS spectra obtained from the WS,,SiOC fibermat confirming the bonding
states of the Si, O and, C, respectively in S1OC matrix.

Fourier transform infrared spectroscopy (FTIR) was used to identify the polymerization
within the fiber geometry during the decomposition stages. Figure 4.2d shows FTIR spectra
of the as-spun WS, /SiOC fibermat. In general, peaks observed in the region of 1265-1285
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cm ™! were responsible for the -C-N bond originating from the PVP molecule. In addition,
peaks in the 1650-1660 cm ™' region caused the carbonyl group in the molecule. The two
peaks mentioned above in the functional group and fingerprint regions are primary indicators
of the presence of the PVP molecule in the as-spun fibermat!®. FTIR spectra also verified
the facile integration of WS, nanosheets with carbon-based groups. In addition, the peaks
at 650 cm ! and 1080 cm ™! were responsible for the W-S and S-S bonds, respectively 108125,
Multiple peaks at 650 cm™! to 800 cm™! refer to the samples’ C-S bonds. For example, the
peak at 790 cm ™! is characteristic of C-S-S-C, H-C-S, and C-S bonds?%%3™, Furthermore, the
strong absorption from 1000 cm™! to 1070 cm™! indicates the Si-O bonds. The presence of
the -CHjs deformation and asymmetric stretching in Si-CH3 bonds is visible in the range 1261
cm ! and 2961 cm ™! region, respectively. The absorption peak at 800 cm ™" indicates the Si-C
stretching vibration!™. These peaks confirm the presence of preceramic polymer in the fiber
morphology by previous investigations?'®3%7. For the cross-linked fibermats (Figure 4.2d;
spectra in the middle), peak intensity decreased for both fibermat samples, indicating the
occurrence of vinyl polymerization. Finally, the pyrolyzed fibermats (Figure 4.2d; spectra
at the top) show Si-O and Si-C bonds.

In this study, XPS, an important technique used in the chemical analysis field for analyz-
ing surface characteristics, was utilized to provide details regarding elements that compose
the material and the chemical and electronic state. Figure 4.3a represents the XPS survey
scan of the WS, /SiOC fibermats. The presence of W, S, Si, O, and C can be verified from the
survey scan of the fibermats with no contamination with other materials within the instru-
ment sensitivity. Table 4.1 in the Supplementary Information presents the atomic percentage
of the elements in the fibermat. WS, in the form of nanosheet is found at 1.5% for W and
1.19% for S in the fibermat. Moreover, the high amount of carbon in the fibermat (73.42%
found from the survey scan) also confirms the free carbon phase after the pyrolysis cycle,
which was previously proven by the Raman spectroscopic analysis. Figure 4.3b. illustrates
the high-resolution W4f and S2p spectra of the fibermats, confirming the bonding states of

W present in the fibermat. Tougard function was used to subtract the background, and the

spectra were fitted using the Voigt function. Spin-orbit splitting (s.0.s.) produced two core
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level peaks for each W4f and S2p, namely 4f7/2, 4f5/2, 2p3/2, and 2p1/2, respectively. For
example, the binding energy of W4f showed that the W*T state presented 4f7/2 and 4f5/2
bands in 33.6 eV and 31.6 eV, respectively. The XPS spectra efficiently captured the effect
of sonication of the bulk WS, powder when preparing the electrospinning solution. The
sonication caused the formation of 2H and 1T/1T’ form, as shown by the abundant W4{7/2
component in the sample due to high peak intensity. Slight oxidation of the layered WS,
nanosheets was also observed with characteristic peaks of WO, at 35.4 eV and 37.5 eV. The
presence of the WO, component may result from oxygen functionalities originating from the
preceramic polymer.

The high-resolution S2p spectra can also be deconvoluted into two components: 2pl/2
and 2p3/2 at 163.1 and 161.8 eV, respectively. These intermediate doublets were due
to sulfur S?~ ions in WS, as noted in previous investigations of WS, nanosheets and

nanoflakes 145;290;397

. The high-resolution spectra of the Si2p, Ols, and Cls were also ob-
tained for the fibermat and shown in Figure 4.3c—e, respectively. The deconvoluted Si2p
spectra represented the Si-O and Si-C bonds present in the fibermat. From the Cls spectra,
the C-Si, C-C, and C=0 bonds were identified. From the Ols spectra of the fibermat, the
Si-O and, SiOy bond states were observed with a dominance of the SiOs over the other.
From all this information, it is apparent that a good amount of carbon in the sample is
also bonded with Si, and individual SiOs regions were observable, which validates the SiOC
microstructure of the pyrolyzed fibermat even after pyrolysis while including WS, in the

nanosheet form %100,

4.4.3 Electrochemical Analysis

An investigation of Na™ ion and KT ion electrochemical reactions at various potentials was
carried out using a galvanostatic charge—discharge (GCD) profile. The differential capacity
curves obtained from the GCD profile provide a clearer view of the plateaus available in
the GCD profile, converting them into individual peaks. Supplementary Figure 4.6a depicts

the GCD profile and corresponding differential capacity curve of the bulk WSy nanosheet
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material when used as an anode in the Na-ion half-cell. From the differential capacity curve
of the Na-ion half-cell (shown in Supplementary Figure 4.6b), it is apparent that the Na-
ion insertion process in the bulk material is multistep, with several peaks appearing in the
charge and discharge cycles. In the first sodiation process, two major peaks at 0.29 and 0.6 V
(vs. Na/Na™) can be attributed to the irreversible conversion reaction of WS, with sodium
ions into metallic nanoparticles embedded into the Na2S matrix and the formation of solid

266 Again, during the 1st

electrolyte interphase (SEI) layer on the surface of the electrode
desodiation cycle, oxidation of W to WS, is located at the curve in regions 1.89 and 2.3 V
(vs. Na/Na™)24141 In the second and third cycles, the peaks at 0.29 and 0.60 V diminish,
indicating that the reaction is irreversible. The reversible reaction between Na™ ions and
WS, can be traced to the peak at 1.36 V (vs. Na/Na™), which is apparent only from the
second cycle onwards?*. For the desodiation process in the 2nd and 3rd cycles, the before-
mentioned peaks seem to have weakened and broadened. From the GCD curve denoted by
Supplementary Figure 4.6b, the first cycle charge capacity of the WS, neat electrode is found
to be 380.42 mAh g~! with a coulombic efficiency of 67.2% at a current density value of 100
mA g~!. This initial irreversible capacity loss is thought to originate from the conversion
reaction and SEI layer formation during the first stages of cycling, which is a typical case
for layered compounds. Achieving stability in this layer formation takes some time for a
neat WS, electrode, so the high capacity drop in the first five cycles is observed. The charge
capacity achieved stability after the first five cycles. In a rate capability test (where current
density was increased orderly), the material retained its stable coulombic efficiency only after
the 10th cycle, reaching nearly 100% and maintaining a similar value till the 45th cycle. In
the rate capability test (shown in Figure 4.4c), the capacity retention during the 26th, 31st,
36th, and 41st when the current density was brought back to the initial rate (600, 400, 200,
100 mA g1, respectively) was found out to be 98.7%, 92.4%, 81.78%, 59.54%, respectively.

Although silicon-based materials are thought to be almost inactive in NIBs, recent in-
vestigations report that free-carbon domains existing in such materials are well suited to

store Na™ ions. Therefore, it is logical to expect Na™ ion storage property originating from

the existence of free carbon domains, which is evident in the spectroscopic analysis of the
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SiOC material used in this study. Neat SiOC fibermats were studied in GCD experiments at
the same condition described before (shown in Supplementary Figure 4.7¢). The differential
capacity curve obtained from the GCD curves (shown in Figure 4.7d) offers a pair of peaks
during the sodiation/desodiation process at 0.01 and 0.09 V, which can be ascribed to the
free carbon sites. On the other hand, the peak at 0.57 V region can be assigned to the trap-
ping of Na™ ions into the highly active defective graphene sites, which is irreversible in the
following cycles and the formation of the SEI layer. It is thought that this peak contributes
to the fluctuations in the coulombic efficiency of the SiOC electrode seen in Figure 4.4c.
Such observations are comparable to the ones made in previous studies conducted regarding
using SiOC-based materials in NIB setup?*!7.

In the case of the composite electrode fabricated with WS, and SiOC material, the Na*
ion storage performance was also evaluated via GCD experimentation (Figure 4.4a). The
differential capacity curve obtained (shown in Figure 4.4b) from the GCD plots showed a
combination of peaks from the neat WS, and SiOC materials. For instance, in Figure 4.4b,
where the differential capacity curve of the WS, /SiOC electrode is illustrated, we observe the
pair of peaks at 0.01 V and 0.08 V, which is reversible in subsequent cycles originating from
the free carbon phase of the SiOC material. Three irreversible 1st cycle peaks exist at 0.3 V,
0.44 V, and 0.63 V region. While the 0.3 V and 0.63 V peaks can be assigned to the conversion
reaction of the WS, nanosheets and the formation of the SEI layer, the peaks seemed less
intense than the neat WS, material. Again, the peak residing at the 0.44 V region can be
assigned to the Na™ ions being trapped into the defective graphene edges emerging from the
SiOC material. This peak was also less intense than the neat SiOC fibermat electrodes. In
addition, reversible peaks were detected at 1.36 V, 2.01 V (in sodiation steps), 2.25 V, and
1.8 V (in desodiation steps). All the peaks, as mentioned earlier, originate from the WS,
nanosheets within the fiber structure. The WS,/SiOC electrode was cycled at a gradually
increasing current density of 100, 200, 400, 600, and 800 mA g~! and again brought back
to the initial rates in the subsequent cycles (shown in Figure 4.4c). The first cycle charge
capacity obtained from the composite electrode was 474.88 mAh g~! which is higher than
the neat WS, electrode (380.42 mAh g!) and neat SiOC fiber electrode (141.59 mAh g™1).
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At varying current densities of 100, 200, 400, 600, and 800 mA g~!, the capacity of the
composite electrode stood around 399.68, 313.3, 288.71, 268.1 mAh g~!, respectively, which
is also higher than both the neat materials as well. It is observable that after harsh cycling
conditions, the capacity retention at the 26th, 31st, 36th, and 41st cycles (when current
densities were brought back to the original value) were 95.89%, 96.54%, 79.85%, and 68.2%,
respectively which is comparable to the neat electrode. The first cycle coulombic efficiency
of the WS,/SiOC composite electrode stood at 63.95%, similar to the neat WSy powder
electrode (67.21%) and higher than the neat SiOC electrode (42.33%). Interestingly, while
the coulombic efficiency of the composite electrode reached nearly 100% in the 4th cycle, the
coulombic efficiency of the WS, powder electrode reached a similar value in the 17th cycle.
For the neat SiOC electrode, it took 22 cycles.

The K* ion storage mechanism of the neat WS, powder electrode is evaluated in the
GCD curve of Supplementary Figure 4.8a. The differential capacity curve derived from the
GCD curve (shown in Supplementary Figure 4.8b) illustrates the 1st potassiation cycle peaks
at 0.01, 0.35, 0.51, 0.76, and 1.25 V (vs. K/K"). The peak at 0.76 V (vs. K/K") can be
associated with the intercalation of K™ ions into the WS, lattice to form KxWS,3°2. This
peak shifts to the 0.83 V region in the subsequent cycles. The peaks below 0.75 V region can
be ascribed to the conversion reaction from KxWS, to K2S and metallic W and construction
of the SEI film or other irreversible reactions, as these peaks do not appear in the subsequent
cycles?27316 . During the depotassiation process broad peak at 1.34 V (vs. K/K™) is observed
in all the cycles signifying the deintercalation behavior of WS,3%t. From the GCD curve in
Supplementary Figure 4.7d, it is apparent that the 1st cycle charge capacity was 79.59 mAh
g~! with a very low coulombic efficiency of 24.49% at a current density value of 100 mA
g~!. This low coulombic efficiency in the 1st cycle is thought to be happening due to the
irreversible reactions taking place and also due to the ion size of the K ions, which is
comparatively larger than Na™ ions, which should undergo much more resistance than the
Na™ ions during the cycling process.

For this reason, the cell’s capacity is also lower than the NIB half-cell. The coulombic

efficiency of the electrode reached nearly 100% after ten cycles of charge-discharge. In the
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Figure 4.4: (a) GCD profile of the WS,,SiOC composite electrode when tested in a Na-ion
half-cell setup; (b) differential capacity curve of the WS,,SiOC composite electrode in Na-
ion half-cell setup derived from the GCD profile; (c) Rate capability test performed for the
WS5,8510C electrode when tested in a Na-ion half-cell setup at increasing current densities
and bringing back to initial conditions after five cycles after each step; (d) GCD profile of the
WSs/Si0C composite electrode when tested in a K-ion half-cell setup; (e) differential capacity
curve of the WSs/SiOC composite electrode in K-ion half-cell setup derived from the GCD
profile; (f) Rate capability test performed for the WS, /SiOC electrode when tested in a K*
1on half-cell setup at increasing current densities and bringing back to initial conditions after
five cycles after each step.
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rate capability test (shown in Figure 4.4f), the capacity retention during the 26th, 31st, 36th,
and 41st cycles when the current density was brought back to the initial rate (600, 400, 200,
100 mA g1, respectively) was found out to be 97.5, 92.9, 88.1 and 77.26%, respectively.
The K ion storage behavior via the differential capacity curve of the SiOC material (shown
in Supplementary Figure 4.7d) offered a pair of peaks at 0.01 V and 0.37 V during the
potassiation/depotassiation stages. These peaks are reversible and can be attributed to the
reversible K™ ion insertion and extraction in the free carbon domains within. A few peaks
around the 0.14 V and 0.28 V region indicate the SEI layer formation, and this reaction was
invisible in the following cycles 99344,

The WS,/SiOC composite electrode was tested in the KIB setup (shown in Figure 4.4d) in
the same condition as the NIB setup. The differential capacity curve obtained from the GCD
experiment of the composite electrode is shown in Figure 4.4e. which disclosed a combination
of the phenomenon of the WS, neat electrode and SiOC electrode shown in Supplementary
Figure 4.8c. From the differential capacity curve of the composite electrode (shown in Fig-
ure 4.4e), a pair of reversible peaks at 0.01 V and 0.26 V was observed, comparable to the
peaks originating from the neat SIOC material during the potassiation/depotassiation stages.
These peaks result from the insertion/extraction of K* ions in the free carbon domain of
the SiOC material validated by the spectroscopic experiments beforehand. Notably, the SEI
formation due to the WS, nanosheets contained within the fiber geometry can be identified
by the peak at 0.51 V, which was also visible for the neat WSy powder electrode that went
through a slight decrease in intensity. The peak at 0.81 V, also observed in the WS, neat
electrode, is the result of the K* ions intercalating into the layers of WS, nanosheets. This
peak similarly shifted in the region of 0.87 V in subsequent potassiation cycles and is indeed
reversible. These peaks are observed in 1.31 V and 0.7 V regions during the depotassita-
tion cycle, signifying the deintercalation of the K ions and is also reversible. The first
cycle charge capacity obtained from the composite electrode was 218.91 mAh g~! which is
higher than the neat WS, electrode (79.59 mAh g=!) and neat SiOC fiber electrode (169.66
mAh g=1). At varying current densities of 200, 400, 600, and 800 mA g~!, the capacity
of the composite electrode was 158.16, 125.92, 108.41, and 96.45 mAh g~!, respectively,
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which is also higher than both the neat materials. It is observable that after harsh cycling
conditions, the capacity retention at the 26th, 31st, 36th, and 41st cycles (when current
densities were brought back to the original value) were 99.6%, 98.01%, 95.39%, and 89.23%,
respectively which is comparable to the neat electrode. The 1st cycle coulombic efficiency of
the WS, /SiOC composite electrode for the KIB cell stood at 32.31%, which is higher than
the neat WS, powder electrode (24.49%) and the neat SiOC electrode (31.49%). This low
coulombic efficiency for all the electrodes can be ascribed to the SEI layer formation of the
electrode in the initial cycles. Interestingly, while the coulombic efficiency of the composite
electrode was higher than the neat materials from the 2nd cycle onwards and reached near
100% at the 7th cycle, the coulombic efficiency of the WS, powder electrode reached a similar
value at the 12th cycle. For the neat SiOC electrode, it took 22 cycles.

After 50 electrochemical cycles, the NIB and KIB cells containing the WS, /SiOC elec-
trodes were disassembled. The spent and desodiated/depotassiated electrodes were recovered
for further structural and morphological characterization. Figure 4.5a,b denote the SEM mi-
crographs of the desodiated WS, /SiOC electrodes. Signs of microcracks in the electrodes are
visible and marked with yellow dashed lines. Such microcracks are more visible at a mag-
nified scale when presented in Figure 4.5b, and such phenomena can be correlated with the
volume expansion of the WS, nanosheets and conversion reaction. However, other significant
signs of volume expansion, such as coating delamination and discoloration, were not visible
in the electrodes, which signifies the structural integrity of the electrodes. On the other
hand, the depotassiated WS, /SiOC electrodes illustrated by Figure 4.5¢,d show very few
microcracks, even on a magnified scale. Although there were no visible signs of delamination
of particles and discoloration, cubicle-shaped particles were apparent from the magnified
SEM micrographs (Figure 4.5d). These particles are considered WS, nanosheets, undergo-
ing repeated cycling processes, thus expanding their volume and forming such shapes. One
can hypothesize that such cubicle-shaped particles do not appear in the sodiated electrodes
because the radius of potassium ions is much larger than that of the sodium ions.

To summarize the overall performance, the composite electrode outperformed the neat

WS, nanosheet and SiOC electrodes in terms of capacity during harsh cycling conditions,
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capacity retention, and coulombic efficiency when individually used as Na™ ion and K™
ion half-cells. The composite electrode’s synergistic effect originates from the amorphous
characteristics of the SIOC matrix not being chemically bonded to the WS, nanosheets (ev-
idenced by the spectroscopic investigations of both Raman and XPS). The SiOC material
also delivers an addition of graphene-like sp2-bonded carbon atoms situated in the bound-
ary of the silica tetrahedral nanodomains. This carbon also helps improve the composite
electrode’s conductivity as a whole. Furthermore, the fiber geometry of this SiOC matrix
adds the feature of shortening of diffusion length of ions. Additionally, the porous nature of
the nanofiber configuration also provides a matrix for the WSy nanosheets, suppressing the
volume expansion issues experienced by the general TMD materials. This phenomenon can
be coordinated with the post-cycling SEM characterization, where only a few microcracks
in the cycled electrodes were visible, and no delamination and discoloration of the electrode

were visible.

Figure 4.5: SEM micrographs of disassembled WSy /SiOC electrodes from (a) NIB half-cell;
(b) NIB half-cell with a magnified view; (¢) KIB half-cell; (d) KIB half-cell with a magnified

view after 50 electrochemical cycles.
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Furthermore, the topological defects of the free carbon phase contained within the SiOC
materials and the nanovoids presented by the SiOC material provide additional sites for

180:387 © The lower capacity obtained from the K™ ion half-cell

the alkali metal ion storage
compared to the Na™ ion half-cell is thought to stem from the larger size of the K™ ions,
which, when inserted in the SiOC matrix, causes repulsive interaction between the nearby
K" ions. Thus, in the case of the SiOC material, a much lower theoretical capacity is
estimated by the previous studies (186 mAh g~')*°. However, a combination of 2D WS,
nanosheets helps to overcome this hurdle and raises the initial capacity to 218.91 mAh g=!
experimentally. Therefore, the successful combination of the two materials discussed above

provided a harmonious effect that enabled the composite electrode to dominate over the neat

materials when used in advanced next-generation alkali-metal ion half-cells.

4.5 Conclusion

Fabrication of SiIOC/WS, nanosheet composite fibermat is demonstrated via electrospinning
of a preceramic polymer solution dispersed with exfoliated nanosheets followed by high-
temperature pyrolysis. The composite was then investigated as a potential electrode for
beyond lithium-ion electrochemical energy storage devices, i.e., Na™ and K™ batteries. Elec-
tron microscopy confirmed the dispersion of the WS, nanosheets in the SiOC fiber matrix
and the retention of the crystalline structure of the nanosheets even after pyrolysis at high
temperatures. Spectroscopic studies further confirmed that the WS, nanosheets were well
protected during the fibermat pyrolysis stages. Finally, chemical functionalization of WSy
nanosheets in PDC fibermats in adequate amounts ensured better performance of the com-
posite electrode when used in alkali metal ion half-cell at gradually increasing currents or
harsher cycling conditions. The SiOC material provided additional sites for alkali metal ion
storage and acted as a container space for volume changes induced by WS,. SiOC matrix
may have reduced the polysulfide dissolution phenomenon in WS, as the composite electrode
capacity did not abruptly drop or collapse at higher cycling current densities and showed

improved recovery at lower cycling currents. The capacity of the composite electrode in the
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KIB half-cell is lower than the NIB half-cell. The is attributed to the larger size of the K™
ion compared to the Nat ion. Furthermore, the composite electrode in the NIB and KIB
half-cells proved better capacity retention than those with neat WS, and neat SiOC mate-
rials. Future investigations should be concerned with TMD materials with large interlayer

spacing to accommodate K™ ions to improve cyclability.

Digital Camera Images of WS,/SiOC Fibermats

g SO e i, SV

As Spun Fibermat: Cross-Linked Fibermat:

Pyrolyzed Fibermat:

Sonication for 1 hour Conditions: ~160°C for 6 Conditions: 400°C for 1 hour,
Electrospinning Conditions: hours in air 800°C for 30 mins in Ar
Syringe: 7.5 mL Yield: 56.04% Yield: 52.27%

Voltage: 19 kv Linear Shrinkage: 4.9% Linear Shrinkage: 51.43%

Figure 4.6: Digital camera images of the WS5/SiOC composite fibermats in (a) as-spun;

(b) cross-linked; (c) pyrolyzed forms with corresponding weight retention and linear shrinkage
values.

Table 4.1: Elemental Composition of the fibermats by XPS
Fibermat Elements (Atomic %)

Wit S2p Si2p Cls Ols
WS, /SiOC  1.50367 1.19286 9.56574 72.4238 15.3139
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Table 4.2: Summary and comparison of electrochemical performance for Na* storage of

other nanomaterial-based structures with this work.
Anode Materials Rate Capability Reference

WS2/Si0C 474.88 mAh g— @100 mA g~ This work
399.68 mAh g= @200 mA g~
313.33 mAh g~ @400 mA g~

W0.9Mo0.152 262 mAh g~ @1000 mA g 872
WS2/NC 320 mAh g~ @200 mA g~ 331
MoS2/RGO 253.1 mAh g~ @100 mA g~ 353
WS2-S/N-C 319 mAh g~ @100 mA g~ 296
MoS2-N-RGO 250 mAh g~ @1000 mA g~ 201
WS2/3DCD 392.1 mAh g~ @200 mA g~ 249
DODA-WS2 318 mAh g~ @1000 mA g 66
1T-MoS2 324 mAh g~ @1000 mA g~ 326
9H-WS2 353.2 mAh g~ @200 mA g~ 195
WS2@MoS2@C/rGO 411.8 mAh g~ @500 mA g~ 176
WS2/CNT-rGO ordered 3D aerogel 311.4 mAh g~ @100 mA g~ 24

302.8 mAh g~ @200 mA g~
289 mAh g~ @500 mA g~

MoS2/graphene paper 240 mAh g~ @25 mA g~ 183
214 mAh g~ @100 mA g~
173 mAh g~ @200 mA g~

MXene@Co09S8/CoMO254 325 mAh g~ @100 mA g~ 136
309 mAh g~ @200 mA g~
284 mAh g= @100 mA g~
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Table 4.3: Summary and comparison of electrochemical performance for K storage of other

nanomaterial-based structures with this work.

Anode Materials Rate Capability Reference
WS2/Si0C 218.91 mAh g~ @100 mA g~ This work
158.16 mAh g~ @200 mA g~
125.92 mAh g~ @400 mA g~
D-TiS2 124 mAh g~ @50 mA g~ 293
100 mAh g~ @100 mA g~
TiSe2 89 mAh g= @50 mA g~ 200

Commercial WS2
Hexagonal 2H-WS2

HeTiO2eC Micro-tubes
Graphite
Soft Carbon
Hard Carbon Microspheres
Tin Based Composite
Reduced graphene oxide

Tire -derived Carbon

67 mAh g~ @100 mA g~
109 mAh g~ @50 mA g~
74 mAh g~ @100 mA g~
67 mAh g~ @5 mA g~
40 mAh g= @200 mA g~
197.5 mAh g~ @100 mA g~
197 mAh g~ @QC/2
160 mAh g= @2C
216 mAh g~ @QC/10
110 mAh g~ @25 mA g~
90 mAh g~ @50 mA g~
50 mAh g~ @100 mA g~
155 mAh g~ @140 mA g~

316

392

185
344
344
184
312
304
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Figure 4.7: (a) GCD profile of the WSy neat electrode when tested in a Na* ion half-
cell setup; (b) differential capacity curve of the WSy neat electrode in Na® ion half-cell
setup derived from the GCD profile providing information regarding reactions taking place
at different voltages; (c) GCD profile of the SiOC fibermat electrode when tested in a Na*
ion half-cell setup; (d) differential capacity curve of the SiOC fibermat electrode in Na+ ion
half-cell setup derived from the GCD profile providing information regarding reactions taking
place at different voltages.
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Figure 4.8: (a) GCD profile of the WS, neat electrode when tested in a K* ion half-cell
setup; (b) differential capacity curve of the WSy neat electrode in K* ion half-cell setup de-
rived from the GCD profile providing information regarding reactions taking place at different
voltages; (c) GCD profile of the SiOC' fibermat electrode when tested in a K* ion half-cell
setup; (d) differential capacity curve of the SiOC fibermat electrode in K+ ion half-cell setup
derived from the GCD profile providing information regarding reactions taking place at dif-
ferent voltages.

