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Abstract

The pressing environmental issues and the continuous increase in energy demand have drawn
tremendous atteioin to the development of advanced electrochemical energy s&ysigens
(EESS). Lithiunmtion batteriesare currently the most developed EE®owever,they are
insufficient to meet the requirements of energy intensive applications such as electrisvehicle
This stems from the intrinsic limitations of commercial cathode and anode materials.
Therefore, their electrochemical properties should be either improved by applying new
fabrication techniques or replaced with new generation materials to increasenthey
density, power density and stability.

Silicon is a promising candidate as a new generation anode material due to its enormous
theoretical lithium storage capacitHowever, silicon faces some technological hurdles such

as poor cycle stability andate capability. This stems from its intrinsic low electrical
conductivity, severe volume change upon reawctith lithium, leading to loss of electrode
integrity and formation oin unstable solid electrolyte interphase. In an attempt to address
these poblems, the proposed research projects have been embodied in this thesis. The main
focus of these projects includes: enhancing electronic conductivity, forming stable electrolyte
interphase and preventing electrode structural failure. To achieve thesengwal silicon-

carbon composite materials in which the silicon particles were hosted byaranitectured

carbon scaffoldsvere prepared tomprove the electronic conductivity and help form a stable
electrolyte interphase. Furthermore, to prevent aldetrstructure failure, the electrodes
prepared from these silicararbon composite materials were subjected to thermal treatment to

alterthe electrode architecture by tuning the chemical structure of the binder.
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In Chapter4, an advanced silicon electrodeas developethy usingcommercially available
silicon nanoparticles (SiNPs) teeanode material arglilfur-doped graphene (S@$acarbon
support. The electrode slurry was prepared by mixing these components with polyacrylonitrile
(PAN) binder and thempplied to the current collector. After the electrodes were dried, a
thermal treatment was applied to reconstruct the architecture of the electrodes. In this new
electrode architecture, PAN polymer is turned into an aromatic structure (CPAN) -with 6
membeed rings hosting the nitrogen atoms in pyridinic position. Thus, after the treatment,
SiNPs are surrounded by the 3D conductive hierarchical architecture of SG sheets and the
aromatic structure of cPAN. It was found that the silicon atomthe nanopartie surfaces
anchor to and covalently interact with the sulfur and nitrogen atoms of this carbonaceous
nanoarchitecture. This prevstihe agglomeration of silicon particles, maintime electrode
integrity and stabilizethe solid electrolyte interphateading to a superior reversible capacity

of over 1000 mAh g for 2275 cycles at.D A g*. The excellent performance combined with

the simpg, scalable and nehazardousapproach render the process as a very promising
candidate fofithium-ion battery tehnology. This lays thbasisfor the project in Chaptés.
Althougha highperformance anode was obtained by utilizing commercially available silicon
nanoparticles, the higbost of nanoparticles hinders the commercialization. To address this
challenge, w have fabricated a stable siliecbased anode using legost silicon micron
particles (SIMPs) by developing a tvstep topdown approach. Waenilling of SIMPs within

an electrode precursor slurry (suldmped graphene (SG), polyacrylonitrile (PAN) in
dimethylformamide) allowfor nanostructuring of the silicon by a straightforwandlscalable

process. After casting the electrode precursor slurry on the current collector, the electodes
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annealed to achieve an ideally tuned SiGIPscPAN electrode staiure. In this structure, the
polymer binder (PANjs converted into a 3D aromatic network of cPAN thatpgtae silicon
particles andorms micronsized channels throughout the electrode structure. These- micro
channels act as a mechanical buffer for dhesotropic volume changes of silicon particles
during battery charging/discharging, thereby preventing electrode pulverization. This electrode
structure delivers excellent capacity (3081 mAhag) 0.1 A ¢') in addition to good rate
capabilities and cyel life (1423 mAh ¢ at 20 A g* for 500 cycles). Furthermore, the
efficiency of this technique makes it possible to expand its application to other anode materials
that require mechanical robustness and electrical conductivity with the goal of premting
generation lithiurrion batteries.

With a practical goal of fabricating losost, scalable and facile silicon electrodes, we have
removedsulfur-doped graphene from the electrode recipe of Ch&péerd eliminatedall-
milling. In this studymetallurgicaisized silicons used asheanode material. The electrodes
deliver an areal capacity of 3.0 mAhémt 0.1 A ¢' and more than 1.5 mAh cfrat 2.0 A g

L for high loading electrodes. For moderate loadings, 1030 mAB.§ mAh cn¥) is acheved

after 250 cycles at 2.0 A'g This excellent performance is attributed to the famstealing of
electrodes in which the isitu binder graphenization of PAldKkesplace, leading a 3D robust
electrode architecture. The mSiBee hosted within this akdtecture which sengeas an

el ectron pat-tomuated arontatic stiudctuse and prosiaddannels on the
electrode surfact guarantee electrolyte penetration for good ionic conductivity. The partial
graphenization of PAMan helpto maintainits elastic properties required to accommodate

large volume expansion of mSiBad maintainthe electrodeintegrity. This may leado the
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formation of stable SEthat enablegood cycling and rate performance. Furthermore, our
approach is compatible withdastrial slurry fabrication technique and open to be adopted to

other electrode materials.
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Chapter1l ntroducti on

1.1 Challenges and Motivation

The rechargeable lithiuaon (Li-ion) battery is a member of the electrochemical class of
energy storage systentisis superior to present battery systems such as rpogkdrhium, nickel

metal hydride, zinananganesa terms ofits high volumetric and gravimetric energy density,
fast charging and discharging ability, low séiécharge and lower tendency for memory
effect. Therefore, ihasdominated the market of portable devices such as smart phones, laptop
computers and digital cameras. Moreover, it is a very strong cantbdatge withalternative

clean energy technologies, such as solar and wind, to dedneasgependency on petroleum.
However, thestateof-the-art of commercial L-ion batteriess not able to meet the demands

of these technologies.