83



Chapter 5

Sodium and Pottasium ion Storage
inside WS> Nanotube Embedded

SiOC Composite Fibers!

5.1 Preface

Layered transition metal dichalcogenides (TMDs) such as tungsten disulfide (WS,) are
promising materials for a wide range of applications, including charge storage in batter-
ies and supercapacitors. Nevertheless, TMD-based electrodes suffer from bottlenecks such
as capacity fading at high current densities, voltage hysteresis during the conversion reaction,
and polysulfide dissolution. To tame such adverse phenomena, we fabricate composite with
WS, nanotubes. Herein we report on the superior electrochemical performance of ceramic
composite fibers comprising WSsNTs embedded in a chemically robust molecular polymer-
derived ceramic matrix of silicon-oxycarbide (SiOC). Such heterogeneous fiber structure was
obtained via electrospinning of WSyNT /preceramic polymer solution followed by pyrolysis

at elevated temperatures. The capacity fading in WS,;NT was curbed by the synergistic

IReprinted from Dey, S., Manjunath, K., Zak, A., and Singh, G. (2023). WS, Nanotube-Embedded SiOC
Fibermat Electrodes for Sodium-Ion Batteries. ACS omega, 8(11), 10126-10138.
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effect of the composite WS,NT /SiOC electrode-high initial capacity of 454 mAh ¢!, and
capacity retention of the composite electrode is 2-4 times higher compared to neat WSoNT

electrode.

5.2 Introduction

The introduction of heterostructure into the field of energy storage is well appreciated due
to various advantageous synergic effects. Unique and composite heterostructures alleviate
the bottlenecks of each building block, furnishing the overall property by fine-tuning energy
band structures, facilitating ion diffusion kinetics, and perpetuating structural stability2*2.
Although two-dimensional (2D) layered materials are efficacious for energy storage applica-
tions, new strategies such as wrapping the 2D materials and instigating one-dimensional (1D)
nanotubes could bring new initiatives for the scientific community to delve into kind of mate-
rials for energy storage devices'"™1%. Similarly, 2D transition metal dichalcogenides (TMDs)
possess a sheet-like graphene morphology that consists of covalently bonded chalcogen-metal-
chalcogen layers, and individual layers are kept together by weak van der Waals (vdW) forces.
This unique structure renders them useful for application in fundamental and technological

51

disciplines such as catalysis, energy storage, sensing, and electronic devices®'. Among the

various 2D TMDs, WS, has a lamellar structure with an interlayer spacing of 0.62 nm be-
tween (002) lattice planes, thus offering suitable space for reversible insertion of large-sized
ions like sodium, for example,.

Distinctively tailored nanostructured configuration has recently been proposed with WS,

materials, and their application has been widely explored for electrochemical energy storage

321 145

devices. Examples include nanoflakes®?!, nanosheets!#®, nanohoneycomb?>?, nanotubes?®’,

1

and nanoflowers®! of WS, to enhance the performances of energy storage devices, specifi-

cally LIBs. Unique structures of WS, have rarely been studied for cost-effective, abundant
alternative alkali metal ion batteries (AMIBs), such as sodium-ion batteries (NIBs)*!332,
Although their counterparts, namely MoSs nanotubes, have been extensively studied for

electrochemical energy storage, electrochemical hydrogen storage, and use as field effect tran-
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sistors, up-to-date WS, nanotubes (WS2NTs) have only been studied in lithium-ion batteries
(LIBs) and NIBs in lesser extent even though they establish stable cycling over a wide voltage

841015197;2415280:334:342 © Theoretical calculations indicated that single-wall WS,;NTs are

range
an exclusive type of semiconductor with an explicit bandgap ranging from 0.1 to 1.9 eV, de-
pending on their diameter10%109216:364  They become both direct (in the case of zigzag) and
indirect (in the case of an armchair) bandgap semiconductors controlled by chirality, mak-
ing them useful for various technological applications such as next-generation electronic and

3L How-

optoelectronic devices and high-quality factor nanoelectromechanical systems
ever, the electronic properties of multiwall WS;NT, which are currently produced in large
amounts, are not that different from the bulk material, i.e., having an indirect bandgap of 1.9
eV™. Such properties make them suitable for the next generation of electrochemical energy
storage devices.

In spite of its advantageous properties, WS, suffers from low electronic conductivity,
restacking nanosheets, dissolution of chalcogen species, and significant volume change dur-
ing repeated charge and discharge cycles?!. Therefore, hybrid structures that amalgamate
conductive carbon networks with the TMDs in which the TMDs provide numerous active sites
and channels for alkali metal-ion intercalation have been widely investigated'°!. Specifically,
in rechargeable battery applications, an optimal electrode structure using TMDs should ex-
hibit high electrical conductivity as well as a morphology with sufficient pores and channels
to induce the volume change of TMDs, thereby minimizing secondary reactions originating
due to the large surface area TMDs?%°. For alleviating the aforementioned deleterious prop-
erties, heterostructures of WS;NT and carbon have been utilized in a recent study where
an improvement in the electrochemical properties of WSsNT material is observed. The in-
vestigation led by Zednek and co-workers showed that the composite electrode sustained a
capacity of 152 mAh g=! after 60 cycles when tested at a current density of 80 mA g—*
in a sodium ion half-cell*”*. However, such a capacity is insufficient to fulfill the need for
application in modern technological devices. An alternative hybridization method to min-
imize the harmful properties of TMD-based 1D structures is to functionalize them with

polymer-derived ceramic materials (PDCs). The rationale behind the functionalization of
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WS,NTs with PDCs is that nanotubes possess high mechanical strength, a microstructure
with sp2-bonded carbon atoms, and chemical and thermodynamic stability in a degrading
environment. While the carbon network in PDCs can provide a conductive pathway and
shorten the ion diffusion route 34260303,

The primary objectives of this investigation were to exploit the chemical functionaliza-
tion of 1D WS;NTs with PDCs and to fabricate a heterogeneous structure with WS,NT's
wrapped with SiOC fibers. This structure was achieved via a single-step electrospinning pro-
cess where WSoNT's and a liquid-phase organosilicon precursor were utilized during solution
preparation. The as-fabricated non-woven fibermat was then annealed in a high-temperature
pyrolysis environment to obtain the final form that was then characterized via microscopic
and spectroscopic techniques to confirm the chemical bonding of the materials. After mor-
phological characterization, the fibers were tested as a sodium-ion half-cell at a gradually
increasing current rate. The first-cycle charge capacity of the fabricated composite electrode
was 454.05 mAh g=! with a columbic efficiency exceeding 50%. The composite electrode
showed enhanced capacity retention compared with the neat WSoNT and SiOC electrodes
(2—4 times higher capacity retention in subsequent cycles). This is the first known investi-
gation to report a combination of 1D WS,NTs within SiOC fibers to create a heterogeneous

structure for NIB application.

5.3 Materials, Methods and Characterization

5.3.1 Fibermat Synthesis Process

The solution preparation is the first step in the electrospinning process. Isopropyl alcohol
(IPA) purchased from Fisher Chemical (Lenexa, KS, USA), preceramic silicon oligomer, 1,
3, 5, T-tetramethyl, 1, 3, 5, 7-tetravinyl cyclotetrasiloxane (4-TTCS) purchased from Gelest
(Morrisville, PA, USA) and Polyvinylpyrrolidone (PVP) with an average molecular mass
of 1,300,000 g mol™! purchased from Sigma Aldrich (Missouri, MA, USA) was mixed with

sonicated WSyNTs (for 10 minutes) until a black homogenous solution was obtained. The
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WS,NTs utilized in this study was prepared by the method described by Pallellappa®?. A
small amount (1 wt. % of 4TTCS) of Dicumyl peroxide purchased from Sigma Aldrich was
also mixed with this solution which worked as a cross-linking agent. The weight ratio of
the ATTCS: TPA was kept at 1:9, and the weight ratio of the WS;NTs: 4TTCS was 1:5.
PVP was mixed at a weight ratio of 1:3 with 4TTCS and an 8.5 mL homogeneous black
solution was obtained. As the liquid preceramic silicon oligomer, 4TTCS possessed a low
molecular weight (j500 g mol™!), linear organic polymer-PVP was introduced to ensure
that the obtained sol-gel after the solution preparation process qualified for electrospinning
viscosity demands (viscosity should be j 10 poise). The flowable and viscous solution was
loaded into a syringe with a metallic needle and connected to a high-power voltage source.
The other end of the voltage source was connected to a roller collector. With a slow feed rate
of 5 mL hour™' and the distance between the needle and the roller collector kept at 12 cm,
the electrospinning process was initiated with an optimized voltage of 14 kV. As a result, the
as-spun fibermat of about 20 x 20 cm? was produced, followed by cross-linking the fibermat
at 160°C for 6 hours. The final pyrolysis step was carried out in two stages; first, the fibermat
was pyrolyzed at 400°C for 1 hour and then at 800°C for 6 hours under an inert Argon gas
environment. Thus, the black WSoNT/SiOC fibermat was obtained. The whole fibermat
synthesis process is illustrated in Figure 5.1, showing the electrospinning to cross-linking to
the pyrolysis process for obtaining the final fibermat. The predicted structure of SiIOC fibers

is also illustrated along with the structure of the WSoNT's on the same schematic.

5.3.2 Characterization Techniques

Carl Zeiss EVO MA10 scanning electron microscope (SEM) was used to obtain SEM micro-
graphs of the fibermats at different stages with 5-30kV impinging voltage. Phillips CM100
transmission electron microscope under an accelerating voltage of 100 kV was used to ob-
tain further insights of fibrous structure. Horiba Jobin Yvon LabRam Aramis with a He-Ne
laser of wavelength 633 nm and 17mW power was used to obtain the Raman spectra of

the pyrolyzed fibermat. 400 FT-IR spectrometer from PerkinElmer was employed to obtain
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the Fourier transform infrared (FTIR) spectra of the samples. PHI Quantera SXM using
monochromatic Al-Ka with an energy of 1486.6 eV was utilized to gather information on
the chemical bonding states of the fibermat for X-ray photoelectron spectroscopy (XPS).
X-ray diffraction (XRD) data were collected using PANalytical Empyrean with 45 kV, 40

mA power setting, and a step size of 0.02°C.

5.3.3 Electrochemical Measurements

The working electrodes for Na-ion half-cells were prepared with the following composition:
70 wt. % of the active material (WSyNT/SiOC fibermat), 15 wt. % of carbon black as the
conducting agent (Alfa Aesar, Haverhill, MA, USA), and 15 wt. % of polyvinylidene fluoride
as a binder (Alfa Aesar, Haverhill, MA, USA). A homogeneous slurry was prepared using the
materials mentioned above using 1-Methyl-2-pyrrolidinone (Sigma Aldrich, Missouri, MA,
USA) as a solvent in a dropwise manner. A 9 pm thick copper substrate was coated with
this slurry and dried at 80°C for 18 hours for solvent removal. The obtained film thickness
was found to be 125 pm. Circular sections were obtained from this coating to be used as a
working electrode for the 2032-type coin cell. The reference and counter electrode, in this
case, was sodium metal. 1.0 M NaClOy4 (Alfa Aesar) in (1:1 v/v) EC: DMC (anhydrous, 99%,
Sigma Aldrich) was used as the electrolyte in the cells, and the two electrodes were separated
by glass separator being soaked with electrolytes. All the tested cells were assembled in a
high-precision inert (ultra-high purity Argon) atmosphere with Oy and HyO contents below
0.1 ppm. The cycled electrodes (after 50 cycles) were de-crimped in the inert atmosphere
and washed with DMC solvent to dispose of the separators attached to the electrodes for

post-cycling SEM and XPS analysis.
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Figure 5.1: Schematic of the synthesis process of WSeNT/SiOC fibermat from electrospin-
ning to cross-linking to pyrolysis steps through controlled annealing. The schematic on top
shows the predicted structure of 4TTCS, cross-linked 4TTCS, and pyrolyzed SiOC' structure,
along with the WS,NT structure embedded within.

5.4 Results and Discussion

5.4.1 Microscopic Analysis

This study utilized SEM to test the geometry of the as-produced fibermats. Morphology
changes of the fibers during as spun, cross-linked, and pyrolyzed states were also investigated
using SEM and compared to specimen weight loss during the annealing process. Figure 5.2a
shows the fibermat immediately after electrospinning. The inset on the bottom right of the
figure shows the digital camera image of the as-spun fibermat. The dark greyish color of the
as-spun fibermat indicates primarily the existence of the WSoNT's in the fibermat structure.
Although occasional clumping of the fibers was observed in the fibermat (Figure 5.2a), most
of the fibers were uniform in shape, as shown in the magnified view of the fibermat in
Figure 5.2b, with only minimal irregularity. No beads were observed in the fibers from the

as spun fibermats. Figure 5.2(c-d) shows the SEM micrographs of the cross-linked fibermat.
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The digital camera image of the fibermat in the inset of Figure 5.2d denoted a slight change
in the color of the fibermat, indicating the vinyl polymerization state with a mass loss of
40% and fibermat (linear) shrinkage of approximately 15%. The magnified SEM figure of
the cross-linked fibermat (Figure 5.2¢) also shows minimal fiber irregularity during the cross-
linking stage. In the final pyrolyzed stage, shown in Figure 5.2e, occasional clumps of fibers
were observed. The clumps of fibers are readily visible from the magnified Figure 5.2f. The
individual fibers in the pyrolyzed fibermat were regular in shape without beads (Figure 5.2g).
The visual appearance of this pyrolyzed fibermat was fully black, as shown in the inset of
Figure 5.2e. The weight loss of the final pyrolyzed WSsNT /SiOC fibermat from the cross-
linking stage was approximately 61%, with a linear shrinkage of 50%. The fiber diameter
at as-spun, cross-linked, and post-pyrolysis stages was measured by taking an average of
25 measurements-denoted in Figure 5.8(a-c), respectively. A decrease in the average fiber
diameter as a function of pyrolysis temperature was observed from the measurements (600-
800 nm for as-spun fibers, 500-700 nm for cross-linked fibers, and 400-500 nm for pyrolyzed
fibers). SEM micrographs of the pyrolyzed SiOC fibers are included in Figure 5.9 from which
the difference between the SiOC fibers containing the WS,;NTs and the neat SiOC fibers
can be well understood. The SiOC fibers were electrospun under the same electrospinning
condition, nevertheless contained irregularities in the fiber geometry with beads (shown in
magnified Figure 5.9b). The gradual decrease in fiber diameter and weight retention of the
total fibermat observed during various stages of decomposition is further investigated in
spectroscopic methods. Fiber diameters in the final stage of this study correlated well with

165:245:328 — Pigure 5.2h provides a qualitative chemical analysis of

similar previous studies
the fibermats using the energy dispersive spectroscopy (EDS) technique. The characteristic
W-La at (8.6 keV) and S-Ka (at 2.52 keV) spectral lines were observed in the fibermat,
confirming the presence of the WS, nanotube material. In addition, spectral lines for Si-Ka
(at 1.97 keV), O-Ka (at 0.73 keV), and C-Ka (at 0.48 keV) were also observed, denoting
the presence of the set of materials (W, S, Si, O, C) that was as per expectation. Notably,
the entire spectra shifted by 0.2 keV due to calibration. Furthermore, the EDS technique

resulted in an elemental distribution map of the fibermat, revealing an even distribution of
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the desired elements and the efficiency of the electrospinning technique as a robust fabrication

method.
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Figure 5.2: SEM micrograph of (a) as-spun WSeNT/SiOC fibermat confirming the fibrous
structure of the fibermat; the inset showing as-spun fibermat digital camera image; (b) mag-
nified portion of figure (a); (¢) magnified portion of the cross-linked fibermat from figure (d);
(d) cross-linked WSeNT/SiOC' fibermat confirming the fibrous structure of the fibermat; the
inset indicating digital camera image of cross-linked fibermat; (e), (f) magnified portions of
pyrolyzed fibermat showing the agglomeration of some fibers; (g) pyrolyzed WSoaNT/SiOC
fibermat confirming the fibrous structure of the fibermat; the inset showing digital camera
image of the pyrolyzed fibermat; (h) EDS Spectra of the WSsNT/SiOC fibermat confirming
the presence of the materials within; and the corresponding EDS color map for: (i) W-La-1
:(j) S-Ka-1 ;(k) Si-Ka-1 ;(1) C-Ka-1,2 ;(m) O-Ka-1.

The SEM micrograph in Figure 5.3a shows a dense web of WS,NTs. Figure 5.3b shows
a zoomed-in view (10 nm scale) of a single multilayered nanotube with the core and the
multiwall structure highlighted. The average length of the nanotubes was 1.2—2.8 pm, as

determined from the resulting distribution plot included on the inset of Figure 5.3c. Notably,

92



the reduction of nanotube length was initially reported to be 2-20 pm®%2%7- likely due to the
solution preparation process for electrospinning. A selected area electron diffraction (SAED)
pattern obtained from one of the nanotubes of Figure 5.3¢ (marked area in the figure) denotes
the three-dimensional (3D) curvature of the crystals due to the polycrystalline-like electron
diffraction pattern. The six-fold symmetrical spot pattern reflection indicates the in-plane
hexagonal arrangement of atoms when WS, layers are perpendicular to the electron beam
(on the top of the tube roll). At the same time, the 002 plane denotes the vdW gap between
the layers when they are parallel to the electron beam. The presence of both orientations was
due to the closed nanotube structure yielding parallel and perpendicular to electron beam
regions of the vdW planes. The red arrow in the image represents the axis of the nanotube,
and multiple spots in the SAED pattern signify that the multiwall tubular structure was
comprised of multi-chiral walls that co-exist in the experimental condition. These values
and conditions matched well with previous WS,NTs studies 259275328,

Figure 5.3f shows the TEM image of the WSoNT/SiOC fibermat. The figure also con-
firms the state when the WSsNT's can be confined inside the fibers. The enlarged view of this
image (Figure 5.3g) reveals that some neat nanotubes and stacked nanotubes were confined
inside the SiOC fibers, resulting in a complex structure. The enlarged view of the images
(Figures 5-3g-i) also revealed the presence of some pores in the fibers. Heterostructures have
been identified as a feasible solution to overcome large volume change and subsequent poor
electrical connection in TMD materials. In the heterogeneous fiber structure, the Li+ ions
can move freely along the nanotube material, and the shell of the SiOC fiber can act as a
reservoir to accommodate the ions via intercalation. The SiOC fiber may also buffer the
volume change induced by the intercalated WS;NTs, thereby preventing structural disin-
tegration and maintaining a stable capacity during high-rate cycling conditions. Inevitable
pores in the fibers (Figures 5-3g and 5-2i) can be useful for maintaining the anodic per-
formance caused by enhanced of movement of the ions 248. The SAED pattern of WS,
nanotubes with fibers (Figure 5.3e) contained the same (hexagonal) spots as the neat nan-
otubes and the amorphous rings, proving the amorphous shape of carbons characteristic of

SiOC-phase-controlling structures.
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50 nm
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Figure 5.3: (a) SEM micrograph of dense web of WS,NTs; TEM micrograph of (b) single
WSoNT elucidating the nanotube inner and outer wall; (¢) WSoNTs elucidating the length
of individual nanotubes, the insets show the distribution plot for identifying the length of
individual WSyNTs; SAED pattern of the (d) WSyNTs showing the tube axis and crystal-
line nature of the nanotubes with crystal planes denoted; (e) WSeNT/SiOC fibers where the
simi-lar hexagonal pattern of WSsNTs was spotted along with amorphous ring in the back;
(f) TEM micrograph of the WSy, NT/SiOC fibers where the confinement of nanotubes inside
the fibers could be identified; (g), (h), (1) magnified view of individual WSeNT/SiOC fibers
where the alignment of the nanotubes inside the fibers could be well specified along with porous
feature of the fibers; (j) TEM micrograph of the WSeNT/SiOC fibers from a magnified view
(Figure 5.3g.) and SAED pattern (Figure 5.53¢.) was obtained.

5.4.2 Spectroscopic Analysis

This study also used Raman spectroscopy to decipher the fibermat microstructure and des-

ignate the free-carbon phase from the SiOC fibers and the WSoNT materials. Figure 5.4a
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shows the Raman spectra of the neat WS,;NT material. The two intense peaks at 351 cm™!
and 416 cm™' (Figure 5.4a) were assigned to in-plane mode E'5, and out-of-plane mode
Ay, respectively. The intensity ratio of the E'y, peak to the Aj, peak for the WS,NT
bulk material was approximately 0.91, signifying the multi-walled feature of the nanotubes
(more than three layers). Additionally, the frequency difference between the two modes was
approximately 65 cm™!, revealing multilayer nanotubes. These values correspond well with
previous studies®®®. The presence of WS, nanotubes in the WS, /SiOC fibermat was verified
by Raman spectra of 300—480 ¢cm ™! with prominent E's, (350.161 cm™') and Ay, (416.58
cm ™) peaks, shown in Figure 5.4c. The frequency difference between the two phonon modes
was 66.43 cm~!, which is close to the bulk material. Again, the intensity ratio of these two
modes of WS,NT in the fibermat sample was approximately 0.91, which perfectly matched
the bulk material. These two values signify that the use of 1D material in the SiOC fibermat
(using this study’s technique) advantageously rendered the active material in its raw state.
Again, the longitudinal acoustic phonon mode 2LA(M) mode was close to the shoulder of
the E'5, mode in the nanotube material 7?2257 As shown in Figure 5.4b, the free-carbon
phase of the WSyNT /SiOC fibermat was revealed by the peak-fitted Raman spectra, with
prominent D and G peaks at 1331.72 cm™! and 1590.92 ecm™!, respectively. Although the
D peak was due to a disorder induced in the sample, the G band (E,, symmetry) was re-
sponsible for the in-plane stretching of the sp2 carbon bonds.'%2". Deconvoluted Raman
spectra revealed T and D” peaks in the shoulder of D and G bands at 1197.91 cm~! and
1481.68 cm ™!, respectively, in which the T band signified the sp2-sp3 carbon-carbon double
and triple bonds and the D” band signified the amorphous nature of the carbon in the sample
as verified in TEM diffraction pattern studies?'?. The intensity ratio of the D and G bands
of the fibermat was 1.1, revealing the high disorder of carbon induced in the sample.

This study also utilized FTIR to investigate the bonding complexity and interaction of
the various molecules within the fiber geometry and the polymeric structure of the as-spun,
cross-linked, and pyrolyzed fibermats. The bottom of Figure 5.4d shows the FTIR spectra of
the as-spun fibermat. In general, the peaks at 1265—1285 cm ™! caused the -C-N bond from
the PVP molecule, and the peaks in the 1650—1660 cm ™! region were responsible for the
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carbonyl group in the molecule. For the as-spun fibermat sample, strong peaks in the areas

noted were visible, indicating the presence of the PVP molecule in the as-spun fibermat 5.
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Figure 5.4: Raman Spectra of a) Neat WSasNT powder showing the typical position of the
peaks obtained from the neat material; b)) WS,NT/SiOC fibermat in the higher wavenumber
region confirming the free carbon species (integrated spectra using a gaussian function); c)
WSeNT/SiOC fibermat in the lower wavenumber region confirming the presence of the WSy
nanotube material within the fibermat showing the same peaks as the neat material with
subtle differences; d) FTIR spectra of As-spun, cross-linked, and pyrolyzed fibermats. The
spectra from top to bottom illustrate data obtained from individual pyrolyzed, cross-linked,
and as-spun fibermats. The spectra analysis signifies the presence of the precursor polymer,
TMD material, and PVP material in the fabricated fibermat during the cross-linking stage
and after the pyrolysis step.

The FTIR spectra also verified the facile integration of WS,NTs with the carbon-based

groups. For example, for the as-spun fibermat denoted by Figure 5.4d, the peaks at 650 cm ™!
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and 1080 cm ™! were responsible for the W-S and S-S bonds, respectively?°. Multiple peaks
from 650 cm ™! to 800 cm ™! highlighted the samples’ C-S bonds. For example, the peak at 790
cm ™! was characteristic of C-S-S-C, H-C-S, and C-S bonds?6%27%3™  These bonds act as proof
of good adhesion between the WS;NT and polymeric matrix, which enhances mechanical
properties®*! and may be very important for providing electrical contact between the WS,NT
and fibers, accelerating the charge transfer. The strong absorption from 1000 cm™ to 1070
cm ™! indicates Si-O bonds. The presence of -CHz deformation and asymmetric stretching in
Si-CHjz bonds occurred in the 12612961 cm ™! region, respectively, and the absorption peak

at 800 cm~! indicates the Si-C stretching vibration!™

. All the analysis mentioned above
confirms the presence of preceramic polymer in the as-spun fiber morphology, which is in
accordance with previous investigations*¥2!> For the cross-linked fibermats (the curve in the
middle of Figure 5.4d), the peak intensity decreased for both fibermat samples, indicating a
polymerization reaction. Finally, Figure 5.4d shows the spectra of the pyrolyzed fibermats
(top of the figure) with Si-O and Si-C bonds and a strong peak at 450 cm™! that indicates
elemental S-S bonds, ensuring the presence of S from the WSy molecule, even after pyrolysis.