The performance of a battery depends on antatbpde, separators, electrolytes and overall
cell and stack de#gn. The active material embedded within the cathode and anode plays the
most important role in the energy density, power density and cycle stability of a Hibum
battery. The curreriatteries primarily usmicronsized graphite as the anode and lGzas

the cathode, whicill have © be replaced witBuperioranode and cathode matesitd meet

the future requirements.

The element siliconSj) can be utilized as an active material in order to provide higher energy
density than that of conventiorehode (graphite). The theoretical specific capacity of silicon

is almost 10 timedigherthan that possible withgraphite This stems fromthe fact that it

operates via alifferent mechanism from graphite incorporating Li. Moreover it is



abundant, environmentaligafe and inexpensivielowever, 2 major challenges to be addressed
prior to the real application:

1. Severe volume change (>300%) upon lithium insertion and extraction which results in
material pulverization, loss of electrode mri¢y andeventual capacity loss.

2. Low colombic efficiency and unstable solid electrolyte interphase (SEI).

1.2 Thesis Objectives and Approaches

The ultimate objectiveof this research projeads to develop a facile and scalable method to
fabricate advancedilicon anodesfor use inhigh energy density lithiumion batteries.To
accomplish this the following approaches were pursued:
1. Prepaation ofsilicon nanopatrticlefglfur-doped grapheneomposits
1 We discoveredrom this project that sulfudoped graphenésG) can be used
to wrap silicon nanoparticles and this composite structure can be sealed with
cyclized polymewusinga gentle heat treatment. The developed structuresshow
a strong covalent interaction betwdém silicon nanoparticles and SG leading
to the spatial rearrangement of SiNPs within the graphene lajaissresulted
in excellent cycling performanc&o decrease the cost of this electrode and
eliminate the challenges using nanosiligarticles we focused on theiseof
micronsized siliconinstead
2. Prepaationof nanearchitectured anode material from silicon micron patrticles
1 We learned from this projedtat baltmilling of micronsized silicm particles

slurry can be used as a tojown method to prepareranostructuredilicon

2



3.

electrodeFurthermore, heat treatment of electrotizsk the formation oa 3D
conductive anode matrix with mic@hannelsThis engineered matrifeldsan
electrode structure withexcellent mechanical robustness which can
accommodate large volumetric changes. TUtesss of this project encouraged
usto move onteelectrodeslerivedfrom metallurgical size silicon without any

carbon additive other than binder.

In-situ partid binder graprenizaton revolutionize theuse ofmetallurgicalsilicon for

lithium-ion batteries

1 We learned from this project thatolyacrylonitrile (PAN) @n be used as a

binder andaconductiveadditive after subjected to post therrirehtment. This

is due to the formation & nitrogerrdoped graphenkke matrix surrounding
the silicon pdicles. The stress generated lblye severe volume change of
silicon particles during cyclings buffered by the flexibility othe graphene
like medium.Furthermorethe covalentbonds between the nitrogen atoms of
PAN and silicon atoms on the surfacettud particlesprovideintimate contact
preventing the loss of active materdairing cycling. Thuswe were able to
utilize metallurgical silicon particles dseanode material. This encourages us
to furtherstudy thiscommercially available polymer s&mplify the fabrication

techniquedor metallurgical silicon anodes



1.3 Structure of Thesis

Thisthesisconsists of several chapteFsgure 1-1 depictsasimplified breakdowrof the work
described irthis thesisChapter 1 provides an introduction which covers the motivation and
objectives of the work. I€hapter 2, a detailed revi# of the relevant literature is provided.
Chapter 3 covers the physicochemical and electrochemical characterization techniques used
in thisthesis Chapter 4 focusesonthe development & scalabledvanced negative electrode
relying on commercially avable Si nanoparticles (SiNPand sulfurdoped graphene (SG).
The battery performance of the developed electrode is elucidalegbter 5 describes an
effort to makean effectivenegative electrode without usisdicon nanoparticles by replacing
with micronsizedparticles It introduceghe concept of millingthe electrode slurry as a tep
down approactior nanoscaling ofmicronsized silicon particleSChapter 6 focuses orthe
binder grphenizationusing a onepot themal treatment. The engineered binder possesse
enough flexibility and conductivity to be coupled with metallurgical silicon and pregoed
battery performancé=inally, Chapter 7 containsthe summary and conclusions of the thesis,
along with the recommmelations for future direction® exploit the achievementsf this

research for further improvementslittiium-ion battery performance.
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Figure 1-1 Schematigllustration of the researaorkflow throughouthis thesis.