This study also utilized XPS to analyze the surface characteristics, determine the mate-
rial’s elements, and the chemical and electronic state of the pyrolyzed sample. Figure 5.5a
shows the XPS survey scan of the WS,;NT /SiOC fibermat, revealing the presence of W, S,
Si, O, and C in the pyrolyzed fibermats with no material contamination within the instru-
ment sensitivity. Supplementary Table 4-1 presents the atomic percentage of the elements in
the pyrolyzed fibermat. The wt.% amount of W (3.1%) and S (3.4%) in the WS,NT /SiOC
fibermat showed that the WSy nanotube could sustain the high annealing temperature when
pyrolyzed with preceramic polymer material. Moreover, the high amount of carbon in the
fibermat also confirmed the free-carbon phase after the pyrolysis cycle, which was previously
proven by the Raman spectroscopic analysis. Figure 5.5b shows high-resolution W4f and
S2p spectra of the WS,NT /SiOC fibermat. The Tougard function was used to subtract the
background, and the spectra was fitted using the Voigt function. Spin-orbit splitting (s.o.s.)
produced two core level peaks for each W4f and S2p, namely 4f7/2, 415/2, 2p3/2, and 2p1/2,

respectively. For example, the binding energy of the W4f spectra (Figure 5.5b on the left)
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showed that the W state represented the 4f7/2 and 4f5/2 bands in 32.3 eV and 34.3 eV,
respectively. The W spectrum also showed two peaks at binding energies of 35.8 eV and 37.9
eV, signifying the WO 4f state and indicating a slight amount of WO, species in the WS,NTs
inside the SiOC fibers. Notably, this WO, species is highly conductive and can increase the
overall conductivity of the fibermat with a free-carbon state. Furthermore, two well-defined
peaks in the S2p high-resolution spectra (Figure 5.5b on the left) were attributed to s.o.s. at
162.6 eV and 163.7 eV, representing 2p3/2 and 2p1/2 core levels, respectively, corresponding
to So_ orbitals. One more peak was observed in the S2p high-resolution spectra in the bind-
ing energy of 169.5 eV, indicating sulfur bonded with carbon from the preceramic polymer.

All these peaks agree well with previous WS,NTs studies 73:9%:206:279;365;366

. High-resolution
spectra of the Si2p, Ols, and Cls were also obtained for the pyrolyzed fibermat, as shown in
Figures 5-5c—e, respectively. Deconvoluted Si2p spectra (Figure 5.5¢) showed Si-O and Si-C
bonds in both fibermats, and the Cls spectra in Figure 5e reveal the C-Si, C-C, and C=0
bonds. The Ols spectra (Figure 5.5d) of both fibermats showed the Si-O, Si=0, and C=0
bond states, with dominant SiO,. The results showed that a good amount of carbon in the
sample also bonded with Si, and individual SiO, regions were observable, thereby validating
the SiOC microstructure of the pyrolyzed fibermat even after pyrolysis with WS, nanotubes.

XRD was utilized in this investigation for phase identification of the neat WS;NTs and
WSoNTs within the WS,NT/SiOC fibermat. From XRD diffractograms depicted by Fig-
ure 5.5f, it was apparent that the reflections from WS,;NT and WS,NT /SiOC were identical.
Both XRD patterns are identical because the SiOC matrix is X-ray amorphous and shows
no reflections. The most prominent peak for both XRD patterns originated from the (002)
crystalline plane. For the neat nanotube, the peak is located at 14.28°C, which indicates
a shift from the bulk WS, (14.32°C). This shift may have originated due to the built-in
strain in the nanotube lattice — further indicating that the interlayer spacing increased by a
small amount>?. A group of peaks was identified around (002) plane for the WS,NT /SiOC
fibermat sample, which is attributed to W1gOy49 phase - the intermediate precursor residuals,
created (from WOj -the initial precursor) during the reduction sulfurization reaction for nan-

otubes’ synthesis in their core'*”. Thereby, the peaks at 23.23°C, 24.38°C, and 27.15°C can
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be attributed to (002), (200), and (022) planes of crystalline monoclinic WO, *%". Among
the peaks mentioned above, only the (200) WO, peak was identified for the neat WS,;NT
sample, which could be introduced during the sample preparation. For the WS,NT /SiOC
fibermat, an increase in the intensity of the peaks mentioned above was also observed. The
peaks of (100), (101), and (103) planes seem to be broadened and this feature corresponds to
three-dimensional (3D) atomic positions within the WS;NTs-originating from the network
rotation along the tube axis, much alike the carbon nanotubes. Peaks occurring at higher 26
angles, such as (006), (110), (112), (114), and (116) present broad features and are indicative
of the elongated periodic layered structure of the WSy;NTs. Again, the broadening of the
peaks can also be correlated with the submicron size of the WS;NTs. In summary, the iden-
tical spectra of the WSyNTs and WS,NT /SiOC point to the fact that SiIOC functionalization
of WS,NT's does not change the crystallinity of the WSoNTs and no new crystalline phases
are generated during the pyrolysis process. The above-mentioned analysis corresponds well

with the previous literature regarding XRD analysis of the WS,NTs?%132218
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Figure 5.5: a) XPS survey scan of WSoNT/SiOC' fibermats representing the presence of
individual elements after pyrolysis of the fibermat at high temperature; b) High-resolution
Wi4f and S2p XPS spectra of the WSy NT/SiOC fibermat recording the bonding states due to
s.o0.s. of W and S, W being bonded with small amounts of O elevating the conductivity of
the fibermat; High-resolution; High-resolution: c¢) Si2p XPS spectra; d) O1s XPS spectra; e)
Cls XPS spectra obtained from the WSeNT/SiOC fibermat confirming the bonding states of
the Si, C and, O in SiOC matriz; f) Comparative XRD analysis of WSeNT (bottom pattern)
and WSeNT/SiOC (top pattern) identifying the crystalline phases of the materials within.
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5.4.3 Electrochemical Analysis

Galvanostatic charge-discharge curves (GCD) and differential capacity curves derived from
the GCD curves offered insight regarding reactions at various stages during charging and
discharging cycles. Figures 5-6a illustrate the GCD profile and Figure 5.6b illustrates the
associated differential capacity curves of the WSoNT /SiOC composite electrode. The cycling
of neat WSoNT, neat SiOC and, WS,NT/SiOC composite electrodes at different current
densities is represented by Figure 5.5¢c. Figure S3a depicts the GCD profile of the WSoNT
material from which the differential capacity curve was obtained, and Figure 5.10b shows
when cycled in a sodium-ion half-cell. The first sodiation step revealed only one weak peak
at approximately 1.2 V due to the reversible sodium intercalation into the layers of WS;NT's.
This phenomenon can be described by the reaction 5-1.

Four more peaks were observed in the first cycle sodiation stage at 0.28V, 0.34V, 0.52V,
and 0.64V due to the irreversible conversion reaction at medium (0.52V) voltages and the
formation of the solid electrolyte interface (SEI) layer, as described by the following reaction
5-2.

xeNat + WSy +ze” — Na,W S, (5.1)

ANa™ + WSQ +4e” — W + 2NCL25 (52)

The following sodiation steps revealed new peaks at 1.0V, 1.36V, and 2.02V, which de-
creased in intensity in subsequent cycles. The peaks at 0.5V and 1.0V indicated the occur-
rence of a reaction in the opposite direction as described by equation 5-2, while the other
two peaks at 1.36V and 2.02 V were due to the multi-step extraction of sodium ions from
the NaxWS, matrix, as proven by previous studies of WS, nanowires and nanoflowers #1361,
This electrode in this investigation was also tested in a rate capability test at an increasing
current density that created a harsh cycling condition for the sodium-ion half-cell. Specifi-
cally, the increasing current density was 100, 200, 400, 600, and 800 mA g~!, and the cells

underwent five cycles at those current densities and then returned to initial conditions in the

subsequent cycles. The first-cycle charge capacity of the electrode was capacity was recorded
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when the cell was returned to the initial cycling condition after high current density values,
indicating low performance of the electrode at high current rates. The capacity retention of
the WS,NT electrode at the 26th, 31st, 36th, and 41st cycles were 55.95%, 23.36%, 21.42%,
and 26.6%, respectively. The low-capacity retention of the electrode was due to irreversible
reactions at the electrode surface (intensification of excessive conversion reaction). This be-
havior correlated to the coulombic efficiency of the WS,;NT electrode not being constantly
near 100% through the harsh cycling conditions, potentially indicating a structural change

of the material.
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Figure 5.6: a) GCD profile of the WS, NT/SiOC composite electrode when tested in a Na-ion
half-cell setup; b) differential capacity curve of the WSoNT/SiOC composite electrode in Na-
ton half-cell setup derived from the GCD profile providing information regarding reactions
taking place at different voltages; c¢) Rate capability test performed for the WS,NT/SiOC
electrode when tested in a Na-ion half-cell setup at increasing current densities and bringing
back to initial conditions after 5 cycles after each step.
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Although silicon-based materials are nearly inactive in NIBs, recent investigations have
found that free-carbon domains in SiOC can efficiently store Na™ ions. Therefore, the ca-
pacity contribution of the SiOC fiber electrode potentially originates from the free-carbon
domains and nanovoids. Therefore, this study investigated neat SiOC fibermats in GCD
experiments at the same conditions described in supplementary Figure 5.11a. The differ-
ential capacity curve obtained from the GCD curves (Supplementary Figure 5.11b) showed
a pair of peaks during the sodiation/desodiation process at 0.01 and 0.09 V due to the in-
tercalation of sodium ions in the free-carbon sites. Conversely, the peak at 0.57 V was due
to the trapping of Na® ions into the highly active defective graphene sites, which is irre-
versible in the following cycles and the formation of the SEI layer, and the reversible peak at
0.67V in the desodiation step was due to sodium intercalation into the micropores, similar
to results of previous studies regarding the use of SiOC-based materials in NIB setup 144209,
The first-cycle charge capacity of the SiOC electrode was 141.59 mA g~! with a coulombic
efficiency of 42.33%. The capacity retention of the SiOC fibermat electrode was higher than
the WS,NT electrode, with capacity retention of 96.95%, 92.98%, 91.30%, and 85.80% in
the 26th, 31st, 36th, and 41st cycles, respectively. The coulombic efficiency of the SiOC
fibermat electrode was also more stable than the WSoN'T' electrode, with a slight deviation
of near 100% efficiency in high current densities.

The composite WSyNT /SiOC electrode was tested under the same conditions in a sodium-
ion half-cell setup. Figure 5.6a is the GCD profile, while Figure 5.6b is the corresponding
differential capacity curve. As observed in Figure 5.6b, in the first sodiation/desodiation
step, a pair of peaks at 0.01V and 0.08 V are ascribed to sodium insertion in the disordered
carbon phase and micropores present in the SIOC phase (note that these peaks were promi-
nent in the neat SiOC electrode also) and to a lesser extent the carbon black conducting
agent present in the electrode. In addition, similar to the neat WS,N'T electrode, the elec-
trolyte decomposition and formation of the SEI layer were attributed to the peaks at 0.28V,
0.33V, and 0.64V on the first sodiation step. A small peak at 0.52V also was observed on the
shoulder of the 0.64V peak due to the conversion reaction of the WSoNT material, indicated
by equation 2. The first desodiation step resulted in peaks at 1.35V, 1.84V, and 2.2V due
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to multi-step deintercalation in the interlayer region and into the hollow tube core of the
WS,NT material**®. One broad peak at 0.67V was attributed to the sodium ion’s intercala-
tion into the SiIOC matrix’s micropores. These peaks were reversible and decreased gradually
in intensity during subsequent cycles. The first-cycle charge capacity of the composite elec-
trode occurred at 454.05 mAh g=! with a coulombic efficiency of 52.85%. Under the same
rate capability conditions at the 26th, 31st, 36th, and 41st cycles, the capacity retention of
the electrode was 96.1%, 94% 83.39%, and 75.9%, respectively, which was higher than the
electrodes assembled with the neat WS;NT material.

The disassembled electrodes were further morphologically analyzed using SEM. The re-
covered WS,NT /SiOC electrodes exhibit excellent retention of the fibrous network. No
visible microcracks in the electrodes were found — proving evidence of the structural in-
tegrity and minimal stress development within the cycled electrodes even after cycling at
harsh conditions/incrementally increasing current densities (Figures 5-7 a, b). The digital
camera image of the recovered electrode (shown on the inset of Figure 5.7a) showed no visible
color change or physical imperfections of the spent electrode. Some white fibers from the
separators of the cycled cell were visible in the digital camera image and the SEM micro-
graphs. Figure 5.7c shows an enlarged view of the SEM micrographs illustrating individual
fibers from which a distribution curve extrapolated fiber diameter. The obtained average
fiber diameter of the cycled electrode was between 600-700 nm — suggesting approximately
a 40% size increase compared with the uncycled pyrolyzed fibermat (shown in Supplemen-
tary Figure 5.11). The 40% increase in fiber diameter might have minimal effect on the
volume change of the whole electrode due to inter-fiber void spaces. Figure 7d shows the
XPS survey scan of the recovered electrode. Along with the base materials (W, S, Si, O,
and C), Cl and Na (high percentage, 20.47 wt.%) were present, indicating the formation of
the solid electrolyte interface (SEI) layer. Table 5-2 in the supplementary section shows the
elemental composition of the spent electrode obtained from the XPS spectra. The preserva-
tion in the wt.% ratio of W and S element (W = 4.17 wt.%, S= 4.69 wt%) compared to the
WS, /SiOC pyrolyzed fibermat suggests the safeguarding effect of SiOC fibers towards the
WSoNTs. Figures 5-Te and 5-7f show the high-resolution XPS spectra of the W4f and S2p
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plots, respectively. WA4f spectra were deconvoluted into four individual peaks — WClg (36.9
eV), Nag WOs (35.6 eV), S/W (31.1 eV), and W-S (33.2 eV)515%16L277 " gtipulating the
undergoing reaction and formation of SEI layer. On the other hand, only S-Na (160.6 eV)
bond was present in the S2p spectra — most likely arising from a conversion-type reaction
with Na ions!®3.

The synergistic effect of the composite electrode was evident from the differential capacity
curve in which the peaks associated with SEI layer formation and conversion reaction of the
WS,NT electrode decreased in intensity for the composite electrode. Since all the cells were
synthesized, assembled, and tested under identical conditions, the assumption was that SiOC
prevented such conversion reactions and provided additional storage sites for the material. In
addition, because SiOC is amorphous and does not chemically bond with WS;NTs, as shown
via spectroscopic and microscopic analysis, the structure of the neat material (WSeNTs) did
not change. The SiOC material also potentially prevented the agglomeration of TMDs and
the dissolution of polysulfides into the electrolyte, as evidenced by the increased capacity
retention at high current densities. When the current density returned to the initial values
of 600 mA g~!, 400 mA g~!, 200 mA g !, and 100 mA g~!, the recovered. capacity was
259.38 mAh g1, 256.04 mAh g~ !, 289.07 mAh g~!, and 294.94 mAh g, respectively. The
capacity values of the composite WSoNT/SiOC electrode in the cycles mentioned above
were 2.96, 4.02, 3.68, and 2.85 times higher, respectively than the capacities of the half-
cell assembled with the WSy;NT electrode in the same cycles. The superior performance
of the WSoNT/SiOC electrode (due to the SiIOC matrix, which induces stable cycling of
Na® ions) compared to similar TMD-based composite electrodes is illustrated in Table 5-3.
Therefore, the composite electrode’s symbiotic behavior reinforces the claim that the SiOC
functionalization of the active sulfur-based TMDs in appropriate proportions may prevent

polysulfide dissolution in an electrochemical cell.
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d. Cycled Electrode
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Figure 5.7: SEM micrograph of a) recovered electrode after cycling showing structural in-
tegrity, inset showing the digital camera image; b) cycled electrode (enlarged view); ¢) cycled
electrode showing individual fiber geometry still intact; d) XPS survey scan of the cycled
electrode showing individual elements present within; High-resolution XPS spectra of e) W
4f and f) S 2p showing the chemical bonding of W and S elements.

5.5 Conclusion

This is the first work to study WSyNTs confined within SiOC fibers to form a hetero-
geneous structure that provides stable cycling performance in high current densities in an
NIB half-cell configuration. The heterostructure was achieved via single-step electrospinning
followed by pyrolysis at elevated temperatures. Microscopic (SEM and TEM) and spectro-
scopic techniques (Raman, FTIR, and XPS) were utilized to identify materials within the
heterostructure, the materials’ chemical bonding states, the evolution of the fibrous struc-
ture during various annealing stages, and the existence of the free-carbon domain within the

SiOC fibers. The crystallinity of the WSoNTs was well preserved within the heterostructure
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(proved by XRD and SAED analysis), confirming the facile chemical functionalization of the
nanotubes. When tested as a sodium-ion half-cell, the composite electrode increased stability
at high current densities and robust capacity retention (2—4 times higher than the capac-
ity of the neat WS;NTs) at subsequent cycles. The improved electrochemical performance
of the heterostructure with the post-cycle analysis of the electrode solidifies the authors’
hypothesis that the SiOC fibers might protect the WSyNTs from negative occurrences to
an extent, such as capacity degradation, volume expansion, irreversible conversion reaction,
and polysulfide dissolution, and contribute to the fabrication of better-performing electrodes
for thriving room temperature NIBs. The superior performance of WS,NT /SiOC electrode
vs. similar TMD-based composite electrodes reported in the literature was attributed to the

SiOC matrix which induces stable cycling of Na™ ions.
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Figure 5.8: Fiber diameter distribution plot of (a) As-spun; (b) Cross-linked; and (c) Py-
rolyzed fibermats.
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Table 5.1: Elemental Composition of the fibermats by XPS
Pyrolyzed Elements (Atomic wt.%)
Fibermats Wif S2p Si2p Cls  Ols

WS,NT/SiOC  3.10 3.43 12.86 53.65 26.35

Table 5.2: Elemental Composition of the spent electrode by XPS
Pyrolyzed Elements (Atomic wt.%)
Fibermats Wi4f S2p Si2p Cls  Ols Na2s Nals
WSoNT/SiOC 417 4.69 4.50 18.48 43.66 3.31 20.47

Table 5.3: Summary and comparison of electrochemical performance for Na* storage of
other nanomaterial-based structures with this work.

Anode Materials Rate Capability Reference

WS, /SiOC 454 mAh g=! @100 mA ¢=*  This work
001 oriented 2D WS, 195.7 mAh g=! @1000 mA g* 250
WS, /3D rGO microspheres 334 mAh g~ @200 mA g! !
Porous WS, /C nanocomposite 219 mAh g=! @1000 mA g! 100
D-TiS, 100 mAh ¢! @100 mA g~ 208
WS, /NC 320 mAh ¢! @200 mA g~ 331
WS,/3DCD 392.1 mAh ¢! @200 mA g~ 249
Wo-9Mog- 1S, 262 mAh g~ @1000 mA g~! 372
MXene@CogSg/CoMO,S, 325 mAh g=! @100 mA g* 136

309 mAh g=! @200 mA g*
284 mAh g=! @100 mA g!
2H-WS, 353.2 mAh ¢! @200 mA g~ 195
MoSz/graphene paper 240 mAh g=! @25 mA g~! 183
214 mAh g=! @100 mA g!
173 mAh g=! @200 mA g*
DODA-WS, 318 mAh ¢! @1000 mA g~ 66
WS,@MoS,@C/rGO 411.8 mAh g~ @500 mA g! 176
311.4 mAh g=! @100 mA g~!
302.8 mAh g=! @200 mA g~!

WSy /CNT-rGO ordered 3D aerogel 289 mAh g=! @500 mA g~* 2
MoSs /RGO 253.1 mAh g~! @100 mA g~ 353
1T-MoSs 324 mAh g=! @1000 mA gt 326
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Figure 5.9: SEM micrograph of SiOC pyrolyzed fibers at (a) lower magnification and (b)
higher magnification exhibiting some irreqularities (bead-like formation) in the fiber geometry.
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Figure 5.10: (a) GCD profile of WSeNT electrode tested in a sodium-ion half-cell setup; (b)
Differential Capacity Curves obtained from the GCD profile of WSeNT electrode; (¢c) GCD
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Chapter 6

Addressing Irreversibility and
Structural Distortion in
Quantum-Confined WSsIF
nanoparticles: Effects of Voltage

Cut-off Experiments in Beyond

LiT-ion storage Applications!’

6.1 Preface

While large interlayer spacing allows for Na™ and K™ ion storage in transition metal dichalco-
genide (TMD) based electrodes, side reactions, and volume change leading to pulveriza-
tion of crystalline structure are persistent challenges for employing these materials in next-

generation devices. Here in this study, we first investigate if irreversibility due to struc-

'Reprinted from Dey, S., Manjunath, K., Zak, A., and Singh, G. (2023). WS, Nanotube-Embedded SiOC
Fibermat Electrodes for Sodium-Ion Batteries. ACS omega, 8(11), 10126-10138.
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tural distortion resulting in poor cycling stability is also apparent in the case of quantum
confined fullerene-like tungsten disulfide (WSs) nanocages (WSsIF). To address these prob-
lems, we propose upper and lower voltage cut-off experiments to limit specific reactions.
Three-dimensional (3D) differential capacity curves and derived surface plots highlight the
continuation of reactions when a high upper cut-off technique is applied, indirectly suggest-
ing the restriction of structural dissolution. Furthermore, structural preservation in half-cell
electrodes during Li*T, Na™, or KT storage delivered better capacity retention with stable

performance and higher coulombic efficiency, laying the ground for future works.

6.2 Introduction

In 1985, the discovery of a highly symmetrical and stable Cgy — fullerene-like hollow nanos-
tructure inaugurated a new paragon in chemistry °°. Initial concerns about chemical bonding
limitations arising due to hollow spaces led to the hesitancy of the Cgo’s use — nevertheless, it
was effortlessly overcome by the discovery of manifold applications in environmental sensing,

388 Much like Cgg, layered compounds of TMDs, generally

biosensing, and optoelectronics
coined as MX,—, where M represents a transition metal hexagonally packed with X or chalco-
gen atoms, can also form hollow cage-like structures with a combination of hexagons and
triangles or/and rhombi being arranged as symmetric tetrahedron or octahedron®"?. The

extensive scalability of such zero-dimensional (0D) supramolecules driven and guided by R.

Tenne et al. has been capitalized in various fields: light-matter interactions, bulk electrical

t 182 254

transport ', solid lubricants“°*, biomarkers, drug delivery vehicles, coatings for orthodontic

72 Interestingly, current literature still lacks in explor-

wires, endodontic files, and so on
ing the electrochemical properties of inorganic fullerene-like nanophase materials, although
the efficacy of nanomaterials cannot be disregarded. Specifically, nanomaterials, in general,
present a mechanical advantage over traditional materials mainly due to their reduced size,
as strain mismatch between particles is overcome as the particle size is equal to or below the

typical crack size during charge storage!33.

Concerning rechargeable secondary alkali metal ion batteries, distinct WSy structures
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with wide dimensional variety (a versatile TMD family member) have been investigated

broadly. Specifically, investigation of LiT-ion storage behavior inside nanostructures of

145 253 253

WS,, including nanosheets >, nanohoneycombs?*?, nanoflowers?>, nanotubes®?!, and onion-

6 are up to date. In comparison, electrochemical charge storage of earth-

like structures!
abundant alkali metal ions, such as Na® and K™ -ions, is rarely found in existing literature,
especially in the case of WS,IF supramolecular structures. Although Zak et al. explored the
intercalation of alkali-metal ions into WSsIF structures, the study extensively highlighted
the transport properties, elaborating on the deviation of conductivity and magnetism before
and after the experiment — utilizing vapor transport method quite different from electro-
chemical storage techniques®®. Previous investigations highlight the existing drawbacks of
WS,, namely, low electronic conductivity, nanosheet reaggregation phenomena, chalcogen
species dissolution, and extreme volume change, which are more apparent during reversible
Na®™ and KT ion storage, as Na™ and K'ions are bulkier in size and present slower diffu-
sion kinetics’. Usual strategies to curb the inherent deficiencies of TMD-based electrodes
include hybrid structure formation with carbon additives — providing required conductivity
to the nanofillers®, enhancing the interlayer spacing'’, and inducing regional disorder3® to
facilitate higher alkali metal ion storage sites. Nevertheless, such strategies require convo-
luted synthesis parameters, instigate impurities within the crystal, and additionally bring
down the cell’s energy density as a whole. Therefore, a dearth necessity of complementary
and/or alternative engineering strategies is imperative more than ever.

In this investigation, we applied the upper and lower voltage cut-off techniques to accom-
plish efficient and reversible electrochemical storage beyond Lit-ions in 0D WS,IF quantum
confinement structures as a continuation of our previous study!#?. Like the typical TMD
nanosheets, such WS,IFs also suffer from volume expansion and subsequent structural dis-
tortion, for which inefficiency in cycling behavior was observed — leading to capacity fading.
Therefore, we utilized upper and lower voltage cut-off techniques to suspend conversion re-
actions at various stages and scrutinize the structural evolution via differential capacity with
evolving cycling conditions. The kinetics and subtle differences in Nat and K™ ion storage

within WS,IFs were further explored by employing rigorous electrochemical analysis tech-
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niques — rendering the preference of charge storage mechanism: faradaic or non-faradaic.
With higher capacity achievement in the case of Na™ ion storage and higher coulombic effi-
ciency realization in Lit /Na®™ /K™ ion storage, this study lays the ground for future studies

concerning efficient storage within cage-bound like 0D fullerene supramolecules.

6.3 Materials and Methods

6.3.1 Morphologic and spectroscopic characterization

This study utilized Hitachi SU8010 for collecting the scanning electron microscopy (SEM)
images of the neat WS,IF material and the spent electrodes. The IXRF system was addition-
ally used to obtain the corresponding X-ray fluorescence (XRF) spectrum. Phillips CM100
obtained the transmission electron microscopy (TEM) images of the bulk WS,IF material.
Raman spectra of the neat material and spent electrodes were obtained using a Renishaw
Invia Raman microscope using a 532 nm laser. X-ray photoelectron spectroscopy (XPS)
data were obtained using a thermo scientific equipped with a monochromatic Al anode Ko
(hv = 1486.6 €V) with in situ sputtering of Ar™ at 3.0 keV for 120s. X-ray diffraction (XRD)
data were collected utilizing PANalytical Empyrean with 45 kV, 40 mA power setting, and

a step size of 0.02 °. WS,IF preparation.

6.3.2 Electrochemical Measurements

The working electrode for all three cell types was prepared with 70 wt.% of the active ma-
terial (WSoIF), 15 wt.% of carbon black as conducting agent (Alfa Aesar, Haverhill, MA,
USA), and 15 wt % of polyvinylidene fluoride (PVDF) as a binder (Alfa Aesar, Haverhill,
MA, USA). After preparing a homogenous slurry by dissolving the materials in 1-methyl-2-
pyrrolidinone (Sigma-Aldrich, Missouri, MA, USA), acting as a solvent for PVDF, a coating
(125pum) on top of 125 pm thick copper foil was deposited. The slurry coating was dried at
80 °C overnight and punched into 14.29 mm dia circles to be utilized as working electrodes.

CR-2032 type coin cells were then assembled using the working electrode and Li/Na/K
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metals as reference and counter electrodes in the case of LIB/NIB/KIB cells. The assem-
bly of the half-cells was conducted inside a high-precision ultra-pure Ar glovebox with Oq
and HyO contents below 0.1 ppm. The electrolyte for LIB/NIB/KIB half-cells consisted
of LiPFs/NaClO,/KPF¢ salt in a common solvent: (1:1 v/v) Ethylene Carbonate (EC):
Dimethyl Carbonate (DMC) (anhydrous, 99% Sigma Aldrich). A glass separator soaked
with electrolyte separated the two electrodes in half-cells. Assembled half-cells were cycled
at a constant 100 mA g~! current density for 100 cycles in the Arbin BT 2000 test unit.
Cyclic voltammetry (CV) tests were conducted in CH instruments (model 600 E) electro-
chemical analyzer at different scan rates. After cycling the half-cells in specific conditions,
cycled electrodes were de-crimped in an inert Ar atmosphere and washed with DMC solvent
to dispose of the separator fibers attached to the electrodes for further spectroscopic and

microscopic analysis.

6.4 Results and Discussions

6.4.1 Spectroscopic and Microscopic Analysis

The morphology of the WS,IF nanoparticles was investigated using SEM and TEM. SEM
images (Figure 6.1a) of the WS,IF showed the agglomerated nature of the nanoparticles.
The high-magnification image of the WS,;IF showed that the shape of the fullerene-like
nanoparticle was nearly isotropic and synonymous with the SEMs in previously published
articles™'"™®. The TEM also shows the typical fullerene-like structure of the WS,IF 24, As
shown in Figure 6.1e, the nanoparticle showed an onion-like nested arrangement of several
closed layers of WSs. According to TEM, the sub-globular nanoparticles mostly have closed
structures with an average diameter of 100 nm. A selected area electron diffraction (SAED)

pattern obtained from one of the WS,IF nanoparticles showed the characteristic electron

pattern of WS, at (002) and (101)3%2.

116



1000
C w IF WS,
W 79,55 Wt
: = S 20,35 Wt
e

Coanis

g. A | h. (006) ~

-y E! ﬂ:‘.‘

= 29 oo

o =

[ | g Il " o

z L% a9 4

- PR

5 8§ _5-|-8-% W

= — ™ E" ™~ 1 |

S e 3Sg|szaz L
ﬂuu i — |

250 300 350 400 450 10 20 30 40 50 60 70 80 600 500 400 300 200 100 O
Raman Shift (cm™) 2 Theta (degree) Binding Energy (eV)

Figure 6.1: (a) SEM micrograph of the agglomerated WS,IF nanoparticles; (b) Magnified
view of the fullerene-like WSy nanoparticles; (¢) XRF spectra shows the characteristic el-
ements present in WSoIF; (d) TEM micrograph of the WSoIF and (e) magnified view of
individual WSoIF; (f) SAED pattern of the individual WSoIF particle; (g) Raman spectra of
WSoIF powder shows typical position of the WSy peaks; (h) X-ray diffractogram and (i) XPS
survey spectra of the WSsIF.

Figure 6.1g shows the Raman spectrum of the WSsIF nanoparticles. Two intense peaks in
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the Raman spectrum of crystalline particles were observed at 349 and 416 cm-1. These peaks
were assigned to characteristic E12g and A, modes of WS,IF 19 corresponding to molecules’

189 XRD was also utilized to determine

in-plane and out-of-plane vibration, respectively
the crystallinity of the WSoIF. The XRD patterns in Figure 1h had been assigned to the
hexagonal phase of WS, with lattice constant: a = 3.153, ¢ = 12.323 A (ICDD Card No.
08-0237) %35, Raman spectroscopy and XRD confirmed the presence of the pristine WS,IF.
In addition, XPS was performed to determine the chemical composition of the nanoparticles.
As shown in Figure 6.1i, the XPS survey scan showed the presence of W, S, and O in the
WS,IF particles. The presence of oxygen was attributed to the surface oxidation of the

particles. According to XPS, the W and S atomic percentages in the WS,IF nanoparticles
were 31.95 and 36.89 at.%, respectively.

6.4.2 Electrochemical Analysis

Galvanostatic charge-discharge curves (GCD), (Figures 6.6-al, a2) and derived differential
capacity curves (Figures 6.6-bl, b2) offer insight into various reactions happening at the
charging and discharging of the half-cells. Figures 6.2 (al-a4) denote GCD curves for the
NIB and KIB cells. For the 0.01-2.5 V LIB cell, the first lithiation includes sharp peaks at
1.7, 0.79, 0.67, and 0.01 V (Figure 6.6-b2). The responses at lower voltage ranges might be
ascribed to a combination of reactions: insertion of Li™ ions into WS,IF layers, additional
conversion reaction of WS, and Lit ions to form W and Li,S matrix, irreversible electrolyte
decomposition, and the formation of a solid electrolyte interface layers3?3:396:39 = Apart from
the 0.01 V peak, the other peaks do not appear in the subsequent second and third cycles
— indicating the irreversibility of the reactions. On the other hand, the delithiation curves
present a significant peak at 2.3 V and a shoulder peak at 2.0 V — possibly originating
from the extraction of Li* ions from the LixWS, host. Additional reversible peaks observed
in the second and third lithiation cycles may be attributed to further insertion of Li* ions
into the interlayers of WS,IF. For the LIB cells cycled at 0.01-1.5 V range (Figure 6.6-

bl), the same reactions indicated by the same peaks were present, suggesting no material
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contamination. However, in the second and third cycles, a partial peak appeared from
the 1.7 V peak. The continuation of intercalation and conversion reactions could be realized
from the 3D differential capacity curves, plotted as a function of the cycle index illustrated in
Figures S1-(c1,c2). For further examining the reaction continuity or polarization of the peaks,
individual lithiation/delithiation 3D differential curves (Figures 6.6-c1, ¢2) are demonstrated
as surface plots in Figures 6.7(al-b4). As seen for LIB 0.01-2.5 V cells (Figure 6.7-al), during
delithiation, specific reactions at approx. 1.8 V continues only up to 20-25 cycles. The only
long-term reaction during continuous cycling is observed at 2.3 V, which gradually loses
intensity — indicating lesser electron transfer and fading after the 80th cycle. In the reverse
lithiation process (Figure 6.7-a2), specific peaks at 1.7, 0.79, and 0.67 V diminish away at
the 40th cycle — indicating the discontinuation of the reactions. Shoulder peaks around 1.5
V region discontinues at 40th cycle, which starts fading out starting from 15th cycle. Major
2.0 V peaks also gradually fade away starting from the 20th cycle and disappear entirely
after the 80th cycle. Slight hysteresis is also observed from the 2.0 V peak. Only the low-
voltage region 0.01 V peak continues up to the 100th cycle. This behavior is nonetheless
ascribed to mechanical stress generation within the WS,1Fs and structure pulverization upon

59:263:322 A possible explanation is that the structure

repeated Lition insertion/extraction
completely changes after specific cycles due to repeated cycling, and therefore no reaction
proceeds further as there are no available sites. On the contrary, for the 0.01-1.5 V cell,
specific peaks at 0.01 V during delithiation are more prominent (Figure 6.7-b1), and no peak
plummeting behavior is observed. Partial reaction originating from the 1.7 V — limited
to 1.5 V due to voltage cut-off continues up to 100th cycle. Similar behavior in the case
of lithiation is also observed (Figure 6.7-b2) — indicating the efficiency of a higher upper
voltage cut-off technique, as the 3D differential capacity curves indirectly suggest that the

inherent structure is preserved as the repeated insertion/extraction of Li* ions continues.
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Figure 6.2: GCD curves of: al. NIB 0.01-2.5 V, a2. NIB 0.01-1.5 'V, a3. KIB 0.01-2.5 'V,
a4. KIB 0.01-1.5 V half-cells; differential capacity curves of: bl. NIB 0.01-2.5 V, b2. NIB
0.01-1.5 V, b3. KIB 0.01-2.5 V, b4. KIB 0.01-1.5 V half-cells; differential capacity curves
plotted as a function of cycle index for c1. NIB 0.01-2.5 V, ¢2. NIB 0.01-1.5 V, ¢3. KIB
0.01-2.5 V, ¢4. KIB 0.01-1.5 V half-cells.

2D differential capacity curves Figures 6.2(al-a4) derived from the GCD curves demon-

strate the multistep first cycle sodiation process (Figure 6.2-b1) at 0.01 — 0.32 V and 1.34 V.
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The combination of significant peaks and peaks lying in the shoulder at 0.01-0.64 V region
might be ascribed to several reactions taking place: insertion of Na™ ions, conversion reaction
of WS,IF with Na* ions into metallic nanoparticles in the NayS matrix, and the formation
of SEI layer?%®. Most of the reactions mentioned above are irreversible — predicted due to
the disappearance of such peaks in the consecutive cycles. Reversible sodiation in WSoIF
nanoparticles was observed as peaks visible in the second and third cycles in 1.34, 2.0, and
2.46 V regions — indicating the possibility of similar insertions. In the reverse desodiation
process, significant peaks were found in the 1.7-1.9, 2.27, and 2.5 V region — might be due to
the extraction of Na' ions from the WS,IF particles and the reconversion of W into WSy 24,
In the cell cycle at 0.01-1.5 V (Figure 6.2-b2), the same reactions were observed apart from
the half peak at 1.5 V, which could be a partial reaction from the 1.7 V peak. To assess the
continuation and structural distortion of the electrode material, we further investigate the
differential capacity curves as a function of the cycle index, illustrated in Figures 6.2(c1-c4).
Figures 6.8 (al-b2) are derived surface plots from the 3D differential capacity curves. As
seen from the sodiation and desodiation surface plots in Figures (S6-8:al-a2) for NIB 0.01-
2.5V cells, all the peaks disappeared within the 20th cycle apart from the ones in the lower
voltage region. However, NIB cells cycled within the 0.01-1.5 V range conveys an exciting
trait — peaks in the 0.01 V and 0.25 V region in the desodiation cycle continue up to a
prolonged cycling period (Figure 6.8-b1). Similarly, during sodiation (Figure 6.8-b2), 0.09
V, and 1.5 V peak retain their intensity through 100 cycles, thereby bolstering our initial
hypothesis: voltage cut-off restricts WS,IF structure pulverization, even in case of repeated
large Na™ ion insertion/extraction, the result of which will be highlighted in the following
section. Overall, when compared with LIB chemistry, NIB cells cycled up to 2.5 V conveyed
even lesser reaction continuation. Nevertheless, NIB cells cycled up to 1.5 V retained even
the lower amount of reactions happening within the WS,IFs — indirectly indicating the
structure preservation in the case of cells where higher voltage cut-off was utilized.

Similar to the sodiation/desodiation process, the potassiation/depotassiation process of
the WSoIF electrodes is demonstrated in GCD plots illustrated in Figures 6.2-(al, a2).

Differential capacity curves derived from the GCD graphs elucidate the specific reaction
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at particular voltages. In the first potassiation process (Figure 6.2-b3), major peaks are
observed at 0.1, 0.83, 1.0-1.5, and 2.46 V region. Previous investigations have assigned the
peaks above the 0.75 V region to the intercalation process, and the peaks below the 0.75 V
region to a mixture of reactions from the interaction of K ions with WS, material, conversion
reactions, and the formation of SEI layers®°%27_ Another school of thought exists where the
interaction of K™ ions with WSs-based materials were assigned to be purely intercalation-
based as no trace of metallic W was found due to conversion reaction products®316. As
there exists no direct evidence present to move in a certain direction, in this investigation
we refrain from assigning the peaks to certain reactions. However, the peak at 0.1 V for the
0.01-2.5 V cell displayed the highest intensity — indicating greater electron transfer taking
place, which can be ascribed to the SEI layer formation reaction in general. In earlier reports
where MoS, was utilized as anode material utilizing KPFg as an electrolyte salt, unstable,
potassium fluoride deficient, organic species-rich SEI layer formation was observed — leading

0 The continuation of the peaks was further examined in 3D

to poor capacity retention®
differential capacity curves, presented in Figures 6.2(c3, c4). Further elucidation of the 3D
differential capacity curves are provided in Figures 6.9-(al-b2) of potassiation/depotassiation
processes for two different cells cycled at separate voltage ranges. From Figures 6.9(al,
a2) of the potassiation/depotassiation processes of the cell cycle at 0.01-2.5 V range, no
continuation of reactions arising from higher voltage ranges are observed — peaks at 1.0-1.5
V region discontinues after the 10th cycle. The only reactions continuing are present in
the lower voltage region (0.01 V peak in potassiation cycle — fading gradually after 50th
cycle: Figure 6.9-a2). On the contrary, for the KIB 0.01-1.5 V cell, where the upper voltage
cut-off technique was utilized, we observe the continuity of a 1.4 V peak, arising from a
partial reaction of 1.7 V peak, up to the 100th cycle during depotassiation. Furthermore,
the peak at 0.1 V maintained it’s intensity throughout the depotassiation process (Figure 6.9-
bl). In the reverse potassiation step, the only peak pursuing similar intensity during the
prolonged process was the 0.01 V peak (Figure 6.9-b2) — indirectly indicating the structural
preservation of the WS,IF particles in KIB 0.01-1.5 V cells.

Cycling performance derived from the GCD experiments for all three alkali metal ion
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systems was measured at similar conditions: constant current density of 100 mA g=!. The
specific capacity achieved from the LIB cells at different potential ranges was plotted as
a function of the cycle index (Figures 6.10), from which the coulombic efficiency of the
electrode material was also calculated. Similar graphs were obtained for the NIB and KIB
cells demonstrated in Figures 6.3 (a, and b), respectively. The LIB cell cycled within 0.01-
2.5 V demonstrated 349.67 mAh g=! first cycle specific charge capacity with a coulombic
efficiency of 42%. A consistent capacity degradation behavior was observed starting from the
second cycle, perpetuating throughout the long-term cycling process. Capacity fading of the
0.01-2.5 V cell could be well correlated with the observations from the 3D differential capacity
plots, where cessation of specific reactions suggesting structural distortion was observed. The
first cycle capacity loss can be ascribed to inevitable SEI layer formation and a combination
of side reactions through which Li* ions were irreversibly consumed!'%®. Noticeably, the
coulombic efficiency of the 0.01-2.5 V LIB cell was always around 60-70%. Interestingly, the
LIB cell cycled at a higher upper cut-off voltage displayed 233.62 mAh g~! initial capacity
with a coulombic efficiency of 30.52%. The lower coulombic efficiency can be correlated with
the higher intensity of the SEI layer formation peak (Figure 6.6-b2), where more Li" ion
consumption could be predicted and, as a result, the 1st cycle discharge capacity was very
high (Figure 6.6-1-al). Nevertheless, the coulombic efficiency of the 0.01-1.5 V LIB cell was
persistently near 100% from the 6th cycle, as a result, better capacity retention was observed
with no fading behavior — also easy to be correlated with the prolongation of reaction peaks
from 3D differential capacity Figure 6.7(b1, b2).

Similarly, Figure 6.3a depicts the cycling of two NIB cells at different voltage ranges
under the same conditions as the LIB cells. The 0.01-2.5 V NIB cell displayed a first cycle
charge capacity of 299 mAh g~! with a coulombic efficiency of 48.94%, much higher than the
0.01-1.5 V cell residing at 167.65 mAh g~! with a coulombic efficiency of 27.69%. However,
the NIB 0.01-2.5 V cell never reached a coulombic efficiency near 100%, whereas the 0.01-1.5
V cell reached coulombic efficiency near 100% after 10 cycles. As a result, capacity retention
of the NIB cell with no voltage cut-off technique utilized was much lower (sudden capacity

degradation was observed up to the 8th cycle), which was quickly overtaken by the NIB
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0.01-1.5 V cell at the 5th cycle. The above-mentioned behaviors of the NIB 0.01-2.5 V cells
were in harmony with the findings from the 3D differential capacity curves (Figures 6.2:c1-
c2) and surface plots (Figures 6.8: al-b2), where maintenance of specific peaks in case of
the 0.01-1.5 V cell was perceived — a characteristic quite the opposite in case of the 0.01-2.5
V cell. This phenomenon suggests well that Na™ ion insertion/extraction at higher voltage
ranges might lead to permanent structure distortion for which lesser capacity is achieved
at prolonged cycling processes, even in the case of WS,IF materials with different quantum
confinement effects than nanosheets — in the 100th cycle specific capacity of the 0.01-2.5 V
cell was 16.97 mAh g~!, compared to 81.63 mAh g~ for the 0.01-1.5 V NIB cell.

Similar characteristics were observed from the two KIB cells from Figure 6.3b, where
the first cycle-specific charge capacity for the 0.01-2.5 V cell stood at 423 mAh g=! with a
coulombic efficiency of 23.47%. For the 0.01-1.5 V KIB cell, a similar coulombic efficiency
was perceived, the reason for which has already been highlighted in the previous section
(KPFg electrolyte degradation). In the case of the KIB cells, much like the LIB and NIB
cells, the coulombic efficiency of the cell with higher upper voltage cut-off dominated over
the cell cycled up to 2.5 V — reaching nearly 100% but at a later stage (after the 20th
cycle). Such a performance could also be well connected with the results obtained from
the surface plots (S6-9:a1-b2). Although with higher capacity retention, the 0.01-2.5 V cell
demonstrated higher specific capacity at the 100th cycle (32 mAh g=!, compared to 9.43
mAh g~ of the 0.01-2.5 V cell), the value was far lower than both the LIB and NIB cells
— providing overall inefficiency of the large K ion storage within closed cage structures of
WS,IF.

To test the effects of lower voltage cut-off with a combination of best results achieved
from the upper voltage cut-off experiments, four additional cells were assembled and cycled
in the potential range of 0.25-1.5 V and 0.5-1.5 V range for NIB and KIB systems. Assembled
cells were cycled at the same conditions as before, and Figures 6.11(al-b4) demonstrate the
GCD curves of the NIB and KIB cells cycled at different lower cut-off voltages. As observed
from the derived differential capacity curves S6-11(b1,b2) from the GCD curves, only the

specific reactions at the mentioned potential range are present. Figures 6.12(a) represent
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the cycling stability and coulombic efficiency data of the NIB 0.25-1.5 V and 0.5-1.5 V
cells. Both the cells demonstrate lower capacity achievement throughout the cycling process
when compared to the cells with no lower cut-off applied. Although the NIB 0.25-1.5 V
cell’s initial capacity (65 mAh g=') was higher than the other counterpart (52 mAh g=1),
lower coulombic efficiency (approx. 70%, compared to near 100% after 30th cycle for the
NIB 0.5-1.5 V cell) throughout the cycling continuation dragged the capacity down. The
difference in terms of capacity for lower voltage cut-off was more apparent in KIB cells cycled
under the same conditions (Figures 6.11-b) in the cycling stability test. The 0.25-1.5 V KIB
cell demonstrates higher capacity achievement (46 mAh g~!, compared with 26 mAh g!
of the 0.5-1.5 V KIB cell). This result is well expected as the restriction of the potential
range to 0.5 V suppresses several key reactions apparent from the differential capacity curve
(Figure 6.11). Noticeably, both the KIB cells displayed low coulombic efficiency, around
65%, even less than the NIB 0.5-1.5 V cell.
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Figure 6.3: Cycling stability and consecutive coulombic efficiency of a. NIB 0.01-2.5 V and
NIB 0.01-1.5 'V cells, b. KIB 0.01-2.5 V and KIB 0.01-1.5 V cells.

The fast physical charge storage mechanism within WSoIF material can be understood
from the CV experiments performed at different scan rates™. Usually, the charge storage
process relies on different scan rates (v, mV s™!) utilized in CV experiments, where the
current response (i, amp) fluctuates as a function of voltage sweeps. Therefore, Figures 6.4

(al-b2) denote the CV curves obtained for the NIB and KIB cells cycled at different volt-
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age ranges, respectively. Supplementary Figures 6.13 (a; and ag) illustrate the CV curves
obtained from the LIB cells cycled at two different voltage ranges. Five different scan rates,
such as 1, 2.5, 5, 7.5, and 10 mV s!, were utilized to investigate the charge storage mecha-
nism. In the framework of this analysis, examination of the CV profiles enables quantitative
differentiation of two different charge storage mechanisms: non-Faradaic surface capacitive

87

effects and Faradaic diffusion-controlled insertion processes'®’, according to equation (6.1).

1= k]_l/_‘_k‘QV% (61)

The rearrangements of Equation 6.1 enable us to establish a relation in i(V)/v'/? vs.
v'/2 plots, as k; (slope) and ky (y-axis intercept) follow a linear behavior, illustrated in
Figures 6.14 (a-c) for six different cell types cycled at different voltage ranges at fixed po-
tentials, neglecting minimal peak shifts. Notably, ki~ and kov'/? in the equation denote the
surfaced capacitive and intercalation-based diffusive charge storage process — illustrated as
bar graphs in Figures 6.4(b1-b4) for NIB and KIB cells cycled at two different potential
ranges as a function of employed scan rates. We observe, while LIB cells cycled at 0.01-1.5
V illustrated 15, 10, 7, 6, and 5% pseudo-capacitive contributions (Figures 6.13:b1,b2), the
cell cycled at 0.01-2.5 V demonstrated 65, 25, 19, 16, and 14% for scan rates of 1, 2.5, 4, 7.5
mV s, respectively. Again, for NIB 0.01-1.5 V cells (Figure 6.4b1), 16, 11, 8, 6, and 6%,
and for NIB 0.01-2.5 V cells (Figure 6.4b2), 56, 45, 37, 32, and 29% contributions were from

! respectively. Lastly, for

pseudo-capacitive processes at scan rates of 1, 2.5, 4, 7.5 mV s~
KIB 0.01-1.5 V cells (Figure 6.4-b3), 56, 45, 37, 32, and 29%, and for KIB 0.01-2.5 V cells
(Figure 6.4-b4), 44, 33, 26, 22, and 20% contributions were from pseudo-capacitive processes
at scan rates of 1, 2.5, 4, 7.5 mV s}, respectively. To sum up, an increase in the capacitive
contribution as a function of gradually increasing scan rate is common to all six cells. This
behavior has been previously observed in the case of electrodes with fast reaction kinet-
ics. Specifically, as the scan rate increases, alkali-metal ions experience decreased periods

of complete diffusion inside the electrode material. Therefore, the cations prefer a surface

adsorption-based storage mechanism rather than the formation of a solid solution. Domi-
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nance in the capacitive contribution is observed from the LIB and NIB cells cycled at higher

225267323 - Purthermore, another common trend is the dominance of

upper cut-off voltages
the capacitive charge storage process over the faradaic process in the case of cells cycled at
higher cut-off voltages. Firstly, as seen from the charge-discharge curves, higher cut-off volt-
ages yield lesser capacity than the other cells —; therefore, the alkali-metal ions get less time
to interact with the host WS,IF electrode. Again, some of the reactions (intercalation and
conversion) for LIB and NIB cells fall out of the 0.01-1.5 V range, apparent from both 2D and
3D differential capacity curves — pointing out that higher cut-off voltages might suppress
specific reactions. Last but not least, the cage-like quantum confinement of WS,IFs might
also play a significant role in the case of a charge storage mechanism, as our previous works
regarding WSoNTs in LIB and NIB have shown better capacity achievement compared to
WS,IFs!® . Nevertheless, further research efforts are required to come to this conclusion,
which is currently underway. For the KIB cells, however, an opposing trend was observed
— the cells with higher cut-off voltages demonstrated elevated diffusive charge storage char-
acteristics. This can be explained by the partial reactions in the anodic cycle and complete
reactions in the cathodic cycle in terms of 0.01-1.5 V cells. The height of the anodic peak (1.5
V) in the negative current axis for 0.01-1.5 V KIB cell is comparatively pronounced — indi-
cating more electrons are transferred due to partial reactions than the complete reaction of
0.01-2.5 V cell. Therefore, this indirectly affirms our initial hypothesis that a higher voltage
cut-off helps to protect the WS,IF structure longer. This technique might be explored with
a combination of composite structure formation to realize the full potential of voltage cut-off
experiments, as some composite structure formation techniques have proven to enhance the

capacity and stabilize the electrochemistry of TMD-based nanomaterials®"303,
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Figure 6.4: CV curves of al. NIB 0.01-1.5 V, a2. NIB 0.01-2.5 V, a3. KIB 0.01-1.5
V, a4. KIB 0.01-2.5 V half cells; capacitive and diffusion-controlled contribution ratios for
different scan rates of b1. NIB 0.01-1.5 V, b2. NIB 0.01-2.5 V, b3. KIB 0.01-1.5 V, b4.
KIB 0.01-2.5 V half cells.