Chapter2Li t erature Review

2.1 Electrochemical Energy Storage Systems

The growing economic, environmental and ecological problems with fossil fugdsiheaen

the urgent need for breakthrouglin electrochemical energy storage systemsuiosue
renewable energieBatteries, fuel cells and electrochemical supercapacitors (ECs) are three
main systemghat carbe used to convert chemical energy to electrical en&igyoughtheir

energy storage and conversion mechanisms are differeptexinbit some electrochemical
similarities. First, all of these systems consist of two electrodes in contact with an electrolyte.
The electrolyte must only conduct ions but not electrons to force different conduction pathways
for the ions and the electremandprevent short circuiting.Second, lte energy providing
mechanism occurs at the electrode/electrolyte interface.

In batteries and fuel cells, chemical energy is converted to electrical energy by redox reactions
(Faradaic process); however, in ECs, an accuiounlaf ions (noAFaradaic process) takes
place at the electrical double layer (EDL). The main difference between batteries and fuel cells
is their mode of operation. Batterjesther than flow batteriesre closed systens® thatthe

active materials proding the energy must be embedded within the electrodass, Tiie

energy storage and conversi@akeplacein the same compartments. On the other hand, fuel
cells are open systems where the active materials undergoing the redox reactions are supplied
from a tank or the environment. Therefore the energy storage (in the tank) and energy

conversion (electrodes) occurs at different locations



2.2 The Basics of Battery Chemistry

The smallest unit of a device converting chemical energy to electrical energy is called an
electrochemical cell. Usually, a battery refers to a connection of multiple electrochestizal

but may also be used to refer a single cell. Eachoogitains a positive terminal, a negative
terminal, a separatand an electrolyte which is either a liquid or a gel filling the space between
these electrodes. The potential difference between the anode and cathode creates an
electromotive force (V) torive the redox reactions at each electrode.

In a discharging cell, an oxidation reactionAAA™ + €) occurs at thaeegative electrodd his
generates positive ions and electrons. The generated electrons pass through the external circuit
and engage in &duction reaction at the cathode with the positive ions present at the electrolyte
(B" + € A B). The separator is an electrically insulating but ionically conducting physical
barrier betweethe anode and cathode to preverghortcircuit. The electrolyte is a medium

where ions can easiffow andserves as an ionic conductorallow ions to be transported to

and from the electrodes and complete the electrical circuit

A battery is defined as primary if it is designed to be uséitlexhausted and then discarded.
Primary batteries are heechargedThereforethey should be assembled and manufactured in

the charged state, ready to be discharged. On the other hand, secondary batteries can be restored
to its original state after bay discharged bwpplyingan electric current in the direction
opposite to the flow of current when the aslidischarged. They are usually assembled in

discharged state and have to be chapyex touse.



2.3 Lithium-ion Batteries

2.3.1 A Brief History

The motivaion for developinga high energy densitglectrochemical energy storaggstem
based on lithium metal stems from the fdwt lithium is the most electropositive3(04 V
versus standard hydrogen electrode) and the lightest mnetigioular weight of lihium is 6.94
g mol! at adensity of 0.53y cm®) 2. Figure 2-1 illustrates the superiority dithium-based
batteries including lithiuametal, lithiumyion, and polymeric lithiumon over traditional
batteries such as leatid, nickelcadmium in terms oknergy density. The first non
rechargeable lithium batteries wetevelopedn the1970s3. Since they adhigh capacity and
adjustable discharge ratehey easily found applications as power sources in many fields such
as watches, calculatoragimplantable medical devices. In the meantimejai$ discovered
that various inorganic compounds can react reversibly with alkali metals, makiogsible
to producerechargeable systems. These compoundee later identified as intercalation
compound. This discoveryenabled thebreakthrough in the development of-thased

rechargeable energy storage technology.
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Figure 2-1 Comparison of different battery technologies in terms of their volumetric and

gravimetric densitieg Reprinted by permission from Springer Nature.

In 1972, TiS was used as a cathode material by M. S. Whittingham against lithium“metal
This new technologproved to bevery promising and opened up the possibility of developing
a rechargeable lithium batteridiowever, thee devices could be unsalee to the uneven
depositio of lithium ions on the lithium surfa@s dendritegvhile charging the batteryhese
dendrites coulgenetrate the membrane and stuartuit the batterycausing excessive heating
of the electrolyte and even explosi@hgure 2-2). Therefore, the safetyas always beeone

of the major challenges cbmmerciakechargeable lithiurbatteriesSeveral approachegere

attemptedo eliminate this problem. The first attetp solve this problem was the substitution



of lithium metal with a lithiursaluminum alloy, but this brought the issue of low cyclability
due to the severe volume change occurring during lithium insertion and extradtioother
solution was to replce the lithium metal with a layered insertion material which can store the
lithium in its ionic state rather than metallic state which is inherently safer. This concept was
first applied by Murphy et al. (1978) and then by Scrosati (198¢h ultimatelyled to
rocking chair technology at the end of the 1980s and ea®§st® /. However,insertion of
Li*into theanode material (rutile structured materials anrdN©,) reduced the overall battery
potential due to the increasetb&negative electrode potential. In orde compensattor this

loss, high potential insertiopositive electrodenaterials were needed asd the emphasis
focus shifted from layeretype transition type metal sulfides to layered or thtieeensional
transitional metal oxides Goodenough dcovered that kCO, (1977) and spinel manganese
(1983) can reversiplstore lithium®. In spite of these developments in cathode mateitals
took about 10years to commercialize the lithium battehyeto the lack of a proper negative
electrode and electrolyte in terms of performance and/or Altsbughprevious attemptkad

been madé¢o use graphite athe anode material, the decomposition of electrolyte during the
operation was a major obstacle to devilgm rechargeable battet{ 1. Other attempts to
address this probleincludedY a z ami 6 s s ol i 'd SoartyGotpeomenéraatizedr ol yt e
the lithiumion battery in 1991 using the earlier metal oxide technologigsCoO, and
carbor). The operational voltage was 3/Avhich was three times larger than thattdaline

metal batteriesind the gravimetric energy density wa$20-150 Wh kg! which was 2 to 3

times that of Ni-Cd batteries.