6.5 Post-Cycling Analysis

The upper voltage cut-off (up to 2.5V and 1.5 V) electrodes were disassembled after cy-
cling, and they were analyzed using different characterization techniques as shown in Fig-
ure 6.5. Digital camera images of the recovered spent electrodes after cycling are shown in
Figure 6.5(a-f). The spent electrodes, particularly NIB 0.01-2.5 V electrode showed disinte-

gration in some parts, which had happened during the disassembly process. The presence
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of an infrequent white substance on the electrodes was the residual waste of the glass fiber
separators used in assembling the cells. However, the spent electrodes showed no visible
color change or imperfections. The presence of glass fibers from the separator was con-
firmed by the SEM images (Figure 6.5al-f1) of the spent electrodes. The SEM images of
the 0.01-2.5 V electrodes showed increased microcracks compared to 0.01-1.5 V electrodes.
This suggested the structural integrity and minimal stress development within the 0.01-1.5
V electrodes during cycling. Figure 6.5(a2-f2) shows the qualitative elemental analysis of the
spent electrodes characterized by the XRF technique. The characteristic peaks for W and
S spectral lines were observed for all the electrodes, suggesting the existence of WS,IF after
cycling. In addition, characteristic peaks for the electrolyte used in different cells, i.e., F for
LIBs, Na, and Cl for NIBs, and K and F for KIBs were identified by XRF. Cu peaks were
also detected, originating from the Cu foils. This study also utilized Raman spectroscopy to
determine the spent electrode microstructure and designate the WS, phase from the carbon
structure. Figures 6.5(a3-f3) show the Raman spectra of the electrodes after cycling. The
two intense peaks at 1350 and 1599 cm-1 were assigned to the D and G carbon vibrations
bands, respectively??. For the 2.5V spent electrodes (Figure 6.5:a3-c3), an additional Ra-
man spectrum for crystalline WO3 was observed. The intense peaks at 924, 808, and 305
cm-1- corresponded to the stretching vibrations of the bridging oxygen and were associated
with W-O, W-O-W stretching (v), and O-W-O bending (§) vibrational modes®. By con-
trast, the 0.01-1.5 V spent electrodes (Figure 6.5(d3-£3)) showed the Raman peaks at 349 and
416 cm-1, which correspond to the in-plane mode E'5, and out-of-plane mode A;, mode for
WS,LIF Y. This also suggested that at higher voltage windows (0.01-2.5 V) WS,IF electrodes
were oxidized, contributing to the degradation of the cells. The Raman spectrum of the neat
electrode before cycling is presented in the supplementary Figure S10. Figure 6.5(a4-f4)
shows the XPS survey scan of the spent electrodes. C, O, F, and Cu elements were present,
along with the base materials of W and S. For NIBs and KIBs, Na and K were detected,

respectively, indicating the formation of the SEI layer.
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Figure 6.5: Structural characterization of the spent (cycled) electrodes: (a-f) Digital camera
image; (al-f1) SEM micrographs showing structural integrity of the spent electrodes after
cycling; (a2-f2) XRF spectra of the electrodes identify the characteristic elements; (a3-f3)
Raman spectra show the distinctive peaks obtained for the spent electrodes; and (a4-f}) XPS
survey scan of the electrodes representing the presence of individual elements after cycling.

6.6 Conclusion

This research is the first work to study the alkali metal ion storage behavior of nanocage-like

WS,IF structure. Firstly, morphological and chemical characteristics of WSy polymorphs

were studied via SEM, TEM, Raman spectroscopy, XPS, and XRD. We further investigated

whether the drawbacks of traditional TMD-based materials in terms of alkali metal ion
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storage, hold for quantum-confined 0D WS,IF structures and found out that side reactions
and significant volume change lead to structural distortion within. Therefore, we explored
upper and lower voltage cut-off techniques to limit certain reactions. Upper voltage cut-
off led to stable capacity achievement with minimal capacity fading and higher coulombic
efficiency gain at prolonged cycling conditions in the case of Li* /Na™ ion storage, compared
to cells with no voltage cut-off applied. Although K™ ion storage in the upper voltage cut-off
range resulted in higher coulombic efficiency achievement, no significant benefit in terms of
higher capacity gain was apparent. The reason behind such phenomena was examined using
3D differential capacity curves and derived surface plots, where reactions for 0.01-2.5 V cells
halted after certain cycles indicating structural pulverization resulting in capacity fading,
also detectable from post-cycling analysis. Additionally, lower voltage cut-off combined with
optimal upper voltage range yielded much lesser capacity gain as some reactions got restricted
resulting in lesser electron transfer. Furthermore, when examining via CV experiments,
LIB and NIB cells with higher upper voltage cut-off displayed preference in a non-faradaic
charge storage mechanism, while K*-ion storage inside WS,IF was diffusion-dominated.
Although the lesser capacity achievement of WS,IF during Na™ and K™ ion storage is an issue
evident in this investigation, this study nevertheless lays the ground for taking advantage
of the composite formation in combination with voltage cut-off to harness next-generation

electrochemical energy storage devices.
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Table 6.1: Elemental composition of the electrodes determined by XRF
Samples Elements (wt.%)
W S O cC L P

Neat Electrode 33.3 13.59 6.99 36.46 - -

LIB 2.5V 26.92 6.68 38.27 - - 0.64
NIB 2.5V 30.23 2.31 35.66 - - -
KIB 2.5V 44 557 11.93 - - 031
LIB 1.5V 20.33 8.14 50.05 - - 0.32
NIB 1.5V 11.91 5.77 3743 4.03 - -
KIB 1.5V 17.01 1043 195 1894 - 0.45
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Figure 6.6: GCD curves of al. LIB 0.01-2.5 V, a2. LIB 0.01-1.5 V; differential capacity
curves of b1. LIB 0.01-2.5 V, b2. LIB 0.01-1.5 V; differential capacity curves plotted as a
function of cycle index for c1. LIB 0.01-2.5 V, ¢2. LIB 0.01-1.5 V half-cell.
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Table 6.2: Elemental composition determined by XPS
Samples Atomic (wt.%)
W S 0O C F P
[F-WS, Powder 31.95 36.9 31.15 - - -
LIB 2.5V 312 219 42 46.66 4.74 0.48
NIB 2.5V 1.79 3.74 39.73 29.88 384 -
KIB 2.5V 0.27 091 13.73 65.24 2.57 0.57
LIB 1.5V 205 0.76 595.1 3152 5 0.68
NIB 1.5V 10.31 - 5433 1596 097 -
KIB 1.5V 236 2.26 14.61 54.89 1.53 6.28
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Figure 6.10: Cycling stability test of LIB half-cells cycled at 0.01-1.5 V and 0.01-2.5 V
range.

Table 6.3: Comparative electrochemical properties of different WS,
tures.

quantum-confined struc-

Electrodes Properties Half-cell Systems

LIB NIB KIB

Charge Capacity (mAh g=')  524.83  263.07  79.59

WS,NS  Discharge Capacity (mAh g7')  699.31 377.84 325.03
E. (%) 7537 69.63  24.49

Charge Capacity (mAh g=!)  824.01 419.11 487.93

WS,NT  Discharge Capacity (mAh g=!) 1126.81 604.96 1356.73
E. (%) 7313 6928  35.96

Charge Capacity (mAh g=1)  349.67 299.82 423.66

WS,IF  Discharge Capacity (mAh g=!) 824.56 612.57 1805.15
E. (%) 42.40 48.98 23.50
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Figure 6.11: GCD curves of al. NIB 0.25-1.5 V, a2. NIB 0.5-1.5 V, a3. KIB 0.25-2.5 V,
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w —— MNest Electrode

W 33. 30 wt.%
S 13.59 wt.%
C32.34 wt.%
0 6.99 wt.%
F 5.53 wt.%
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Figure 6.15: XRF spectrum and elemental composition (determined by XRF) of the neat
electrode (before cycling).
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Figure 6.16: Raman spectrum of the neat electrode (before cycling).
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Chapter 7

Sodium and Potassium ion storage in

Cation Substituted 2D MoWSes:
Insights into the Effects of Upper

Voltage Cut-off’

7.1 Preface

The superior properties, such as large interlayer spacing and the ability to host large alkali-
metal ions, of two-dimensional (2D) materials based on transition metal di-chalcogenides
(TMDs) enable next-generation battery development beyond lithium-ion rechargeable bat-
teries. In addition, compelling but rarely inspected TMD alloys provide additional op-
portunities to tailor bandgap and enhance thermodynamic stability. This study explores
the sodium-ion (Na-ion) and potassium-ion (K-ion) storage behavior of cation-substituted
molybdenum tungsten diselenide (MoWSe;), a TMD alloy. This research also investigates

upper potential suspension to overcome obstacles commonly associated with TMD materials,

!Dey, Sonjoy, and Gurpreet Singh. ”Sodium and potassium ion storage in cation substituted 2D MoW Ses:
Insights into the effects of upper voltage cut-off.” Nanotechnology (2023).
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such as capacity fading at high current rates, prolonged cycling conditions, and voltage po-
larization during conversion reaction. The voltage cut-off was restricted to 1.5 V, 2.0 V, and
2.5 V to realize the material’s Na* and K ion storage behavior. Three-dimensional (3D)
surface plots of differential capacity analysis up to prolonged cycles revealed the convenience
of voltage suspension as a viable method for structural preservation. Moreover, the cells
with higher potential cut-off values conveyed improved cycling stability, higher and stable
coulombic efficiency for Nat and K™ ion half-cells, and increased capacity retention for Na™

ion half-cells, respectively, with half-cells cycled at higher voltage ranges.

7.2 Introduction

Investigations of TMDs that include MoSy, MoSe;, WS,, and WSe, as electrodes in elec-
trochemical energy storage devices have increased in recent years, encompassing practi-
cal research of traditional LiT ion-based rechargeable batteries and next-generation, earth-
abundant sodium-ion batteries (NIBs) and potassium-ion batteries (KIBs) 7729231 However,
TMD’s inherent drawbacks (low electronic conductivity and severe volume change during
electrochemical redox reaction) yield undesirable outcomes, such as menial reaction kinetics,

8

capacity fading, and intense polarization that decreases energy inefficiency?’®. Strategies

47;300’ im-

such as the interlayer expansion of lamellae to enhance the intercalation reaction

129:183:204 " and distinctive nanostruc-

prove reaction kinetics via conductive skeleton materials
ture formation to amplify rate capability and cycling efficiency '#*3%%32! have been widely
investigated. However, these modification procedures usually require a complicated synthesis
route with convoluted parameters. Nevertheless, several intercalating agents introduce impu-
rities within the material, further sacrificing the conductivity of TMDs!?, while other utilized
techniques induce regional atomic disorder and generate a 1T phase3%3%. In addition, cou-
pling with conductive materials such as graphene paper and carbon additives supplementally
reduces energy density. Therefore, future research should include deterministic methodical

strategies.

Doping and alloying have been shown to effectively tailor the intrinsic properties of TMDs,
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and a substitutional alloying strategy can engineer TMD bandgaps. For example, the sub-
stitution of anion and cation sites within MoS, to fabricate Mo, W;_,Ss, M0S3,Sea—z) has
resulted in a tuned bandgap of 1.8-2.0 eV and 1.6-1.9 eV, respectively®?!4°. In addition, an
informed choice of transition metal alloying potentially increases the thermodynamic stabil-
ity of ordered materials with a wide bandgap tuning ability of approx. 1 eV 3. Because TMD
materials have many atomic species, the versatile chemistry of TMD alloys increases their
potential for engineering nanoscale applications. Consequently, TMD alloys have already
been utilized in a wide range of practical devices, such as water splitting?!, photovoltaics'?,
and gas sensing 192,

Overall, current research regarding electrochemical energy storage devices has focused on
the application of TMD alloys, but most of the research has highlighted their usage in Li*

HE126:155 © with only a few investigations of earth-abundant,

ion-based storage technologies
beyond lithium-ion (Li* ion)-based storage opportunities. For example, Mudgal et al. in-
vestigated MoSeTe as an anode for NIBs, but the study only investigated up to 10 cycles.
Furthermore, few studies have utilized anion-substituted TMD alloys, such as MoSSe, with
carbon additives, such as N-doped carbon?, rGO™, and carbon nanotubes®’. The afore-
mentioned techniques potentially decrease the energy density in a full cell, thereby signifi-
cantly affecting the charge transport due to variations in bonding and relative position of
TMD and carbon®*3. Hanna et al. created anion vacancies to investigate MoSSe in KIB stor-
age applications by tediously optimizing the Se:S ratio during alloying to tailor particular
properties'?. Although a plethora of literature addresses anion-substituted TMD alloy for
electrochemical energy storage devices, only a few investigations focus on cation-substituted
TMD alloy and even less focus on NIBs and KIBs. For example, MoWSe, has been investi-
gated as a potential LIB electrode, but the study considered using a three-electrode system,
which exceeds the scope of practical application? .

This report investigates the applicability of MoWSe,, a cation-substituted TMD alloy,
beyond Li% ion storage application, specifically the Nat and K™ ion storage properties of the

MoWSe, alloy and subsequent internal reactions. This study also investigated the promise

of MoWSe, in Na-ion and K-ion half-cells by reducing the upper potential values to prevent
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structural distortion of the MoWSe, alloy. Although TMDs utilize both intercalation and
conversion reactions during alkali-metal ion storage and their structural distortion occurs
during prolonged cycling, previous studies have indicated that structural integrity preserva-

G188 The structural disin-

tion plays a decisive role in reaching the goal of stable capacity
tegration is even more prominent beyond Li-ion storage technologies as Nat and K* ions
are bulkier in size and possess slower diffusion kinetics than Li* ions. For cation-substituted
TMD alloys such as MoWSe,, a comparatively higher conversion reaction rate was expected
than the neat TMDs, potentially leading to severe structure pulverization, as proven by
broadened peaks of the differential capacity curves for both MoSe;, and WSey. Therefore,
the upper potential suspension strategy was utilized to preserve the crystal structure within
the material-restricting pulverization of the MoWSe, alloy to achieve stability during rate
capability and the long-term cyclability test. The upper potential cut-off approach revealed
that MoWSe, electrodes cycled in a range of 0.01-1.5 V, with approximately 29% higher ca-
pacity retention for Na™ ion half-cells due to the restriction of specific reactions. Moreover,
higher coulombic efficiency was observed, reaching near 100% for a half-cell cycle at 0.01-1.5

V. Therefore, the upper potential restriction could be vital for studying Na™ and K™ ion

storage in TMD alloys to improve cycling stability.

7.3 Materials, Methods, and Characterization

7.3.1 Morphologic and Spectroscopic Characterization

This study carried out transmission electron microscopy (TEM) and energy-dispersive x-
ray spectroscopy (EDX) on an FEI Tecnai Osiris 200 kV. Selected area electron diffraction
(SAED) image was obtained using Phillips CM100 TEM. Raman spectrum of the sample
utilized a LabRAM ARAMIS Jobin Yvon Raman spectrometer with a HeNe laser (A = 633
nm) as an excitation source. X-ray photoelectron spectroscopy (XPS) data were obtained
using a thermo scientific equipped with a monochromatic Al anode Ko (hy = 1486.6 eV)

with in-situ sputtering of Ar+ at 3.0 keV for 120 s. Scanning electron microscopy (SEM)

146



images of the disassembled cells were collected using Hitachi SU8010. The IXRF system

obtained the corresponding X-ray fluorescence (XRF) spectrum.

7.3.2 Electrochemical Characterization

The preparation of electrodes included 70wt% of MoW Se; powder as received (Ossila, 99.9%),
15 wt.% of carbon black (Alfa Aesar, 99.9%), and 15 wt.% poly (vinylidene fluoride) (Alfa
Aesar) mixed with a few drops of 1-Methyl-2-pyrrolidinone (Sigma Aldrich) until a homoge-
nous slurry was achieved. The obtained slurry was coated onto a copper foil with a thickness
of 9 ym and dried at 80 °C overnight. The obtained coating on the copper foil (125 pm thick)
was cut into circular sections with diameters of 14.29 mm, which were used as working elec-
trodes in Na*t ion and K™ ion half-cells, where the counter electrodes were Na and K metal,
respectively. The electrolytes for Na® ion and K ion half-cells were 1.0 M NaClO, (Alfa
Aesar) in (1:1 v/v) Ethylene Carbonate (EC): Dimethyl Carbonate (DMC) (anhydrous, 99%
Sigma Aldrich) and 1.0 M KPFg (Alfa Aesar) in (1:1 v/v) EC: DMC, respectively. All the
half-cell assemblies utilized a high-precision argon atmosphere with Oy and HO contents
below 0.1 ppm. An Arbin BT 2000 test unit was used to investigate the electrochemical
behavior of the assembled CR-2023 coin cells under potential ranges of 0.01-1.5 V, 0.01-2.0
V, and 0.01-2.5 V. A rate capability test was done under asymmetric cycling, in which sodi-
ation and potassiation were carried out in 100 mA g~! current density, and desodiation and
depotassiation were carried out with stepwise increase and varying current densities. In addi-
tion, the cycling stability of electrodes was investigated under symmetric cycling conditions

of 100 mA g~! current density.

7.4 Results and Discussions

7.4.1 Microscopic and Spectroscopic Analysis

Figure 7.1a shows the low-resolution TEM micrograph of the MoWSe, sheets with a 120°

edge angle, which is typical for TMD nanosheets. Figures 7.1b and 7-1c further illustrate
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Figure 7.1: a) Low-resolution TEM images of the MoWSey flakes; b, ¢) high-resolution
TEM images of MoWSey nanosheets; d) siz-fold symmetrical SAED spot pattern generated
from the MoWSey bulk flake shown in the index; e) Raman spectrum of bulk MoWSe, alloy

depicting different vibrational modes.

the sheet-like stacked structure of the MoWSe,, confirming the existence of the bulk sheets.
The fringes observed in Figure 7.1c were further analyzed to investigate the distance between
them. Specifically, the fast Fourier transform (FFT) of Figure 7.1c, inverse FFT from the
brightest spot, and finally, the fringe intensity profile (Figure 7.8a-c, respectively) were
analyzed. The inter-fringe distance was found to be approx. 0.28 nm — in agreement with
the interlayer lattice spacing value regarding (100) and (101) planes of hexagonal MoSe, and
WSey %7, Figure 7.1d shows the selected area electron diffraction pattern (SAED) of bulk
MoWSe, powder. TEM micrograph on the inset of Figure 7.1d shows the flake from where
the SAED was obtained. Specifically, the six-fold symmetrical spot pattern reflection from
the SAED indicates the polycrystalline nature of the MoWSe; flake. Individual spots were
assigned to the combination of (010), (220) planes of MoSe,3'%3™ and (001), (008) planes of
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WSe, material 163.

Raman spectroscopy was used to characterize the bulk MoWSe, powder to confirm the
presence of both Mo and W species bonded with Se. In addition, Raman spectra of the bulk
MoSe; and WSe, powders were obtained and analyzed for comparison with bulk MoWSe,
powder. The detailed analysis of the bands originating from the Raman spectra of MoSe; and
WSe, bulk powders is provided in the supplementary information Figure 7.9(a-c). Figure 7.9¢
shows the schematic of various vibration modes originating from typical TMD materials. The
A4 vibration mode arises from the out-of-plane relative motion of the Se atoms concerning
the Mo/W atom being stationary. In contrast, the Ezlg vibration mode dictates the in-plane
opposing vibration of Mo/W and Se atoms, and the E;, mode defines the in-plane relative
vibrational motion of the chalcogen atoms (Se)!.

The as-obtained Raman spectrum of MoWSe, powder is illustrated in Figure 7.1e, which
shows the intense and prominent out-of-plane A;, mode of Mo bonded with Se?. For the
MoWSe; alloy, the A;, mode shifted from 240.1 to 249.3 cm-1, depending on the composition
of W ranging from 0 to 1 in Mo,_,W,Se,. This shift in A;;, mode originating due to
linear dependence of W atoms indicates that the examined sample typically possesses x =
0.5 fraction - further indicating that the Mo : W ratio was 1:1 in the bulk material®®.
Noticeably, this peak may look broader due to the proximity of the A;, and Eglg modes of
WSey**?. Peaks at 171.27 cm-1 and 292 cm-1 were also observed due to the Ey, and Ej,

28271 = Additionally, one weaker peak at 144.3 cm-1 originated

modes of MoSes,, respectively
from the A;,-LA (longitudinal acoustic) mode of WSey due to single degenerate vibrations
of the lattice''?. Modes such as Eyy+Ay,, Ey,+LA(M), and E;, + E,, which are typically
observed in monolayer and bilayer materials, were noticeably absent in the bulk MoWSe,
with the Mo and W ratio of 1:1°. Moreover, in the bulk material, the B3, mode was not
visible for being Raman inactive, typically originating due to increased symmetry in the
monolayer or bilayer materials!®%349,

Figure 7.2a shows the XPS survey scan of the MoWSe, powder, and Figures 7.2(b—d)
present high-resolution scans of the Mo3d, W4f, and Se3d spectra, respectively. In addition

to the desired Mo, W, and Se elements, other peaks were observed in the survey scan due to
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Figure 7.2: a) XPS survey scan depicting the presence of different materials within
MoWSeg; high-resolution b) Mo3d; ¢) Wif; d) Se3d XPS spectra of the MoWSey material
tllustrating the chemaical bonding states.

the sample preparation process. The atomic wt.% of the elements in the sample, specifically
Mo (7.96), W (10.61), and Se (26.57) maintain close to a 1:1:2 stoichiometric ratio. The
deconvolution of Mo3d high-resolution spectra in Figure 7.2b shows three distinct peaks:
the Mo3d3/2 peak in the 231 eV region due to elemental Mo species?® (possibly due to
the sputtering process before XPS measurement) and two Mo3d5/2 peaks in the 230 eV

261 (due to the sample preparation

and 228.3 eV regions, indicating the oxidized Mo species
process) and Mo bonded with Se, respectively®*. The peak-fitted W4f spectra revealed
three peaks at 38.07 eV, 34.5 eV, and 32.3 eV (Figure 7.2c), with the first peak being the
W4f5/2 peak from the oxidized WOx/W species® and the W4f5/2 and W4f7/2 peaks from

the WSe, species?™, respectively. Finally, the deconvoluted Se3d spectra (Figure 7.2d) show
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two Se3d3/2 peaks at 55.7 eV and 55.3 eV, with the former from the di-selenide moiety of

MoSe, %Y and the latter from the WSey .

7.4.2 Electrochemistry

Na™ ion Storage

This study investigated Na® ion electrochemical reactions during sodiation/desodiation in
the MoWSes electrode using characteristic galvanostatic charge-discharge curves. The de-
rived differential capacity curves from the charge-discharge curves provided the plateau re-
gions of the charge-discharge curves as specific peaks at 100 mA g~!. Figure 7.3a illustrates
the sodiation/desodiation within the potential range of 0.01-2.5 V. As shown in the derived
differential capacity curve in supplementary Figure 7.10a, several peaks indicate a mixture
of reactions with MoSe, and WSe, within the TMD alloy (MoWSe,) during the first-cycle
sodiation. The first-cycle sodiation curve has major peaks at 0.59 V, 0.53 V, 0.16 V, and
0.01 V, possibly due to the Na/Se conversion reaction and the formation of the irreversible
solid electrolyte layer (SEI) (0.01 V), as shown in Figure 7.10a with an intense peak only
in the first cycle. Previous studies ascribed peaks near the approx. 0.5 V region to the
irreversible conversion reaction of MoSe,, and peaks j0.25 V were ascribed to the conversion
reaction from the WSe, conversion product 4%13%235,

Although both reactions of the MoWSe; electrode appeared in the first-cycle sodiation
curves, peaks in the 1.48 V and 1.87 V regions began to appear in the second cycle due
to possible intercalation of Na™ ions into the layers of MoWSe,, as visible up to the 50th
cycle (Figure 7.3b and Figure 7.10a). As mentioned, the peak intensity decreased from
the first to the 50th cycle, potentially indicating fewer sites of MoWSe, to facilitate the
gradual intercalation of Na't ions. A notable peak shift of the 1.48 V and 1.87 V reactions
was observable in subsequent cycles to lower potential values, as shown in the surface plot
(Figure 7.3b) and the 2D plot (Figure 7.10a). The shift for the 1.48 V peak was 0.03 V, while
the observed shift for the 1.87 V peak was 0.06 V for the 0.01-2.5 V electrode (Figure 7.10a).
Noticeable peaks were observed at 0.1 V, 1.73 V, and 2.1 V (Figure S3a) in the first-cycle
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desodiation curve, of which the 1.73 V and 2.1 V peaks may be due to the reverse conversion
and intercalation reactions, respectively. Previous literature has attributed the approx. 1.7
V peak to the extraction of Na™ ions from WSe, electrodes or the reverse conversion reaction,
but the 2.1 V is due to the reverse Na-Se reaction or the reverse intercalation reaction”.
Although a shift of 0.04 V was observed for the 1.73 V peak up to the fifth cycle, the 2.1 V
peak showed no such phenomenon (Figure 7.10a). Previous studies have suggested that the
shift of peak locations to higher potential values during charge and lower potential values

230 Because a lower

during discharge are due to resistive and diffusive polarization effects
voltage shift of peaks was discerned for the intercalation reaction, the conversion reaction
may cause the most polarization effect. Moreover, the three-dimensional (3D) differential
capacity curves of the desodiation cycle in Figure 3c show that the 0.1 V peak continues
up to 140th cycle with slight polarization from the 100th cycle. In addition, the surface
plot shows that the 2.1 V and the 1.73 V merge into one 1.73 V peak up to the 75th cycle
and then eventually decrease in intensity, indicating a permanent structural change after the
specific cycle.

The MoWSe, electrode was cycled within the potential range of 0.01-2.0 V in similar
conditions. The characteristic differential capacity curve (Figure 7.10b) derived from the
galvanostatic charge-discharge curve (Figure 7.3d) of the half-cell showed the same peaks,
indicating no unique reactions due to upper voltage cut-off values. For the 0.01-2.0 V cell,
several peaks typically due to conversion and intercalation reactions appeared at 1.25-2.0 V,
with the center peak at 1.73 V (Figure 7.3e). The 1.73 V peak was visible up to the 90th cycle,
as shown in the surface plot (Figure 7.3e) with a green peaked contour profile, comparatively
better than the 0.1-2.5V cell, indicating the advantage of upper voltage suspension for
structural stability. Although the peak shift of the desodiation curve (Figure 7.3f) showed
values similar to the 0.01-2.5 V cell, higher values of the shift were observed for the peak at
1.73 V, indicating a change in 0.06 V up to five cycles.

When the MoWSe; electrode was cycled in the potential range of 0.01-1.5 V (Figure 7.3g),
the derived differential capacity curve (Figure 7.10c) showed no prominent peaks except the

conversion reaction peaks of the first-cycle desodiation, indicating that voltage restriction
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Figure 7.3: : Investigation of Na® ion storage behavior: a) Galvanostatic charge-discharge
curves of MoWSey electrode cycled within 0.01-2.5 V; differential capacity curves of b) 1st-
140th sodiation cycles, c) 1st-140th desodiation cycles of 0.01-2.5V MoWSey electrode; d)
Galvanostatic charge-discharge curves of MoWSey electrode cycled within 0.01-2.0 V; dif-
ferential capacity curves of e) 1st-140th sodiation cycles, f) 1st-140th desodiation cycles of
0.01-2.0V MoWSey electrode; g) Galvanostatic charge-discharge curves of MoWSey electrode
cycled within 0.01-1.5 V; differential capacity curves of h) 1st-140th sodiation cycles, i) 1st-
140th desodiation cycles of 0.01-1.5V MoWSe, electrode.

prevents most of the redox reaction. However, a low intense peak was observed in the 1.5 V
region in the desodiation curve, potentially due to a partial intercalation reaction at a lower
voltage that does not fade away until the 50th cycle. Although the peaks in the sodiation
(Figure 7.3h) and desodiation (Figure 7.3i) curves originating from the cell cycled at 0.01-1.5
V range were less intense than the other two cells cycled within different potential ranges,

they were apparent up to the 140th cycle with consistent height (yellow for the sodiation
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curve and red for the desodiation curve in Figures 7.3h and 7-3i, respectively), indicating
possible structure retention in harsh and prolonged cycling. Furthermore, the conversion
reactions (< 0.7 V region in green in the 3D surface plot in Figure 3h) inside the material
were also visible up to the 140th cycle, with high intensity (shown in red in Figure 7.3i) for
the first 20 cycles and lower intensity (shown in green in Figure 7.3i) for the remaining 120
cycles.

The performances of the three electrodes at different voltage ranges were tested in grad-
ually increasing current densities of 100, 200, 400, 600, and 800 mA g~! for five cycles and
then returned to original current densities, as shown in Figure 7.3a. Both the 0.01-2.5 V
and 0.01-2.0 V cells showed higher charge capacity (353 mAh g=! and 372 mAh g~!, respec-
tively) than the 0.01-1.5 V cycled cell (149 mAh g=!) in the initial cycles, but as shown in
Figure 7.4a, in higher current densities, the 0.01-2.5 V cycled cell and the 0.01-2.0 V cycled
cell showed gradual capacity fading. Less capacity fading was observed in the 0.01-1.5 V
cycled cell. In the 5th, 10th, 15th, 20th, and 25th cycles, the 0.01-1.5 V cell showed 70%,
86%, 91%, 93%, and 95% capacity retention, respectively, constantly approx. 20%-30%
higher than the other two electrodes, indirectly suggesting that the upper cut-off voltage
significantly restricts capacity fading, leading to increased capacity retention and decreased
structural distortion of the MoWSe, material. Following the rate capability test, the same
cells were cycled at 100 mA g~! current density for 100 cycles. As illustrated in Figure 7.4a,
the capacity of the 0.01-2.5 V, and 0.01-2.0 V cells almost overlapped with the 0.01-1.5 V
cells showed robust capacity up to the 140th cycle. In order to further emphasize the merits
of voltage cut-off technique, three additional cells were assembled and cycled at 100 mA g=!,
for performance evaluation at a fixed cycling current. All three cells displayed low coulombic
efficiency at the initial cycle, possibly due to the side reactions from electrolyte reduction in
the initial cycle?2.

Figure 7.4a also shows that the high coulombic efficiency of the 0.01-1.5 V cycled cell
exceeded 90% during the rate capability test at the seventh cycle for the Na™ ion half-
cell, while the coulombic efficiency was 4%-5% lower for the other two cells. A similar

trend of coulombic efficiency was observed for the newly assembled cells cycled at three
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Figure 7.4: : a) Rate capability and consecutive cycling stability tests for investigating Na*
ion storage behavior of half-cells cycled within different potential ranges; b) capacity retention
during Na™ ion storage of different half-cells cycled at various potential ranges throughout
cycling stability test derived from Figure S4.

potential ranges during the stability test (Figure 7.11). In such conditions, the merit of
upper voltage cut-off experiment was more apparent as the 0.01-2.5 V cell showed the most
capacity degradation (starting from second cycle onwards), while the 0.01-1.5 V was relatively
stable. Figure 7.4b shows capacity retention (derived from Figure 7.11) during the prolonged
cycling period, where the cells with lower cut-off values (0.01-2.5 V) degrade fast - reaching
6.98% capacity retention in the 100th cycle. On the other hand in the 100th cycle, the
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capacity retention of the 0.01-1.5 V cell was 16% and 29% higher than the 0.01-2.0 V
cell and 0.01-2.5V cell, respectively, highlighting the benefits of the upper voltage cut-off
for stable cycling conditions. Noticeably, capacity fading was also observed in case of the

0.01-1.5 V cell till the 14th cycle.

K™ ion storage

K™ ion storage behavior within the MoWSe, electrodes was investigated similarly. The dif-
ferential capacity curve (Figure 7.12a) derived from the charge-discharge curve (Figure 7.5a)
of the MoWSe, electrode cycled within the potential range 0.01-2.5 V indicated a combined
reaction of MoSe, and WSe, material. Noticeably in Figure 7.5a, two prominent voltage
plateaus were observed for KIB cells, while in NIB cells, one prominent plateau existed. The
differential capacity curves further highlight the assignment of such plateaus. As shown in
Figure 7.12a, the first cycle potassiation differential capacity curve reveals four prominent
peaks and broad features below the 1 V region. These four peaks, which occur at 0.19 V|,
0.36 V, 0.4 V, and 0.79 V and then disappear in subsequent cycles, were likely due to the
irreversible conversion reaction associated with structural change and SEI layer formation.
The peak at 0.79 V was attributed to K™ ions interacting with MoSe, within the MoWSe,
alloy®*'. In comparison, the broadening of the peak at 0.36 V to 0.5 V was correlated with
the K™ ion interaction with the WSe, layer of the MoWSe, alloy. The peak at 0.17 V was
ascribed to an irreversible conversion reaction of WSey regions within the MoWSe, alloy

141221 - Therefore, all the metals were assumed to par-

and the formation of the SEI layer
ticipate in different electrochemical reactions with Kt ions. After the first-cycle reactions,
one peak at 1.24 V appeared from the second cycle onwards primarily due to the reduction
of Se from the MoWSe, to KsSe (Figure 7.12a), otherwise known as the reduction of metal
selenide particles to form ultrafine crystals??. However, this peak shifted 0.05 V from the
last place in the fifth cycle, potentially leading to polarization (Figure 7.12a). The peak at
0.79 V continued until 0-20 and 40-60 cycles with decreasing intensity (shown in blue in

Figure 7.5b), thereby skipping the harsh current rates. Similar behavior was observed in the
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1.24V peak, in which a broad peak from 1.3 V to 2.0 V was observed in the first to the fifth
depotassiation cycle (Figure 7.12a), with a prominence at 1.59 V in the first cycle, indicating
a multistep reaction. Previous studies have identified peaks at 1.68 V and 2.06 V as phase
transformations of KySe to K,Se, and Se'*!, and the high voltage 1.73 V peak has been

associated with the oxidation reaction of metallic Mo to reform MoSe, 7.

The prominent
1.73 V peak showed a shift of 0.02 V up to five cycles (Figure 7.12a), and peaks at 1.3-2.0 V
became less prominent as the cycling continued, partially disappearing midway during high
current density cycling (shown in blue in Figure 7.5¢), losing their prominence in the 90th
cycle (red to yellow on Figure 7.5¢), and continuing as a single, less intense peak up to the
140th cycle, as shown in Figure 7.5c. The 0.36 V peak showed polarization behavior moving
up to 0.5 V at the end of the cycling.

For the half-cell cycled in the 0.01-2.0 V potential range (charge-discharge curve of Figure
5d transformed into the differential capacity curve in Figure 7.12b), all the same reactions
as 0.01-2.5 V cell occurred since no other reactions were observed, thereby confirming the
logic of restricting the potential range to 2.0 V for K ion storage. A similar behavior was
observed in the potassiation cycle (Figure 7.5¢) for the 0.01-2.0 V cell compared to the
0.01-2.5 V cell (Figure 7.5b), where, for the depotassiation cycle, the 3D differential capacity
curve in Figure 5f shows that the 0.36 V curve maintains its intensity to the 140th cycle
while undergoing a slight voltage shift and reaching 0.5 V. Although the peaks at the 1.3-2.0
V region survived the harsh cycling conditions, shown by the reactions up to the 140th cycle
in Figure 7.5f which highlights the benefit of upper voltage suspension, the peaks narrow in
size at 1.6-2.0 V in the last cycles.
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Figure 7.5: : Investigation of K* ion storage behavior: a) Galvanostatic charge-discharge
curves of MoWSey electrode cycled within 0.01-2.5 V; differential capacity curves of b) 1st-
140th potassiation cycles, c¢) 1st-140th depotassiation cycles of 0.01-2.5 V MoWSe, electrode;
d) Galvanostatic charge-discharge curves of MoWSey electrode cycled within 0.01-2.0 V;
differential capacity curves of e) 1st-140th potassiation cycles, f) 1st-140th depotassiation
cycles of 0.01-2.0 V- MoWSey electrode; g) Galvanostatic charge-discharge curves of MoWSey
electrode cycled within 0.01-1.5 V; differential capacity curves of h) 1st-140th potassiation
cycles, i) 1st-140th depotassiation cycles of 0.01-1.5 V MoWSe, electrode.

For the cell cycled in the potential range of 0.01-1.5 V (Figure 7.5g), the potassiation
differential capacity curve presented the conversion reactions in the first cycle. The potassi-
ation curve for cycles 2-140 contained only one peak at 1.06 V and then gradually became
less intense, indicating the possible continuation of the intercalation reaction and subsequent
preservation of the crystal structure (Figure 7.5h). In the depotassiation curve (Figure 7.5i),

the peak at 1.5 V occurred until the 140th cycle, indirectly proving that upper voltage sus-
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pension leads to longer reaction preservation in TMD alloys. The 0.36 V depotassiation peak
also maintained uniform intensity throughout the harsh and prolonged cycling, showing hys-
teresis behavior during cycling at high current densities in which the peak moved to 0.5 V
at the highest current density of 800 mA g~!, implying that hysteresis may also increase at

higher current densities (Figure 7.5i).
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Figure 7.6: Rate capability and consecutive cycling stability tests for investigating K* ion
storage behavior of half-cells cycled within different potential ranges.

The performances of the three electrodes were tested at different voltage ranges in grad-
ually increasing and decreasing current densities of 100, 200, 400, 600, and 800 mA g~! for
five cycles up to the 25th cycle and then returned to the original current densities, as shown
in Figure 7.6. In the initial five cycles, both the 0.01-2.5 V and 0.01-2.0 V cells showed
higher charge capacity (291 mAh g=! and 227 mAh g~!, respectively) than the 0.01-1.5 V
cycled cell (168 mAh g=1). However, as shown in Figure 7.6, in higher current densities,
the 0.01-2.5 V cycled cell and the 0.01-2.0 V cycled cell showed gradual capacity fading. In
comparison, less capacity fading was observed in the 0.01-1.5 V cycled cell. In cycles 26, 31,
36, and 41 the cell cycled up to 1.5 V showed 76%, 91%, 93%, and 95% capacity retention,

respectively, consistently approx. 10-20% higher than the other two electrodes, suggesting
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that upper cut-off voltage restricts capacity fading. Higher voltage cut-off values may also
decrease structural distortion of the MoWSe, material for KT ion storage.

After the rate capability test, the cells were cycled at 100 mA g~! current density for
additional 100 cycles. As illustrated in Figure 7.6, although the charge capacity of 0.01-2.5
V and 0.01-2.0 V cells overlapped, the 0.01-1.5 V cell showed stable and slightly higher
charge capacity. However, the benefits of upper voltage restriction were more apparent in
coulombic efficiency chart, where the 0.01-1.5 V cell demonstrated high cycling efficiency
(near 100%) during stability test after the rate capability. In contrast, the 0.1-2.0 V cell
constantly showed much lower (approx. 80%) coulombic efficiency during rate capability and
consequent stability test, while the coulombic efficiency of the 0.01-2.5 V cell was the lowest
at approx. 70% (Figure 7.6). This can be correlated with possible electrolyte consumption

and structural degradation of the cells cycled at lower cut-off voltages.

7.5 Post-Cycling Analysis

To investigate the possible reasons for capacity fading of cells cycled at certain voltage range
and consecutive higher capacity gain of cells cycled at higher cut-off voltages, selective spent
cells were disassembled in an inert atmosphere, washed with DMC solvent for separator fiber
and electrolyte contaminant desolvation. Digital camera images of electrodes cycled in 0.01-
1.5 V and 0.01-2.5 V range are shown in Figures 7.13(a~d). The recovered electrodes for the
0.01-2.5 V range (Figures 7.13 a, b) showed signs of significant damage. This damage can be
correlated to the substantial volume change experienced by traditional TMD during alkali-
metal ion accommodation, conversion reactions, and subsequent loss of adhesion (peel-off) of

active materials from the current collector #4:262:281

. Hence, SEM analysis of such electrodes
was avoided.

On the other hand, the electrodes cycled in the 0.01-1.5 V range experienced significantly
less damage (Figures 7.13 ¢, d) — the active material was still retained on the copper current

collector. The above electrodes were further analyzed using SEM and XRF (elemental anal-

ysis) and compared with the uncycled MoWSe, electrode. As can be seen in Figures 7.7(a-c),
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the neat electrodes possessed smooth geometrical features with somewhat homogeneous dis-
persion of micron-size MoWSe, particles. The XRF spectra of the electrode (Figure 7.14a)
showed the presence of Mo, W, Se, and C (originating from the binder and conductive agent
particles) elements. The SEM micrograph (Figure 7.7d) of the disassembled electrode, cycled
in the 0.01-1.5 V (v/s Na') range, shows a relatively smooth surface geometry similar to
the uncycled electrode. Insertion of Na™ ions into the MoWSe, sheets may be realized from
Figures 7.7(e, f), which resembles textbook page-like puffy flakes with dimensions in the
micrometer range. The corresponding XRF spectrum in Figure 7.14b shows the presence of
Mo, W, and Se peaks (elemental composition similar to the neat electrode for the alloy TMD)
—the Na and O peaks and traces of Cl and C are mainly attributed to NaClOy4 salt in organic
electrolyte. Compared to the Na™ ion half-cells, the K ion disassembled half-cell electrodes
showed surface cracks (marked in Figure 7.7g) — approximately micrometer in dimension
(marked in Figure 7.7h), with traces of separator fibers on the surface. These surface cracks
can be correlated to the strain induced within the MoWSe, flakes during prolonged cycling.
The XRF spectra in Figure 7.14c of 0.01-1.5 V cycled K™ ion half-cells show the Mo, W, and
Se elements along with large amounts of K (due to K™ ion insertion into the material) and
traces of electrolyte elements (e.g., P and F arising from the salt, and C arising from the
solvent, conducting agent and binder). The lower capacity of K* ion half-cells at different
voltage ranges in comparison with Na™ ion half-cells can be well correlated with the higher
ionic radius of K* ions and the surface cracks visible from the post-cycled electrodes likely
originating during repeated potassiation and depotassiation. Overall, the usefulness of the
voltage cut-off technique in determining the optimum charge/discharge voltage potentials
(for maximum capacity retention for a given class of electrode materials) is further empha-
sized by post-cycling analysis. The electrodes charged to 2.5V reveal significant damages in
contrast with the electrodes charged to 1.5V, which maintained the 10-20% higher than the
other two electrodes, suggesting that upper cut-off voltage restricts capacity fading. Higher
voltage cut-off values may also decrease structural distortion of the MoWSe, material for
K™ ion storage.

1

After the rate capability test, the cells were cycled at 100 mA g~ current density for
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additional 100 cycles. As illustrated in Figure 7.6, although the charge capacity of 0.01-2.5
V and 0.01-2.0 V cells overlapped, the 0.01-1.5 V cell showed stable and slightly higher
charge capacity. However, the benefits of upper voltage restriction were more apparent in
coulombic efficiency chart, where the 0.01-1.5 V cell demonstrated high cycling efficiency
(near 100%) during stability test after the rate capability. In contrast, the 0.1-2.0 V cell
constantly showed much lower (approx. 80%) coulombic efficiency during rate capability and
consequent stability test, while the coulombic efficiency of the 0.01-2.5 V cell was the lowest
at approx. 70% (Figure 7.6). This can be correlated with possible electrolyte consumption

and structural degradation of the cells cycled at lower cut-off voltages.

exfoliated MoWSe,
sheets

P

i —
) ‘Micron sized cracks

20 pm ..Ii )

Figure 7.7: :SEM micrographs of (a-c) Neat MoWSe, electrode showing smooth surface with
MoWSey sheet dispersion; (d-f) disassembled MoWSes Na™ ion half-cell electrode cycled
within 0.01-1.5 'V showing exfoliated flakes; (g-i) disassembled MoWSe, K* ion half-cell
electrode cycled within 0.01-1.5 'V showing microcracks generated due to cycling.
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7.6 Conclusion

This research is the first work to study the Na® and K™ ion storage behavior of cation-
substituted MoWSe, alloy. Because traditional TMDs experience side reactions and signif-
icant volume changes that lead to capacity fading and instability during prolonged cycling
in LIB, similar or more significant material degradation for long cycling for beyond lithium
alkali metal-ions was expected from cation-substituted TMD alloys such as the MoWSes,.
Therefore, this study restricted the potential range for charge-discharge to prevent struc-
tural disorientation. When cycled at potential ranges of 0.01-2.5 V, the MoWSe, showed
continuous capacity degradation during rate capability and cycling stability tests, indicat-
ing structural and chemical degradation, as confirmed by 3D differential capacity surface
plots and electron microscopy. Suspension of the potential range to 0.01-2.0 V led to 16%
better capacity retention for Na™ ion half-cells, and additional potential range restriction to
0.01-1.5 V resulted in approx. 29% higher capacity retention than the 2.5 V cycled cell. High
coulombic efficiency was observed in the cell with a potential range of 0.01-1.5 V| especially
in the K™ ion half-cells. Reaction analysis of the differential curve showed that high upper
voltage suspension restricts specific undesirable reactions during sodiation/desodiation or
potassiation/depotassiation and therefore helps preserve the crystal structure of the TMD
alloy. The intercalation and conversion reaction occurred for the cells cycled within high
potential ranges (0.01-2.0 V and 0.01-2.5 V), and crystal structure distortion occurred at
the initial cycling stages, leading to capacity fading, shown in the 3D differential capacity
curve. Noticeably, the benefits of upper voltage cut-off were more apparent in case of Na™
ion half-cells in contrast to the K™ ion half-cells during long-term cycling. SEM micrographs
of cycled cells with higher voltage cut-off showed smooth geometry retention in the case of
Na™ ion half-cell electrodes and microcracks evolution due to potassiation/depotassiation,
which is indirect evidence of strain-induced within. Therefore, this study demonstrated that
regulating the operating potential range strongly influences structural preservation, thereby
expediting electrochemical performance, specifically cycling stability, capacity retention, and

coulombic efficiency of layered MoWSes. Although full capacity retention from higher voltage
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cut-off (or cycling within a lower potential range) was not realized, this study nevertheless
lays the ground for utilizing the upper voltage cut-off technique combined with composite
electrode formation for future investigations regarding the search of next-generation NIB

and KIB anodes.
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Figure 7.8: Fringe distance determination from TEM image of Figure 1c. a) F'T image, b)
Inverse FT image, and c) Fringe profile plot from the inverse FT image derived from Figure
7.1c.

Figure 7.9a shows the Raman spectra of the MoSe,; bulk powders. The most prominent

modes observable from the spectra are the A,,, F, , and E1 -LA vibrational modes at 239

297
cm-1, 284 cm-1, and 146 cm-1, respectively. A few additional peaks are also observed in the
spectra at 113 cm-1, 124 cm-1, 195 cm-1, and 336 cm-1, which are yet not specified in the
literature 55175223,

On the other hand, from Figure 7.9b, the most intense peak from the WSes bulk powder
is centered at 251 cm-1. This peak is attributed to the overlap of Ay and Ej, vibrational

modes originating from the WSes bulk powder. Another peak at 175 cm-1 can be attributed
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Figure 7.9: Raman spectra of bulk a) MoSey and b) WSey powders for clear comparison
with bulk MoWSey powder; ¢) schematic of vibrational modes typically obtained from TMDs.

to the Ej, vibrational modes!51:214:349:389,
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Figure 7.10: Differential capacity curves of Na® ion half-cells of MoWSe, electrode cycled
within potential ranges: a) 0.01-2.5 V; b) 0.01-2.0 V; ¢) 0.01-1.5 V.
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Figure 7.11: Cycling stability test of MoWSey electrodes cycled within the potential range
of 0.01-1.5 V, 0.01-2.0 V, 0.01-2.5 V in Na* ion half-cells.
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Figure 7.12: Differential capacity curves of K ion half-cells of MoWSe, electrode cycled
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169



MoWSe, NIB 0.01-25V MoWSe, KIB 0.01-2.5V
" " . _

a. b.

MoWSe, KIB 0.01-1.5V

ST §aT e

Figure 7.13: Digital camera photographs of disassembled electrodes from a) MoWSey 0.01-
2.5 V. Na® ion half-cell, b) MoWSey 0.01-2.5 V K" ion half-cell; ¢) MoWSes 0.01-1.5 V
Na™ don half-cell, d) MoWSes 0.01-1.5 V K" ion half-cell.
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171



Chapter 8

Enhanced Li-Ion Rate Capability and

Stable Efficiency Enabled by MoSes2

Nanosheets in Polymer-Derived

Silicon Oxycarbide Fiber Electrodes!