10



- m +

Organic Electrolyte

g

Lithium-metal anode

Intercalation anode

Cathode

Figure 2-2 Schematiaepresentatiof (a) arechargeablé.i metal battery with a dendrite

growth at the Li surface and (byechargeabl&i-ion batterywith nodendrite growth.

2.3.2 Principles of Lithium-ion Batteries

The unit cell of a lithiurdon battery contains an anode, a cathode, an electrolyte, a separator
and current collectors (Al, Cul typical lithium-ion battery is based on LiCe@s cathode
carbon as anode.iPFs solution @lissolved in alkyl carbonate solvgrds electrolyte and
palypropylene as a separatdithium ions(Li*) shuttle betweewrarbonand LiCoO; during

battery operatiofFigure 2-3). While charging the lithium ions are extracted from LiG&nd
11



inserted within the carbon layemuring discharging they leave the carbon and intercalate
within the LkCoO; structure The half-cell and overall reactisare as follows:

2LiCo02z L+ € +2LipsCoO (Cathode)

Li*+ e+ Csz LiCes (Anode)

Ce+ 2LiC00O2z LiCe+ 2 LiosCoO (Overall)
In addition to these reactions, the electrolyte also decomposes at the surface of the anode and
cathode due to its electrochemical instability within the operating voltage range. This parasitic
reaction occurs at the beginning of the cycling and formdic electrolyte interphase (SEI),
which is permeable to lithium cations but impermeable to the electrolyte components and
electrons.Although the SEI formationdoes not contribute tthe energy generation, it is
essential for the durabilitypf rechargeabldithium-ion rechargeable batteries because it

prevents further decomposition thie electrolyte and other parasitic reactions.
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Figure 2-3 Schematic representation of the operating mechanism for a lHibiuivattery.

2.3.3 Cathode Materials

A cathode material is required to have a higher potential with respect to lithium to be utilized

in a lithiumion battery. The electronic conductivity, facile lithium diffusion and structural

stability are some other commproperties to be an ideal candidate. 3d transition metals such

as Mn, Fe, Cand Ni have been intensively studied as cathode materials for lithium batteries.

Since chalcogens, especially oxygen, give more structural stability than halogens, the transition

metal oxides are common cathode mateffal$hey can be classified based on their structure

as follows:
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2.3.3.1 Transition Metal Oxides

2.3.3.1.1Layered Structure

The general formula of this class is LiM®@here M is Co, Ni, Mn, and etcLiCoO: is the
most common layered structure cathode nmltefhe atoms are arranged in cubic closed
packing, in which lithium and cobalt ions occupy octahedral sites in alternating layes a
theoretical capacity of 27@Ah g althoughthe practical capacity is only 148Ah g?. This
stems from the fadhat the crystalline structure of LiCe@ollapses upon complete lithium
extraction. Therefore, only 0.5 mole of lithium per mole of LiGe@ouldbe extracted to
maintain the structure integrity of the matetfalThe environmental and economical concerns
arising from the toxicyt and high price of cobalt and safetpncernsassociated with

overchargeare challenging for this material

2.3.3.1.2Spinel Structure

LiMn 204 is a typical spinel cathodwaterial. The oxygen atomare arranged in@ubic closed
packing structure, in which lithm and manganese atoms are distributed to the available
tetrahedral and octahedral sites, respectively. The theoretical capacitynisAb4@. In this
case, the practical capacity is limitec~ 120 mAh g due toadischarge cutoff voltage (3.0

V) to awid distortion ofthe spinel structureCapacity fade occurs upgmolonged cycling at

4.0V attributed to the dissolution of manganese ions and subsequent strain generation on the

14



crystal3. Doping of other transition metals such as Ni, Fe, Tia@diZn has bee studied to

improve the cycle stabilit}/*°.