8.1 Preface

Transition metal dichalcogenides (TMDs) such as MoSe, have continued to generate interest
in the engineering community because of their unique layered morphology—the strong in-
plane chemical bonding between transition metal atoms sandwiched between two chalcogen
atoms and the weak physical attraction between adjacent TMD layers provides them with
not only chemical versatility but also a range of electronic, optical, and chemical properties
that can be unlocked upon exfoliation into individual TMD layers. Such a layered mor-
phology is particularly suitable for ion intercalation as well as for conversion chemistry with

alkali metal ions for electrochemical energy storage applications. Nonetheless, host of issues

!Dey, Sonjoy, Shakir Bin Mujib, and Gurpreet Singh. ”Enhanced Li-lon Rate Capability and Stable
Efficiency Enabled by MoSes; Nanosheets in Polymer-Derived Silicon Oxycarbide Fiber Electrodes.” Nano-
materials 12.3 (2022): 553.
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including fast capacity decay arising due to volume changes and from TMD’s degradation re-
action with electrolyte at low discharge potentials have restricted use in commercial batteries.
One approach to overcome barriers associated with TMDs’ chemical stability functionaliza-
tion of TMD surfaces by chemically robust precursor-derived ceramics or PDC materials,
such as silicon oxycarbide (SiOC). SiOC-functionalized TMDs have shown to curb capacity
degradation in TMD and improve long term cycling as Li-ion battery (LIBs) electrodes.
Herein, we report synthesis of such a composite in which MoSe; nanosheets are in SiOC
matrix in a self-standing fiber mat configuration. This was achieved via electrospinning of
TMD nanosheets suspended in pre-ceramic polymer followed by high-temperature pyroly-
sis. The morphology and chemical composition of synthesized material was established by
use of electron microscopy and spectroscopic technique. When tested as LIB electrode, the
SiOC/MoSe; fiber mats showed improved cycling stability over neat MoSes and neat SiOC
electrodes. The freestanding composite electrode delivered a high charge capacity of 586
mAh g~'electrode with an initial coulombic efficiency of 58%. The composite electrode also

showed good cycling stability over SiOC fiber mat electrode for over 100 cycles.

8.2 Introduction

The most recent advancement in energy storage and conversion systems was the instiga-
tion of flexible or bendable systems that were fabricated to be portable, lightweight, and
wearable while being mechanically flexible and having a high-energy density*’. However,
the preparation methods, assembly process, and selection of proper electrolytes to transform
traditional energy storage devices remains a challenging task. Conventional LIBs usually
consist of a carbon-based anode, a transition metal oxide-based cathode, a polymer separa-
tor, and an organic liquid electrolyte. In such devices, heavy metal foils are always used as
both a conductive substrate and structural support with a slurry of active materials, binders,
and conductive additives coated on its surface. However, such electrode designs have certain
drawbacks—for example, as the metal foil possesses a smooth surface, the active materials

can easily become detached from the current collector. Additionally, there is an increase in
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the internal impedance and passivation of active materials due to relatively poor chemical
stability. Lastly, the conductive additives such as carbon black, carbon nanotubes (CNTSs),
and graphite account for the 10-20 wt.% of the whole slurry make no or little contribu-
tion to the capacity of the cell. Polymer binders such as polyvinylidene fluoride (PVDF)
are electrochemically inactive or even insulating, making their presence a hindrance to the
transportation of lithium ions and electrons.

Flexible conducting and self-supporting electrodes replace traditional metal-foil-based
heavy current collectors and standard binders with lightweight substrates or embedded cur-
rent collectors. The approach is to make a combination of active materials and flexible
substrates by taking advantage of the conductive and flexible matrix embedded in the cur-
rent collector or the substrates with functional materials firmly entrapped on them through
novel methods such as coating, spraying, or depositing®*?. Although the use of CNT and
graphene as both active materials and current collectors has been widely studied, other
forms of carbon materials and some novel metal-based current collectors are now becom-
ing more popular. For example, an effective chemical oxidation and reduction method to
increase the surface area of carbon materials using a carbon cloth-based solid-state super-

1.317. A novel bamboo-like structure was reported in

capacitor was prepared by Wang et a
2005, which showed excellent mechanical flexibility, foldability, and electrochemical perfor-
mance. In dimethylformamide, polyacrylonitrile and tetraethyl orthosilicate were used to
create nanofibers via electrospinning?%8.

In recent years, the application of polymer-derived ceramic (PDC) materials and com-
pounds with CNTs and graphene as free-standing electrodes in electrochemical devices has
been studied. Due to desirable properties such as high stability during cyclic loading and
structure preservation during very high C-rates, PDCs have become materials of increasing
interest #1973 Interestingly, studies from David et al.”® and Davi et al.'3* showed that
the chemical functionalization of polymer-derived ceramics (PDC) with Transition Metal
Dichalcogenide (TMD) materials leads to stable Li* and Na+ cycling in the fabricated
TMD-electrodes. Specifically, the presence of PDC nanolayers on TMD surfaces prevented

the loss of sulfur species from the TMD surfaces during a conversion-type reaction.
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In the present work, our primary motivation is to exploit the chemical functionalization
of TMDs with PDCs and to demonstrate the fabrication of a new kind of freestanding elec-
trode consisting of exfoliated MoSe; TMD that offers Li ions stable cyclability, high energy
density, and rate capability. This was achieved via a single-step electrospinning process in
which a combination of liquid-phase organic/inorganic preceramic polymer and exfoliated
TMD nanosheets were used as the spinning solution to fabricate non-woven fiber mats fol-
lowed by pyrolysis to achieve a composite fiber mat of MoSe, embedded in a SIOC matrix.
The microscopy and spectroscopy images confirmed the presence of MoSe, in the SiOC ma-
trix, and electrochemical tests of the SIOC/MoSe; electrode in the LIBs showed enhanced
performance over neat SiOC and bulk MoSe, electrodes. To the best of our knowledge, a
combination of the TMD MoSe; and PDC in a free-standing form has not been reported for

either battery or supercapacitor applications.

8.3 Materials and Methods

8.3.1 Materials

The preceramic silicon oligomer 1,3,5,7-tetramethyl, 1,3,5,7-tetravinyl cyclotetrasiloxane (de-
noted as 4-TTCS) was purchased from Gelest (Morrisville, PA, USA). Polyvinylpyrrolidone
(PVP), which has an average molecular mass of 1,300,000 g mol™!, was used as the spinning
agent, and dicumyl peroxide (DCP) was the cross-linking agent. Both materials were pur-
chased from Sigma-Aldrich (Missouri, MO, USA). Isopropyl alcohol (IPA), purchased from
Fisher Chemical (Lenexa, KS, USA), was used as the solvent. This study also utilized ultra-
high-purity and high-purity argon gas in the glove box and tube furnace, respectively. The
gases were purchased from Matheson (Manhattan, KS, USA). Bulk molybdenum diselenide
(99.9% pure) powder (MoSes) was purchased from Alfa Aesar (Haverhill, MA, USA) and

had a dark grey appearance with a molecular weight of 253.87.
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Figure 8.1: Solution preparation process for (a) PVP/SiOC/MoSey fiber mat; (b) schematic
showing electrospinning process for the fabrication of the PVP/SiOC/MoSey composite fiber
mats.
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8.3.2 Methods

Preparation of Fiber Mats

PVP Fiber mat Preparation

In the solution preparation step for the PVP fiber mat, 800 mg of PVP powder was
mixed with IPA to create a solution, and the ratio of PVP:IPA was kept at 1:9. A magnetic
stirrer was used to create a homogenous mixture of the solution, which was stirred for 2
h. The resulting solution was loaded into a 10 mL syringe with a flat metallic needle for
electrospinning purposes. The fiber mat that was produced with this solution is referred to
as the PVP fiber mat in the following sections.
PVP/SiOC Fibermat Preparation

The solution preparation for the PVP /SiOC fiber mat involved creating a similar solution
as the one for the PVP fiber mat followed by the addition of a polymeric precursor material.
The polymeric precursor 4-TTCS (i.e., 2400 mg) was primarily mixed with 1 wt.% DCP
(i.e., 24 mg), which worked as a cross-linking initiator. The resultant PVP + 4-TTCS + IPA
solution was stirred until a homogeneous mixture was achieved. Finally, the above-mentioned
solution was loaded in a 10 mL syringe with a flat metallic needle for electrospinning, and
the fiber mat produced with this solution is referred to as the PVP/SiOC fiber mat in the
following sections.
PVP/SiOC/MoSe, Fiber mat Preparation The first step for the preparation of the
PVP/SiOC/MoSe, fiber mat involved the preparation of the nanosheet material from the
bulk MoSe, powder. For this particular purpose, 10 wt.% MoSe, bulk powder compared
to the amount of PVP (i.e., 80 mg) was added with IPA and was sonicated using a probe
sonicator. In the next step, this solution was mixed with the same amounts of PVP and
4-TTCS as before and was stirred until a homogenous mixture was obtained. This solution
preparation process is depicted in Figure 8.1a. The resultant solution was further loaded
into a syringe and was electrospun to obtain PVP/SiOC/MoSe, fiber mat, as shown in
Figure 8.1b. The feed rate for the fiber mat fabrication process was 5 mL h~!. An alligator

pin was connected to the metallic needle and was subject to a high voltage of 15-20 kV
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depending on the viscosity of the solution, while the ground was connected to a cylindrical-
shaped roller collector. The distance between the needle tip and the roller was kept at
15 cm. Thus, as-spun fiber mats that were 20 x 20 cm? in size were fabricated. After
drying in the open air, the as-spun fiber mats were put into a low-temperature oven and
cross-linked at 160 °C for 24 h. The cross-linked fiber mats were cut into small pieces, were
fitted into small rectangular (30 x 25 mm?) ceramic boats and put into a tube furnace
in argon gas environment for high temperature pyrolysis. Two-step annealing was carried
out at 400 °C for 1 h and at 800 °C for 30 min. The heating rate was kept at 2 °C per
min. Thus, SiOC-functionalized MoSes fiber mats were produced. In addition, one sample
of PVP/SiOC/MoSe, fiber mat was fabricated by drop coating exfoliated MoSe, (using
the same amount of MoSe; as before) onto a PVP/SiOC fiber mat followed by pyrolysis.
This drop-coated PVP/SiOC/MoSe, sample was prepared to compare its electrochemical
performance with the electrospun PVP/SiOC/MoSe; sample in which MoSe, was inherently

introduced to SiOC in a single-step spinning process.

Electrochemistry

A 7.94 mm circular punch was used to punch out the composite pyrolyzed electrodes, which
were then used as cathodes in the coin-like lithium half-cell setup. The weight of the PVP,
PVP/SiOC, and PVP/SiOC/MoSe; electrodes were 1.6 mg, 1.1 mg, and 2.1 mg, respec-
tively. Pure lithium metal (diameter of 14.3 mm and a thickness of 75) pm was used as the
counter electrode. The electrolyte solution was a mixture of 1 M lithium hexafluorophos-
phate (LiPFg) in 1:1 v/v dimethyl carbonate with ethylene carbonate (Sigma AldrichTM,
St. Louis, MO, USA). This solution had an ionic conductivity of 10.7 mS cm™!. A glass
separator with a diameter of 19 mm and a thickness of 25 pum separated the two electrodes
as they were pre-soaked with the electrolyte. The electrochemical measurements were taken
using a multichannel BT 2000 Arbin test unit (College Station, TX, USA) between 2.5 V
and 10 mV at current densities of 50, 100, 200, 400, 600, and 800 mA g~*.
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Characterization Techniques

Scanning electron microscopy (SEM) was used to illustrate the morphology of the fiber mat
samples. The SEM used was a Carl Zeiss EVO MA10 (White Plains, NY, USA) system
with a 5-30 kV impinging voltage. Transmission electron microscopy (TEM) images of
the samples were obtained using Phillips CM100 TEM (Nashville, TN, USA) under an
accelerating voltage of 100 kV. The X-ray photoemission spectroscopy (XPS) spectra were
obtained with a PHI Quantera SXM (Chanhassen, MN, USA) using monochromatic Al-Ka
with an energy of 1486.6 eV to analyze the chemical composition of the surface. Raman
spectra were collected using a He-Ne laser (wavelength of 633 nm and power of 17 mW) on
a confocal Raman imaging system (Horiba Jobin Yvon LabRam Aramis, Edison, NJ, USA).
Fourier transform infrared spectroscopy (FTIR) spectra of the fiber mats were obtained using

the Spectrum 400 FT-IR spectrometer, PerkinElmer (Waltham, MA, USA).

Figure 8.2: SEM images of (a) PVP fiber mat carbonized at 800 °C, (b) PVP/SiOC fiber
mat pyrolyzed at 800 °C, (c) PVP/SiOC/MoSey fiber mat pyrolyzed at 8000 °C, and (d—f)
corresponding high-magnification images of these fiber mats (inset shows diameter distribu-

tion of the fibers).
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8.4 Results and Discussions

8.4.1 Morphological Characterization

Because the fiber mats were first electrospun green and then cross-linked and pyrolyzed
at elevated temperatures, the changes in the morphology of these fiber mats were investi-
gated using SEM. Figure 8.2a—c illustrate the fiber-like morphology retention of the PVP,
PVP/SiOC, and PVP/SiOC/MoSe;, fiber mats after the cross-linking process at 160 °C and
pyrolysis at 800 °C. Figure 8.2d—f reveals the images taken for the pyrolyzed fiber mats at a
higher magnification from which the average fiber diameters were calculated using a distri-
bution plot, as shown in the inset of the respective images. From the distribution plots, the
mean fiber diameters for the PVP, PVP/SiOC, and PVP /SiOC/MoSe; fibers were identified
as approx. 1.2 to 1.8 um, approx. 1.2 to 2.75 um, and approx. 2.25 to 3.75 um, respectively.
Compared to results in the literature, Wang et al. found that the average diameter of the
PVDF /PVP nanofibers used in their experiment was in the range of 121-305 nm*?%. Addi-
tionally, the nanofibers fabricated by Newsome et al., which contained 9, 10, and 11 wt.%
PVP in the silica/PVP electrospinning solution, possessed an average diameter in the range
of 380-430 nm ™. However, because the solution used and the electrospinning parameters
differed from those used in the current research, the values cannot be directly compared.
Ren et al. found that the average fiber diameter of the 4-TTCS fibers was 1 to 3 pm, which

65 Additionally, some irregularities such as

falls within the diameter range reported here®
microbeads and particles (likely to be MoSe; in case of the SIOC/MoSe, fiber mat) can be
observed in the SEM images of the PVP/SiOC and PVP/SiOC/MoSe; fiber mats. It can be
inferred from the above information that the addition of polymeric precursor 4-TTCS turned
into a silicon oxycarbide (SiOC) ceramic material, and the sonicated nanosheets composed
of the TMD material (MoSes) in the linear polymeric PVP fibers (transformed to carbon
during pyrolysis) increased the diameters of the fibers sequentially. Thus, the presence of

these materials in the fibers can be primarily confirmed and will be further validated by the

other characterization techniques described in the following sections.
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Figure 8.3: TEM images of (a) PVP fibers carbonized at 800 °C, (b) PVP/SiOC fibers
pyrolyzed at 800 °C, (¢) PVP/SiOC/MoSes fibers pyrolyzed at 800 °C, and corresponding
HRTEM (d-f) and diffraction pattern (g—i) images of these fibers. Diffraction pattern of
pyrolyzed PVP/SiOC/MoSey indicates the presence of MoSey particles in the pyrolyzed fiber
mat.

Figure 8.3a—c illustrates the low-mag TEM images of the PVP, PVP /SiOC, and PVP /SiOC/MoSe,
fibers carbonized or pyrolyzed at 800 °C, respectively, while the high-resolution TEM (HRTEM)
images are shown in Figure 8.3d—f. From the lower and higher magnification TEM images
of the fibers, it can be inferred that all of the fibers have dense cores, as the electrons
could not pass through the fibers in the TEM instrument. The diameters of the pyrolyzed
PVP, PVP/SiOC, and PVP/SiOC/MoSe; fibers correspond well with the diameters in the
SEM image, which validated the experiment. The carbonized PVP fibers seem to be uni-

form in diameter in both the higher and lower magnification images. Although mostly

uniform along the cross-section, higher magnification images of the pyrolyzed PVP/SiOC
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and PVP/SiOC/MoSe, fibers reveal the porosity and irregularity of the fibers. The beads
seen from the SEM images of the PVP/SiOC and PVP /SiOC/MoSe, fibers were thus further
validated by the anomalies observed in the TEM images of the fibers. The fiber porosity was
as expected because it is this porosity that enhances the use of such fiber mats as electrodes
in energy storage devices. The irregularities and beads in these fibers can be attributed to
the processing conditions of the fiber mats. During the cross-linking and pyrolysis steps, the
long-chain polymeric compound PVP decomposes and forms the long chain.

The release of volatile compounds from the preceramic polymer resin during cross-linking
and pyrolysis leads to irregular geometries similar to those observed in the investigation by

4 can also be ascribed to solution

Mujib et al.?°7. The non-regular features of the fibers??
parameters such as the molecular mass of the polymers used, correlating to the concentration
of the polymer solution and viscosity and the effect of the solvent used, which has been widely
studied in the literature?®. Figure 8.3g-i represent the diffraction patterns of the pyrolyzed
PVP, SiOC, and SiOC/MoSe; fibers taken in the position previously seen in Figure 8.3d-f,
respectively. Figure 8.3g,h, respectively, reveal the amorphous structure of the carbonized
PVP and PVP/SiOC fibers, which correspond well with the investigation by Ren et al..
The diffraction pattern of Figure 8.3i elucidates the crystalline nature of MoSes seen in the
pyrolyzed PVP /SiOC/MoSe, fiber mats by possessing an interplanar spacing of 2.9 A, which

corresponds to (100) planes with six diffraction spots'®.

Spectrocopic Analysis

Raman spectroscopy is a fast and non-destructive ubiquitous method that was used to detect
the microstructural features of the pyrolyzed fiber mats. The microstructural information of
the fiber mats, including the free carbon phase and the presence of the TMD materials in the
fiber mat, was determined using this versatile tool. Figure 8.4a,b,d elucidate the presence of
the free carbon phase in the peak-fitted Raman spectra of the carbonized PVP fiber mat and
pyrolyzed PVP/SiOC fiber mat and a definite region of the pyrolyzed PVP /SiOC/MoSe,

fiber mat, respectively. The convoluted plots above revealed the D band for all of fiber mats
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at approximately 1336 cm™!, which appeared because of the disorganization or disorder in
the carbon phase*’. The G band was observed in the region of approximately 1602 cm~! due
to the in-plane bond stretching of the sp2 carbons. Additionally, peaks were also observed at
1213 em~! and 1495 cm~!, which can be ascribed to the T and D” bands, respectively. While
the T band can be ascribed to the presence of sp2-sp3 (C-C and C=C) bonds, the D” band
corresponds to the presence of amorphous carbon in the sample. These two bands usually
originate from graphene edges, from pores in the samples, and from sp3 hybridized carbon
atoms. Riedel and co-workers found similar results with the micro-Raman spectroscopy of
SiOC materials?'2. The Raman spectra obtained from other studies also indicate that the D
and G bands are in similar positions!'%217. Figure 8.4c illustrates the Raman spectra in the
region of 200-320 cm™! for both the bulk MoSe, powder and pyrolyzed PVP/SiOC/MoSe,
fiber mats. For the bulk MoSe, powder, two peaks appear at 239.29 cm™! and 282.14 cm ™!,
among which the former shows a distinct sharp peak, and the latter has a dull one, indicating
the Ay, and E219 modes, respectively. While the A;, mode signifies the out-of-plane vibrations
of the chalcogen (selenium) species, the E2lg mode demonstrates the in-plane vibration mode
of the transition metal (molybdenum) and chalcogen (selenium) atoms. In Raman-active
Ay4 mode, the Mo atom stays stationary, while the subsequent Se atoms that are present in
all layers vibrate in phase with the subsequent Mo atoms??”. The spectra obtained from the
pyrolyzed PVP/SiOC/MoSe; fiber mat in the region mentioned earlier shows A;, and Ej,
modes that have two similar peaks in the slightly shifted region of 236.94 cm™! and 287.03
cm ™!, respectively. The slight shift to the lower wavelength is usually observed because of
the softening of the A;, mode (redshift), with a decrease in the thickness of the material.
While the A;, peak was much more intense than the E%g peak in the bulk sample, the same

1276;378

peaks on the MoSe; present in the materia . Similar peaks in the same position have

been observed in several other studies as well?%357370 " The intensity ratio of the D and
G peaks from the plots for pyrolyzed PVP, PVP/SiOC, and PVP/SiOC/MoSe, fiber mats
were 1.02, 1.54, and 1.11, respectively, which revealed a higher degree of disorder-induced

carbons in all of the samples.
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Figure 8.4: Raman spectra of carbonized PVP fiber mat with integrated peaks; (b) Raman
spectra of pyrolyzed PVP/SiOC fiber mat with integrated peaks; (c) Raman spectra of bulk
MoSes powder and the region of 200-300 cm™ from the pyrolyzed SiOC/MoSes fiber mat;
(d) Raman Spectra of pyrolyzed PVP/SiOC/MoSey fiber mat with integrated peaks in the
region of 800-2000 cm™*.

Figure 8.5 illustrates the XPS survey scan of the carbonized /pyrolyzed PVP, PVP /SiOC,
and PVP/SiOC/MoSe, fiber mats. C 1s, O 1s, and N 1s peaks were visible in the survey

scan of the carbonized PVP fiber mat, which validated the presence of these molecules, even
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after the pyrolysis stage. The survey scan of the pyrolyzed PVP/SiOC fiber mat revealed
the presence of Si 2p, O 1s, and C 1s. For the pyrolyzed PVP/SiOC/MoSe, fiber mat, two
additional peaks, Mo 3d and Se 3d, were observed, which again substantiates the presence
of MoSe; in the pyrolyzed fiber mat. The PVP fiber mat showed the highest amount of
carbon present in the pyrolyzed stage, with a percentage of 93.06%. Some nitrogen was
also found in the fiber mat (2.1%), which originated from the pyrrolidinone structure of the
PVP. The elemental analysis of the PVP/SiOC fiber mats shows the presence of carbon,
silicone, and oxygen. The high amount of carbon (70.46%) visible in the pyrolyzed fiber mat
resembles the data obtained from the Raman analysis well. The presence of high amounts of
oxygen (17.36%) in this fiber mat is likely due to the cross-linking process conducted in the
presence of air. The surface analysis of the pyrolyzed PVP/SiOC/MoSe; fiber mat reveals
the presence of molybdenum and selenium particles in the fiber mat. The comparatively low
amount of such particles only points to the elements present on the surface of the fiber mat
or the fibers but not in the whole fiber mat. The nitrogen found in the pyrolyzed PVP/SiOC
and PVP/SiOC/MoSe, fiber mats was low compared to the PVP fiber mat, which did not

contribute significantly to the total elemental analysis.
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Figure 8.5: XPS survey scan of pyrolyzed PVP, PVP/SiOC, and PVP/SiOC/MoSes fiber
mats.

Figure 8.6 depicts the high-resolution scans of the XPS spectra for each element, elu-
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cidating the individual peaks obtained from the survey scan. Multiple peak fittings of the
high-resolution XPS spectra reveal the elements being differently bonded with other elements
(hybridization). The high-resolution N 1s spectra (Figure 8.6a) of the pyrolyzed PVP fiber
mat disclose the presence of pyridinic, pyrrolic, graphitic, and oxidized nitrogen with binding
energies of 398.2 + 0.1 €V, 399.4 + 0.1 eV, 400.8 + 0.1 eV, and 402.7 £+ 0.1 eV, respectively,
which correspond well with the literature!'®. The peak fitting of the O 1s high-resolution
spectra (Figure 8.6b) of the carbonized PVP fiber mat divulged the bonding states C-O,
C=0, NO, and O-C=0 at 535 + 0.1 eV, 533.5 + 0.1 eV, 532.5 + 0.1 ¢V, and 531.5 + 0.1
eV, respectively?!3343 Additionally, the deconvolution of the C 1s high-resolution spectra
(Figure 8.6¢) uncovered peaks in the binding energy region of 287.5 £ 0.1 eV, 285.8 + 0.1
eV, and 284.5 + 0.1 eV, which can be ascribed to the bonding states of O=C-N, C-N, and
C-C, respectively®'”. From the deconvoluted C 1s spectra of the pyrolyzed PVP/SiOC and
PVP/SiOC/MoSe; fiber mats, the C=0, C-C, and C-Si bonding states were observed in the
regions of 287.1 + 0.1 eV, 284.9 4+ 0.1 eV, and 284.0 £ 0.1 eV, respectively. From the Si 2p
spectra of the PVP/SiOC (Figure 8.6d) and PVP/SiOC/MoSe, (Figure 8.6g) fiber mats, the
SiCO3 and SiC,05 bonding states were discovered in the 103.5 + 0.1 eV and 102.9 £+ 0.1 eV
regions of the spectra. Finally, the O-Si and SiO5 bonding states were discerned from the O
1s spectra of the PVP/SiOC (Figure 8.6e) and PVP/SiOC/MoSe, (Figure 8.6h) pyrolyzed
fiber mats. The corresponding peaks align well with previous studies conducted regarding
SiOC-based materials373%%3%  The high-resolution spectra also imparted the dominance of
C-Si bonds over the C-C bonds. Furthermore, the deconvolution of the Mo 3d spectra of the
pyrolyzed PVP/SiOC/MoSe, fiber mats presented the 3d5/2 and 3d3/2 peaks in the region
228 + 0.1 eV and, 231.1 & 0.1 eV, respectively, signifying the 2H polymorph of MoSe, 148268,
In addition to this, two other peaks at around 229.8 + 0.1 eV and 232.9 + 0.1 eV were
identified and were thought to have originated from 2H-MoSe; . Another peak at around
235.4 + 0.1 eV was located and was determined to correspond to Mo-O-C bonds with low
intensity values®. The spectra of the Se 3d spectra can be deconvoluted into two peaks of
3d5/2 and 3d3/2 in the regions of 54.1 £+ 0.1 eV and 55.0 4 0.1 eV for the 1T and 2H phases,

respectively 2330,
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Figure 8.6: High-resolution XPS spectra of three pyrolyzed fiber mats: (a—c) PVP fiber mat;
(d-f) PVP/SiOC fiber mat; (g-k) PVP/SiOC/MoSey fiber mat.

Figure 8.7a—c illustrates the FTIR absorption bands of the PVP, PVP /SiOC, and PVP/SiOC/MoSe;
fiber mats in their as spun, cross-linked, and pyrolyzed forms. From the FTIR spectra of
the as-spun PVP fiber mat, absorption bands at 570, 841, 1018, 1288, 1422, 1663, 2923,
and 3399 cm ™! were observed. These peaks can be assigned to N-C=0 bond bending, CH2
bond bending, the rocking motion of CH2 bonds, C-N bond stretching, C-H bond stretch-

ing, C=0 bond stretching, and symmetric stretching of the CH2 chain, respectively%1?2, In
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the cross-linked fiber mats, similar peaks were observed at 160 °C, demonstrating meager
changes indicative of the small cross-linking reactions of the polymer chains. Finally, from
the bottom of Figure 8.7c in the PVP fiber mat carbonized at 800 °C, the peaks mentioned
above were not visible, which indicates the presence of only carbon. From Figure 8.7a, the
FTIR spectra in the middle are for the PVP/SiOC as-spun fiber mats from which the dedi-
cated absorption bands for SiOC materials can be observed. The peak observed at 797 cm ™!

can be ascribed to the Si-C deformation vibration originating from the Si-CH3 bond. The

peak at 1059 cm™! is indicative of the Si-O-Si asymmetric stretching.

a. As-spun Samples b. Cross-linked Samples c. Pyrolyzed Samples

PVP/SiOC/MoSe,

e T

Transmittance (a.u.)

1662

1
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Waveumber (cm™) Wavenumber (cm™) Wavenumber (cm™)

Figure 8.7: FTIR spectra of (a) as-spun, (b) cross-linked, and (c) pyrolyzed fiber mats. Fach
figure consists of the FTIR spectra shown for PVP, PVP/SiOC and PVP/SiOC/MoSey fiber

mats from bottom to top.

Additionally, the peak at 1260 and 1423 cm™! originated from the C-H symmetric and
asymmetric bending vibration from the Si-CH3 bonds, respectively. The peak at 1662 cm™!
is thought to originate from C=C double bond stretching. The absorption bands over the
2900 cm ™! can be allotted to the C-H asymmetric stretching originating from Si-CH3 and
Si-CH=CH2 bonds. All of these bonds are in accordance with the previous literature and are

suggestive of the presence of pre-ceramic polymers present in the as-spun fiber mats 32193243,
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No significant changes were evident from the cross-linked fiber mat. However, the pyrolyzed
fiber mat only represented the Si-O and Si-C bonds present in the 1060 and 800 cm ™! regions,
which confirms the progressive degradation of the SiOC network as the temperature increases.
Similar peaks were observed in the as spun, cross-linked, and pyrolyzed PVP/SiOC/MoSe;

fiber mats and showed no additional peaks for MoSe,.

Electrochemical Analysis

Figure 8a—d illustrates the electrochemical charge-discharge behavior of the carbonized PVP,
pyrolyzed PVP/SiOC, MoSe; drop-coated pyrolyzed PVP /SiOC, and pyrolyzed PVP/SiOC/MoSes
electrodes in the lithium half-cell setup over a voltage window of 0.01-2.5 V. In addition,
Figure 8.8e-h denotes the differential curves of the same fiber mats in the previously men-
tioned order, where the plateaus of the charge—discharge profile are clearly visible with the
corresponding peaks. From the charge-discharge behavior of the carbonized PVP fiber mat
electrode presented in Figure 8.8a, for the first cycle, which took place at a current density
of 50 mA g~ !, a specific charge capacity of 569.96 mAh g~! and a specific discharge capacity
of 269.95 mAh g~! are observed. Thus, high irreversible capacity loss can be observed, which
is not visible in the consecutive cycles. It is possible to analyze this behavior with the help
of the differential capacity curve from Figure 8.8e, where a sharp peak at 0.53 V is seen in
the first cycle. However, this peak was not present in the consecutive cycles, which is in-
dicative of an irreversible layer of materials, generally called solid electrolyte interface (SEI)
forming, on the interface of the electrolyte and electrode. Similar peaks in can be observed
in the 0.75-0.85 V region in various studies of hard carbons, which can be assigned to pore
lithiation as well as SEI formation'%®. The peak below the 0.5V region can be attributed to
the lithium ions interacting with the functional oxygen groups that are present in the fiber
mat3!?. This peak was also irreversible in the delithiation cycle because the working voltage
window does not fall into the range®2. The peaks observed at around the 1 V region origi-

nated from the nitrogen-containing carbon present in the fiber mat, which was confirmed by

the XPS analysis %%,
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Figure 8.8: Charge—discharge profile of (a) PVP fiber mat electrode; (b) PVP/SiOC fiber
mat electrode; (c¢) MoSey drop coated fiber mat electrode; (d) PVP/SiOC/MoSey electrode
and differential capacity curves of (e) PVP fiber mat electrode; (f) PVP/SiOC fiber mat
electrode; (g) MoSes drop coated fiber mat electrode; (h) PVP/SiOC/MoSes electrode; (i)
cycle performance comparison for PVP, PVP/SiOC, PVP/SiOC/MoSey electrode at differ-
ent current densities.
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Figure 8b,f shows the charge-discharge profiles and the differential capacity curves for
the pyrolyzed PVP/SiOC fiber mat electrode. Fukui et al. demonstrated that the lithium
ion storage mechanism of the SIOC material is via the intercalation/deintercalation reaction,
which is quite similar to hard carbon materials. The peaks seen in between 0.5-1.5 V can
be assigned to the electrolyte decomposition and the formation of the SEI layer. In addition
to these peaks, some other peaks can be observed in a low-lying potential region, which
can be assigned to lithium being irreversibly trapped in a region where oxygen is present or
where dangling bonds and defects are present. However, the delithiation curve obtained in
Figure 8.8b is uniform and straight, showing neither any plateaus nor any peaks, which is
indicative of the porous nature of the SiOC material 196152,

Figure 8.8c,g shows the charge-discharge profiles and differential capacity curves of MoSes
that was drop coated onto the electrode of the SiOC fiber mat—which was prepared for
comparison purposes with the electrospun SiOC/MoSe, fiber mat. Due to similarities in the
structure of MoSe, and MoS2, they go through the similar initial lithium ion intercalation '23.
As the MoSe; material was introduced by creating a coating on top of the fibers, the lithium
ions were more exposed to it, and thus, the peaks related to the reaction with the MoSe,
material were more pronounced. For instance, the peak observed in the first cycle near the 1
V region can be ascribed to the irreversible crystal structure change in MoSe, from trigonal
prismatic 2H-MoSe, to octahedral 2T-LixMoSey; 103. The latter coordination is more stable,
and the phase change was confirmed by previous studies?**. The peak assignment is based
on the following lithiation process: The first cycle lithiation peak at approx. 0.7 V can thus

be assigned to the following conversion process:

Li,MoSes + (4 — x)Li — Mo + 2LiySe (8.1)

MoSey +4Li — Mo+ LiySe (8.2)

These two equations can be combinedly expressed as follows, and the formula has been
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confirmed by previous studies®?:

Se + 2Li — LiySe (8.3)

The peaks below the 0.4 V potential region are indicative of SEI formation by the SiOC
material. Furthermore, one more peak situated in the 0.47 V can be assigned to the SEI
formation that occurs due to the MoSe, material. Finally, the oxidation peak visible in
the 2.1 V region can be accredited to the following equation confirmed by Cui et al., which
appears in consecutive cycles as well®!.

For the pyrolyzed PVP/SiOC/MoSe, fiber mat electrode (Figure 8.8h), three reduction
peaks in the potential region of 0.4-1 V can be similarly credited to the lithiation process
happening due to MoSey, while the peak below this region is due to the SEI formation
happening because of the SiOC material. Interestingly, no delithiation or oxidation peaks
were observed in the first and second cycles, which is indicative of the dominance of the
SiOC material in the fiber mat.

Figure 8.8i shows the comparison of the three fiber mat electrodes of the PVP PVP /SiOC
mats and the PVP/SiOC/MoSe, electrodes when they are cycled at increasingly higher
current densities (100, 200, 400, 600, 800 mA g~!) in a rate capability test, thus leading
to faster lithium ion insertion and extraction. The MoSe, drop-coated electrode is not
included in this comparison. The comparison of the first cycle charge capacity of the fiber
mat electrodes show a dominance of the pyrolyzed PVP/SiOC/MoSe; electrode, with a
value of 586.96 mAh g~! over the other electrodes. At higher current densities at which the
electrodes were tested, the PVP/SiOC fiber mat electrode showed a clear capacity advantage
over the carbonized PVP fiber mat electrode. The reason for this good performance can be
attributed to the porous nature of the SiOC materials and the fiber mats, which facilitate
lithium-ion storage by decreasing the distance required for ion diffusion when the electrolytes
penetrate inside the deep pores. These pores also work as protection against the large volume
expansion that takes place during the insertion and extraction of lithium ions?%!%169  From

the investigation of Fukui et al., it can be confirmed that the SiIOC materials store lithium
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ion on interstitial spaces or graphene edges®.

Further improvements can be seen at even
higher current densities for the pyrolyzed PVP/SiOC/MoSe; electrode. Although the charge
capacity of the pyrolyzed PVP/SiOC/MoSe; electrode was slightly less than the PVP/SiOC

L current density from 800 mA g1, the

electrode when cycled back to the initial 50 mA g~
fast recovery was achieved in the 71st cycle, and the specific charge capacity improved in
the later cycles while cycling at the same current density.

The coulombic efficiency of the lithium half-cell for all of the electrodes is presented in
Figure 8.8i. From figure, it is evident that all of the fiber mat electrodes suffered from a
low coulombic efficiency in the first cycle, which is due to the formation of irreversible SEI
formation. It is also evident that the pyrolyzed PVP/SiOC/MoSe, fiber mat electrode was
more stable while charging and discharging at the higher current densities, which indicates
that the fast and reversible insertion and extraction of lithium ions into the fibers was
maintained in all of the cycles. The pyrolyzed PVP/SiOC/MoSe, electrode showed a stable
response with a coulombic efficiency of 100% for 100 cycles, whereas carbonized PVP and
pyrolyzed PVP/SiOC electrodes showed poor reversibility when the current density was
increased to 100 and 200 mA g~!. This further elucidates that the SiOC-functionalized

MoSe; fiber mat kept its structure intact, even after going through harsh testing conditions,

making this fiber mat electrode superior to the other electrodes tested.

8.5 Summary and Conclusion

In summary, this work is the first to present MoSe; nano-sheets combined with polymer-
derived PVP/SiOC fiber mats to yield a free-standing electrode, providing stable cycling
in higher current densities in LIB half-cell configuration. The ceramic mats were prepared
via the electrospinning of chemically exfoliated MoSe; that had been dispersed in a prece-
ramic polymer solution. A small quantity of PVP was used as a spinning agent, mainly
to facilitate fiber spinnability. In addition to this, the evolution of the fibers from as spun
to cross-linked and finally to the pyrolyzed form was confirmed by the FTIR spectroscopy.

Raman and XPS spectroscopic studies revealed the presence of the free carbon phase present
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in the fibers and the mixture of bonds between Si-O-C, respectively. The PVP/SiOC/MoSe,
fiber mat electrode showed stable coulombic efficiency and a higher capacity than the fiber
mats fabricated without the MoSe,; material when cycled at progressively increasing current
densities. Therefore, a self-supporting SiOC-functionalized MoSe, composite electrode pos-
sessing such stable performance during harsh cycling conditions can be suitable for a wide

range of energy storage applications.

8.6 Mechanical Testing of Fibermats

Mechanical properties of the neat fibermats and TMD nanofiller-reinforced fibermats were
determined using a tensile testing approach. Different fibermats were punched out by a
metallic punch with a width and thickness of 5.8 mm and 20 mm, respectively. To test
the delicate cross-linked fibers specialized grips were designed using Solidworks and then
machined using aluminum. Specific dimensions of the grips and digital camera image are

shown in Figure 8.10 illustrated by Solidworks 3D drawing.

Holding Plate Bottom Grip

Micro grip design
for mechanical
testing of fibers

Top Grip E)sSHiMADzZU

Figure 8.9: Solidworks 3D model of the grip designed for tensile testing of z-linked fibermats
with digital camera images.

Figures ?7(a-f) show the stress-strain plots of different fibermats, and the results are

reported in Table 8.1. PVP fibers showed the highest strain to failure, while MoSe,/SiOC
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fibers had the lowest strain. SiOC ceramic inclusion on PVP resulted in comparatively
similar strength but less strain to failure. This behavior is as per expectation from ceramic-
based composites. Different further nanofiller reinforcements resulted in variability in stress
and strain. For instance, MoSe,/SiOC fibers were the strongest among the measured sam-
ples, with 2.28 MPa strength at failure. The most insufficient strength was realized from
WS2NS-reinforced SiOC fibers with 0.43 MPa. When compared amongst the same TMDs
with different polymorph-reinforced fibers, WS2NT reinforcement led to higher strength

than WS2NS reinforcement. Specific mechanical properties of the fibers with and without

nanofiller reinforcements are listed in Table &.1.
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Table 8.1: Tensile properties of fibermats with or without reinforcement.

Sample Strain to Failure (%) Strength at failure (MPa) Young’s Modulus
PVP 1 22.47 1.66 0.24
PVP 2 24.95 1.09 0.06
PVP 3 24.92 1.44 0.19
Si0C 1 3.29 1.30 0.54
Si0C 2 3.21 1.30 0.39
SiOC 3 3.73 1.37 0.57
MoSe, /SiOC 1 2.98 2.28 0.82
MoSe, /SiOC 2 2.42 1.92 0.56
MoSe, /SiOC 3 2.82 1.69 0.59
WS2NS/SiOC 1 10.11 0.35 0.12
WS2NS/SiOC 2 7.09 0.39 0.12
WS2NS/Si0C 3 7.99 0.43 0.12
WS2NT/SiOC 1 4.46 1.1 0.27
WS2NT/SiOC 2 5.85 1.32 0.23
WS2NS/SiOC 3 0.45 1.29 0.30
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Chapter 9

Conclusion and Future Direction

Research thrust for electrochemical energy storage in TMDs reached its zenith due to high
interlayer spacing, metal ion hosting ability, and higher amount of electron transfer for
hosting multiple ions per molecule. Most research in reversible electrochemical energy storage

of TMDs focuses on Li™ ion

based technologies. Yet, the most recent pandemic has underscored the urgency to search for
complementary battery technologies. With an identical number of valence electrons in the
outermost shell, Na and K—based battery technologies present an immense opportunity with
similar chemical properties, but are barely studied in reversible storage inside TMD layers.
Therefore, in this thesis, we examine how size in alkali metal influences the storage prop-
erties in traditional TMD nanosheets. Realizing large interlayer expansion and subsequent
structure pulverization, we further looked into the influence of TMD structure modification
by utilizing nanotubes and nanocage—like quantum—confined polymorphs in terms of bulky
alkali—metal ion storage. To overcome existing drawbacks in TMD nanostructures, we utilize
them as nanofillers to form composite high aspect ratio structures with chemically robust
PDCs. Nevertheless, we employ a voltage cut—off technique in neat TMD polymorphs to
suppress side reactions and observe stable cycling behavior.

Motivated by applying distinct nanostructures of TMDs, this thesis curiously inves-
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tigated the change of Na™ and K™ —ion storage inside TMD alloys, where a transition
metal is arbitrarily substituted with another transition metal, and suggested methodology
to revamp their electrochemical properties. Being successful in composite formation with
sulfide—based TMD materials and PDCs in fibermat form, the dissertation further imple-
mented selenide—based TMDs and PDCs — scrutinized the feasibility of fibermat fabrication
and highlighted utilizing fibermats as electrically conducting and self—supporting electrodes.
Finally, the mechanical properties of such fibermats were investigated, fulfilling the search for
bendable systems fabricated to be lightweight and wearable while mechanically flexible. The
upcoming section provides a concise overview of each chapter’s key findings and significance,

while a connection is established between various topics.

9.1 Dissertation Summary

The introduction (Chapter 1) of this thesis highlighted the worldwide transition from fossil
fuel—based energy production to renewable energy systems and afterward delved into the
deficiencies of current renewable energy generation technologies. Building upon that, the
role of electrochemical energy storage systems in preserving produced energy via renewable
sources is demonstrated next. The superiority of LIB systems in modern technology is
presented next. With adversities of current LIB systems, such as uneven distribution of
resources, supply chain risks, difficulties associated with the mining process, and surging
demand for Lithium — the chapter established the need for alternative battery systems.
Expanding on the abovementioned case, the benefits of NIB and KIB were demonstrated. As
this thesis sheds light on using different nanostructured materials, the proliferation of other
nanomaterials driven by the surge in nanotechnology was highlighted, and their benefits upon
use as electrode materials were stressed. The contribution of this thesis can be classified into
the following objectives: the first objective was to find out how different nanostructures of
2D TMD materials influence larger than conventional alkali metal ion storage, find out their
deficiencies, and address novel and innovative procedures to overcome the shortcomings.

Two such ways were discovered: composite structure formation with chemically robust PDC
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materials and use of voltage cut—off techniques — building upon which such materials can
be better utilized in NIB and KIB applications. The second objective was to apply such
processes in other TMD—based nanostructures, observe the consistency of such techniques,
and suggest ways towards practical application of specific fibermats.

Chapter 2 first highlights the historical development of different battery chemistries
(LIBs/NIBs/KIBs), the working principle of each, and then the most recent developments in
negative electrode materials for each system. The chapter then introduces the investigated
nanomaterial, specifically the different nanostructures of TMDs and their alkali metal—ion
storage properties. This chapter also highlights the matrix material used for the composi-
tion of composite structures, namely PDCs, and existing literature on their electrochemical
properties. Progressing on that, different microscopical techniques for visual identification of
nanoparticles and hybrid networks, spectroscopic methods for elemental and chemical struc-
ture identification and re—verification of fabricated structures, and finally, popular elec-
trochemical probing tools for identification of reversible ion storage mechanism, electrode
kinetics, and performance metrics were pointed out in chapter 3.

Chapters 4 and 5 investigated the alkali metal ion storage within distinctive nanostruc-
tures of WS,, namely nanosheets and nanotubes — pointing out their inadequacy of stable
electrochemical performance due to energy inefficiency resulting from conversion reactions,
extreme volume change leading to pulverization and associated side reactions. Carrying for-
ward, these chapters shed light on the successful functionalization and composite formation
with chemically robust PDCs in fibermat form. The optimization of the nanofiller (TMD
nanotube) to matrix (PDCs) material ratio in fiber form led to a synergistic performance
of the composite structure — displaying robust performance in terms of harsh cycling con-
ditions. Such a performance of the composite system assisted in building upon the case
that the PDC matrix might buffer the volume change of such materials during reversible
sodiation /potassiation, helping the nanomaterials to survive for a longer time and provide
stable performance.

Chapter 6 progressed on applying WS, fullerene—like nanoparticles with closed cage—like

structures. Here, a different technique, namely, upper and lower voltage cut—off, was em-
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ployed to curb reversible sodiation/potassiation fatality. The restriction of upper voltage
led to the most stable performance of the electrode with enhanced coulombic efficiency. In
contrast, suspension of lower voltage along with upper voltage proved to halt essential chem-
ical reactions taking place — the result of which was the reflection of poor performance in
half—cells. Furthermore, the electrode kinetics was identified with several electrochemical
techniques pointing to different cells’ diffusive vs capacitive charge storage mechanisms with
distinct cut—off voltages. Being motivated by this study, chapter 7 assessed the efficiency
of the voltage cut—off technique in arbitrarily transition metal substituted selenide—based
TMD alloy, which offers much intense conversion reaction and the possibility of pronounced
voltage hysteresis leading to energy inefficiency. After careful investigation, the efficiency of
the upper—voltage cut—off techniques proved to be vital for the structural preservation of
MoWSe,. In this chapter, the predominance of 3D differential capacity curves, which extend
the plotting process as a function of progressing cycles, also guides the researchers to a new,
readily accessible in—situ data analysis technique. Nevertheless, such investigations might
inspire researchers to combine such methods with composite formation to best use existing
materials beyond LIB application.

As previous composite fibers were produced with sulfide—based TMDs, chapter 8 in-
quires about applying this facile technique in selenide—based TMDs (MoSez). This study
underscored the versatility of such a technique and pushed us toward using pyrolyzed fiber-
mats in free—standing form without the support of a copper current collector. Only a small
quantity of nanofilled (MoSey) containing PDC fibers displayed stable coulombic efficiency
and higher capacity (higher than the robust anode material of LIBs, Graphite 372 mAh g=1)
compared to the neat materials. To assess the load bearing and controlled deformation capa-
bility of such self—supporting fibermats (MoSes/SiOC), customized grippers were designed,
mechanical tests were performed and compared with fibermats fabricated and described in

the previous chapters (WS,NS/SiOC, and WS,NT /SiOC).
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9.2 Direction of Future Work

Although this thesis developed new tools, employed novel methods, and emphasized innova-
tive techniques and specific findings leading to electrochemical performance enhancements,
it undeniably opened the door to additional research opportunities. This section, therefore,

lists some of the areas that can be possibly explored in advancing on this line of research:

e This thesis showcased the kinetics of alkali metal ion storage inside TMDs and com-
posite fibermats nanostructures via different electrochemical analysis techniques. A
push for novel characterization techniques might lead to using operando or in—situ
techniques where reversible alkali—metal ion insertion can be measured either in real
operating time or on—site, referring to a distinct variable against relevant system pa-

rameters.

e All the work presented in this thesis was conducted experimentally, gathering knowl-
edge from the existing literature. However, theoretical work regarding the charge
storage mechanism of different TMD quantum confinement structures is still missing.
Therefore, geometry optimization to measure optimized lattice structure, density of
states calculation to measure the electronic conductivity, charge density calculation for
investigating the interaction of SiOC with TMD nanomaterials and the existing chem-
ical environment, and transition state search of Na®/K*—ions for mapping preferable

storage sites can be performed utilizing density functional theory.

e Although this thesis presents the primary mechanical properties of randomly aligned
electrospun fibers, how the alignment of fibers affects the mechanical strength of fibers
has not yet been investigated, especially with nanomaterial reinforcement. Therefore,
further study regarding specific instrumental setups for vertical and horizontal align-
ment of nanofibers is necessary, which can be compared with randomly aligned ones

to provide a better basis for next—generation fiber electrode utilization.

e Fabricated composite fibermats showed a random dispersion of materials. For exam-

ple, while most of the WS,;NTs were found inside the SiOC fibers, some chunks were
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observed, and WS,NS and MoSe;NS were found to be randomly dispersed within the
fibers. Literature suggests the distribution of charges under high voltage influences
the arrangement of nanofillers and polymers inside the spinneret before forming a Tay-
lor Cone. An electrical field simulation analysis might be performed to optimize the

nanomaterial dispersion and further improve the versatility of electrospinning.

e This thesis is the first work to show the possibility of TMD nanofiller—reinforced
ceramic fiber composite formation and its application in reversible electrochemical
energy storage devices. This work utilized only one precursor out of more than a
hundred to fabricate PDC fibermat, which nevertheless accentuated the countless pos-
sibilities of fiber production techniques. Furthermore, substituting O from SiOC yields
SiCN—based PDC fibers (a process generally carried out in the absence of ambient)
that have not yet been electrospun with nanofillers, for which an electrospinning setup
can be utilized in an inert atmosphere. Additionally, complementary, cost—effective,
and faster methods for fiber production, such as force—spinning, can be explicitly

explored for ceramic fibers.

e Ceramics are ubiquitously high—temperature withstanding materials — providing fur-
ther basis for applying them as electrode materials for batteries operating at a wider
range of temperatures. For such applications, ionic liquid or dual salt—based elec-
trolytes can be employed, promoting a higher ionic conduction rate. Such electrolytes
can also be investigated with the electrode setup utilized in this study, as a minor

capacity decay is observed at the 50" cycle in the rate capability test.

e The SEI formation procedure of the fabricated electrodes on copper foils or in free—standing
form can be an exciting field to investigate further. Specific flame retardant materials
or additives preventing HF formation, which stops corrosion of current collectors, are
now widely applied in LIB systems. Their application in NIB and KIB systems is

another exciting prospect.

e So far, 40 different TMDs exist, consisting of Group VI—X transition metals. Among
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them, Group VI transition metals containing TMDs are widely known for their semi-
conducting properties. Although traditional electrodes are fabricated with conductive
materials, they might not provide enough electrically conducting paths for electrons
to pass and move to the outer circuit. Therefore, the application of conductive binder

materials replacing traditional insulating PVDF —based binders might be explored.
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