2.3.3.1.30livine Structure

LiFePOyis the most common cathode material possessintivine structure. In tis structure,

Li and Fe ions are surrounded by six oxide ions in an octahedral strantltbe phosphate
group, PQ, has tetrahedral structure. The LiFeR@s a capacity of 17@Ah g?, which is
higher than LiCo®@'3. Beside the capacity, it has also excellent cycle stability along with low
cost, nortoxic and environmentally friendly nature, which makes it a primgisathode
material. However, the strong binding of oxygen to Fe and P leads to a low electrical
conductivity and ion diffusivity at room temperatdfe The carbon coating and reducing the

particle size is used to improve the electrochemical propéftiés

2.3.4 Anode Materials

Since lithiummetalhas a low potential and high gravimetric and volumetric capacity (3860
mAh g! and 2062nAh cm®, respectively, it wasused aghe anode in rechargeable lithium
batteries in the early stage of the developntéotvever, safety issuessociated witdendrite

formation shifted the focus of research to find alternative safe anode mafetfals

2.3.4.1 Graphite Anode

Today, graphites the most commomnode material in commercial lithiuian batteries

(Figure 2-4). Lithium ions can be stabilized within the stacks of the sheets by intercalation

15



mechanism at low operating voltages (~ 0.%s. Li/Li*). However, the theoretical capacity
of graphite is 3Z mAh g?, which is not enough to meet future energy requirem&htsefore,

great efforthas been made find new anode materials that can fit the requirenm@énts

Li*

f Basal plane

Graphene layers

0.3354 nm

Figure 2-4 Crystal structure of graphite showing the stacking of graphene sheets and the unit

of cell®. Reprinted by permission from Elsevier.

2.3.4.2 Silicon Anode: opportunities and challenges

In the early 1970s, ivas discovered thadhat lithium metal camombinewith other metallic
and semimetallic elements to form a family of intermetallic compoufid3 he high capacity
of silicon (4200mAh g?) along with its lowcost, abundance and environmentallyiga
nature attraed attentioras an anode materi&digure 2-5). The enormous capacity difference
between graphite and silicon stems from thetfztt6 carbon atoms can accommodate only 1

lithium ion (intercalation mechanism) in the charged state; on the loéimek, 1 silicon atom
16



cancoordinate with.4 lithium ions (alloying mechanismmhlowever,the commercialization
of silicon asananode material suffefsom the same problems as otladloy-type anodes due

to two majorobstacles

Il Gravimetric Capacity, mAh g™
B \olumetric Capacity, mAh cm™
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Figure 2-5 Comparison of the gravimetric and volumetric capacities of different alloying

reactions/s cabon (C)?.

2.3.4.3 Obstacle 1: Pulverization and Loss of Active Material

Theenormousrolume change~300 %) upon lithiumnsertion/extraction induces a stress and
eventually fractures the silicon particlesconnects therfrom each otheand peels them
from current collectorKigure 2-6). This resultsin a loss of electronic contadtetweenthe
silicon particles and electrode framework leadioga dramatic loss of capacityAfter

observinghatfracture can be avoided by reducing $ilecon sizeto nanescale in at least one

17



dimensiontremendous effort has been focusedusng nanostructured silicoasthe anode
material >>2°, However, fabrication ofsilicon nanostructuseoften requies expensive and
complexsynthesis methods such as chemiagordepositionfrom silane gas precursoos
template growth. Thusprocessing complexity associated wiphoducing nanostructuzd
silicon materialgnakes it difficut to scale up3D siliconnanoparticlegSiNPs) on the other
hand, arecloserto the scale up due to their commercial availability and compatibility with
conventional slurry coating manufacturing process battery electrodes.However, the
conventionabinder polyvinylidene fluoride PVDF) does notonnecthe 3D SiNPs well due
to the severe volume change leadim@ighernterfacial resistance and loss of active material.
To address this challenge, different bindetsch as polyacrylonitrile (PARS sodium
carboxymethyl cellulose (CM&) sodium alginaf®, polyacrylic acid (PAAF have been

studied

18
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Figure 2-6 Schematics of the failure mechanism of silicon electrode: (a) material
pulverizatiort®, (b) morphology and volume change of silicon electfdeproduced with
permissionfrom Springer nature(c-1) scanning electron microscopy (SEM) of siliceafer

(500 pm thicknessafter 3 cycle¥, (c-2) scanning electron microscopy (SEM) image of silicon
wafer (500 pm thickness) after 50 cycRésreproduced with permission, open acoasder a

Creative Commons Attributiof.0 International License

2.3.4.4 Obstacle 2: Instability of Solid Electrolyte Interphase

Despite the success of preventing particle fracture by using SiNPs and keeping all the active
materials welconnected by using advanced binders, the cycling performast# isnited.

This stems from the unstable seétectrolyte interphase (SEIBasically, the SiNPs are

19



directly in contact with electrolyte and at low electrochemical potentials reductive
decomposition of thelectrolye takes plac®n thesurfaceof SiNPs and forms passivative
solid layer This solid layer or SEI prevents the further contact of electrolyte with SSiINP
However, unlike the SEI formed ongraphite anodg the SEI layeron SiNPs is not
mechanically stable duridgatterycycling due to the ®ume change of SiNi?For each cycle,
the SEIl is ruptured during lithium insertion causiregshsilicon surface to be exposemthe
electrolyteagain Thus with each cyclenoreelectrolyte breakdown causes continual growth
of the SEI layerleading b poor coulombic efficiency (CE, calculated by the percentage of
stored charged which can be extractextjessive decomposition thfe electrolyte low ionic
conductivity, high electronic resistance and eventuallyadryof the cef®.

To address this problerancapsulation of silicon particles withrban andmetalshasbeen
extensivelystudied. These coatings weralso prone to fracturingwvithout creating gore-
definedvoid spacebetween silicorparticlesand carbon coating/oid spacesould actas
buffer regions helping to counteract the challenge of volume expafigmre 2-7)3¢38,
Althoughthese engineered silicon structuvdth pre-defined void spacdsave demonstrated
excellent electrochemical performanteeir scale up is still an issugecausdhe preparation

of conformal coatings with void (buffer) regiongquires expensive complex andor
environmentallyunfriendly synthesis methods such as chemical vapor deposdiuh

hydrogen fluorideetching.
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Figure 2-7 (a) Schematic of an unstable SEI layer formation and continual growth on silicon
nanoparticles, (b) schematitan unstable SEI layer formation built on silicon nanowires with
pre-defined interior void space, (sfhematic of a stable SEI layer formation built on silicon
nanowires with pralefined interior void spacand mechanical clamp laydd) TEM image

of silicon nanotubes with preefined void spacé reproduced with permission from Springer

Nature
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2.3.4.5 Reuvisiting of Micron-Sized Silicon

Despite the excellent performance of anodes prepared withsneet silicon structures, the
intrinsic problems of nanostructunetroducefundamental challenges such as cost, low tap
density and lower columbic efficiencyassociated with high surface araad complex
synthesis. Hencd,is more practical to utilize silicon microparticles (SiMPs) as anode material
due to their abundance and low cdst.earlier studies, the durability of SIMPs suffered
significantly from particle fracturing and detachmeranh the electrode surface upon deep
discharging®>*., leading to poor cyclife including a 20 % capacity loss in just 10 cycles. The
cycling stability limitation of SiMPs electrodes was circumvented by applying -®ftut
voltage. This helped to maintain a tpbase (crystallinamorphous) silicon microstructure in
which only theamorphous phase is actitfeHowever, controlling the discharge potential
reduces the energy density of the electrode since the crystalline core of the particle remains
inactive?® To address this problem, SiMPs were engineered by chkratching with
hydrofluoric acid to create internatangores(void spacesto buffer the volume change
occurring with deep galvanostatic cyclifif®, whereas exterior void spaces were created by
encapsulating the SiMPs wittarious carbon frameworKs (Figure 2-8). Despite promising
achievements in cycling performance, the scalability of these electrode manufacturing
processes is limited due to the hazardous nature of the etching techniques.

Recently an advanced binder with high elasticitsas engineered from a traditional binder
(PAA) by integratingwith 5 wt% of polyrotaxané8. The slidingrings of polyrotaxanes are

covalentlybondedto the PAA but movefreely alongthe thread component, thuctinglike

22



pulleys to substantiallyeducethe tension exerted otihe binder network When dlicon
particles are mixed with this binder and conductive agent without any further physical and
chemical treatmenthe cycle life has shown impressive improvement. This proves that the

binder still playsa very important rolén the success of SiMRas anode material.

a

Ag deposition Chemical etching

Bulk Si 3D porous Si

Anisotropic
expansion

Figure 2-8 (a-1) Schematic of 3D porous SiMP preparation Wthetching, (a2) SEM image
of SIMP after Ag deposition, {8) SEM image of $iIP after etching with HF, (&) magnified
SEM image of SiMP after etching with HE reproduced with permission from John Wiley

and Sons(b) TEM images of a SiMP caged with graphenel)tbefore lithium insertion, ¢b
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2) 80 seconds after lithium insertion;3p 150 seconds after lithium insertfnreproduced

with permission from Springer Nature.

2.3.5 Electrolytes for Lithium-ion Batteries

Lithium ions can shuttle between anode and cathode within the electrolyte. Sirmgusaus
electrolytes are stable at high voltages up to 4.5 V, they are commonly used in-ighium
batteries. The electrolyte is usually prepared by dissolving aganar salt in an organic
solvent. Lithium hexafluoro phosphate (LépHithium tetra fluoroborate (LiBf and lithium
perchlorate (LICIQ) are the most common salts used in lithilom batteres The solvent is

usually a mixture ofinear or cyclicestersdue to the their ability to form stable SEI
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Chapter3Experi ment al Section

3.1 Characterization Techniques

3.1.1 X-Ray Diffraction

X-ray diffraction is a nowestructive technique used to detarenthe composition and

crystalline structure of a sample. Since the wavelengthrafyX (1 to 100 angstroms) is in the

same order of magnitude as the spacing between the atomic planes, they can be used to obtain

crystalline diffraction pattern®uring the operation of the instrumertmonochromatic X

ray source is swept over a range of angles to bombard the sample and the diffiagtedré

collected by a detector rotatimdpoutthe sample to measure the intensity at different angles.

The angle of diffraction is determined by Br
2dsind = na&a

where d,d, n anda-represent thepacing between diffracting plan@scidentangle order of

the spectrum (any integegnd wavelength of the -Xays respectively(Figure 3-1). The

obtained diffraction patterns are compared i database having the theoretical diffraction

patterns to identify the elements in the sample. It is important to note that amorphous materials

cannot be investigated by XRD due to the lack of ordered crystal planes in their striictures.

this project, SEM is used to investigate ¢maphenization of PAN upon annealing.
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Incident beam Reflected beam

Figure 3-1 lllustration of Bragg's law.

3.1.2 Scanning Electron Microscopy

Scanning electron microscopy (SEM) is a powerhdracterization technique to investigate

the morphology of samples in micro and nanoscale. The basic difference of SEM from optical
microscope is theourceto create the magnified image. Unlike an optical microscope which

uses the visible light to interawith the sample, SEM utilizes an electron bearmbtainhigh

resolution images of nanostructured samplés electron beam is accelerated in a chamber

and subsequently focused on the sample by a set of electromagnetic lenses to scan an area in a
rasterfashion. After the beam hits the sample, the secondary electrons scattered from the
surface of the sample are detected and converted into an electric signal to produce the final
image.The spatial image resolution can reach as highsam #8. In thisproject SEM is

used to investigate the morphology of the electrodes.

3.1.3 Transmission Electron Microscopy

Transmission electron microscopy (TEM) is another technique utilearejectron beam to

produce high resolution images of nanostructured samples. The mechanism of the generation
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and acceleration of electrons in TE®&ImIlar tothat of SEM, althoughthe electrons in TEM

should be accelerated more than those of SEM to be able to transmit through the specimen.
The transmitted electrons are then converted to an electrical signal to produce the final
magnified image. The resolution of TEM can reach gk bs 0.2im which makes it possible

to resolve featuresn a neaatomic scalgallowing the visualization of crystal orientatih

In this project TEM is used to visualize the medium surrounding the silicon nanoparticles

within the electrode.

3.1.4 Energy Dispersive X-RAY Spectroscopy

Energy dispersive-ray spectroscopy (EDX) isnanalytical technique which can identify the
elemental composition of a sample. X usually coupled with SEM and TEM by simply
adding an extra EK detector within the instrument. Upon el®n bombardment of the
sample, xrays are also emitted from the sample beside the secondary electrons. Since each
element has specific binding energies, the energy and intensity of emrtgd gan be used

as afingerprintfor elemental identificatiomnd quantification. Moreover, therays emited

from a selected area can be used for elemental mappitige distribution of localized
elementsin thisproject it is used to map the sulfur, nitrogen, carbon and silicon atoms within

the electrode tovestigatehe performance of the electrodes.

3.1.5 Raman Spectroscopy

Raman spectroscopy is a vibrational spectroscopy technique relying on inelastic scattering of

monochromatic lightWwhen a molecule interacts with light, the molecule is excited from a
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ground sate to a virtual energy stateigure 3-2). Uponrelaxation of the molecule, a photon

is emitted and the molecule returns to a different vibrational state. The energy difference
between the ground state and this final vibrationdé stausesa shift in the emitted photon
frequency from the excitation waveleng8tokes shift occurg the final vibrational state is

more energetic than the ground state. If the final vibrational state is less energetic than the
ground state, aanti-stokes shift occurs to balance the total energy of the system. Thus, the
shift in energy provides the information abthévibrational modes in a sample. In thi®ject

Raman spectroscopy is used to determine the changes that occurred at the eleetrode aft

thermal treatmen®.

Raman Scattering

- 79— —_————x 7  —————- Virtual
- t—1r—- 7 ———|— — —4— T —— States

Excited state
A 4 Ground state

anti-Stokes Rayleigh Stokes

Figure 3-2 Energy level diagram showing the states involved in Raman spectré$copy

reproducedwith permission from Elsevier.

3.1.6 Fourier-transform Infrared Spectroscopy (FTIR)

Infrared spectroscopy another vibrational spectroscopic technique relyingherabsorption
of the photons of infrared wavelength ky molecule However, rather tharusing
monochromatidight, this technique uses a beam composed of different wavelestgbinee

and detects the amount of the beam absorbed by the sample. Since the functionalograsips
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of asample absorb at differemiavelengthsthe resulting signal at the detector is a spectrum
which can be used as@f i n g e r peseifumdtianal grdupdihehusefulness of infrared
spectroscopy arises because different chemical structures (molecules) produce different
spectral fingrprints. In this study FTIR is used toobtain information concerningthe

composition and chain structuséthe binder®.

3.1.7 Thermal Analysis

Thermal gravimetric analysis (TGA) and differenhtszanning calorimetry (DSC) are two
techniques helping to study the physical and chemical properties of a material as a function of
temperature. Themass change and thermal flow from a sample are measured by changing the
temperature in a linear manner bging TGA and DSC, respectively. The obtained data can

be used to determinthe thermal degradation temperatuoé polymers oxidation of the
materials and phaseansformationslin thisproject these complementary techniques are used

to determine theyclization temperaturef polyacrylonitrile (PAN).

3.2 Electrochemical Analyses

3.2.1 Galvanostatic Cycling

Galvanostatic cycling is a powerful method used to investigate the duralbitle capacity
and reversibility of batteries In a single cycle, the battery charged and discharged a
constant current within a predetermined voltage range. Since the time elapsed during the

operation is measured by the instrument, it is possible to determine the amount of charge stored
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and released by the cell at each cydlds allowsthe coulombic efficiencyo be monitored

duringeach cycle®.

3.2.2 Cyclic Voltammetry

Cyclic voltammetry is an electrochemical analysis technique that scans the voltage of an
electrochemical cell at a certain rate within a desired potential window. The obtained-current
voltage curves are characteristic to flystend sedox properties. A low scan radé@ablesa

more detailed analysis of electrochemical reactf8ns

3.2.3 Electrochemical Impedance Spectroscopy (EIS)

Electrochemical impedance spectroscopy is a widely useddestnuctive technique to
examineand understand the change of impedancanadlectrode during a loftgrm testing.

The diagnosis of impedance is done by recording cbheentresponseunder an applied
potential at varying frequencieBue to the notlinear response of a lithimion cell, the
impedance is investigated inpgrturbativemanner where an AC voltage oflDmV (with
frequency range from 1 mHz to 1MHz) is applmutop of theopencircuit voltage (OCV).

The Nyquistplot is the most popular way to present the spectrum by plotting the negative of
the imaginary part of impedance versus real pannpedancdor varying frequencies. The

plot usually consists of one orore semicircles at high frequenci{asich are chargéransfer
processesand a td at low frequenciegwhich is the diffusion of lithium ions, Warburg

impedancej* %2,
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Chapter4Hi gh Per f 8ulnfdemmred Gr agorhde nn | i ¢

NanoparCoimploesi t e

This chapter is adapted from an article publishedature Communicationsinder &Creative

Commons Attribution 4.0 International Licensdtp://creativecommons.org/licenses/by/4.0/
Hassan, F.M.Batmaz, R.Li, J., Wang, X., Xiao, X., Yu, A. and Chen, Z., 2015.

fiEvidence of covalent synergy in silidsulfuri graphene yielding highlgfficient and long

life lithium-ion batteries) Nature communication$, p.8597.

4.1 Introduction

The success of high performance portable electronics and hybrid (or electric) vehicles strongly
depends on furetechnological progress of commercially avaitabéchargeable battertés
Lithium-ion batteries(LIB) are considered the most likely energy stordgeicesto satisfy

these demand¥,>® although theyrequire significant advances in terms of power density,
energy density, cycle lifesafetyand lower production costs. Current LIB systems utilize
graphite anodesyhich store chemical energy in the form of kntercalated within graphite
layers This arrangement, while commercially successful, can only deliver a maximum
theoretical capacitpf 370 mAh ¢'.>® Incorporaton of additional componentsnablesthe
capacityto be dramatically improvd, whereby silicon can provide up to 4,200 mAhig

theory. While Sibased composites offer immense promise as new generation anode materials,
extreme changes in volume during lithiation and delithiation lead to structural degradation and

debilitating performance loss over time thasimpede their praatal application®> 566¢
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Significant efforts have been devoted tackling these problems by engineeringb&sed
electrodes at the nanoscéie®® °” ¢ 68 For example, iicon nanoparticleSiNP) were
embedded in a carbon matrix through a multistep process to create nanosized voitbspaces
accommodat volume changes during lithiation/delithiati®hMesoporous silicon sponge
have also beeprepared by electrochemical etching efi@ped Si wafers, which were used to
minimize the pulverization of silicon. With an additional carbon coating, these materials
delivered a capacity of 500 mAhtdor 1000 cycles (at a rate of 1 Al@nd an areal capacity

of ca. 1.5 mAh cm). % Another promising method involvedin-situ polymerization of a
conducting hydrogel to coat the SiNP, providing porous space for the large volume
expansions? In order to further improvéhe performance at a high active material electrode
loading, the same grouproposed another novel electrode design concept analogous to
pomegranates to stabilize the solid electrolyte interfacgoemndde stable cycling up to 1000
cycles.®® Thus,the use ohanostructureé materialgproduced diflerentsolutions to increase the
performance of lithiumon battery. Nevertheless, new challenges are showing up. The high
surface area associated with the very small particle saregromoteéhe unnecessary reactions
with electrolyte leading to high ewersiblecapacityloss Furthermore, the higher resistance
between the particles leads to poor conductivity. It has become necessary to design electrode
materials that are structured on misale while nan@architecture engineered.

We have introducethe concept of using a flash heat treatment that dramatically ingtte/e
interfacial properties in the electrode desi§jit However, the limitation in electrode loading

and the high cost of high temperasiteve led us to think of aew electrode design.
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The present chapténtroduces a new electrode design concept that capitalizes osttbeg
covalent interactions occurring between Si, sulfur, defects and nitrogen. This involves
wrapping SINP with Qloped graphene (SG) and then shielding this compas@eagement

with cyclized polyacrylonitrile (PAN). Firstly, we mix SiNP (~60%), SG, graphitic oxide
(GO) and PAN in dimethylformamide (DMF) to form homogenous mixture under ultrasonic
agitation Then, we cast the slurry aCu current collector followeby drying inaconvection

oven. Finally, the electrodesecut and pressed, then subjected to a sluggish heat treatment
(SHT) by slowly heating in inert gas to 480, then holthg for 10 minutes, followed by
furnace cooling. This provige robust hienaxhical nanearchitecture that stabilis¢he solid
electrolyte interphase and restitt a superior reversible capacity of ~ 1033 mAhfgr 2275
cycles at 2 A . The improved electrode design lisiélectrolyte access leading to a high

coulombic effiéency of 99.9% as well as high areal capacity of 3.4 mAR.cm

4.2 Experimental Section

4.2.1 Preparation of Graphene Oxide (GO)

The reaction procedure to prepare GO from natural graphite flakes was adapttx:ffames
Tour method? A 9:1 mixture of concentrated,BQOy/HsPQ: (360:40 nb) was poured into a
beaker containing 3 g graphite powder. Shkition was mixed for 30 min in an ice batfore
adding27 g of KMnQ and mixing for anothet hour.The contents werthen transferred to a
hotplate and stirred at 5. After the reaction wasompleted, 600 In distilled water was

added to the solution whiiewasbeingstirredin an ice bath. After the addition of water, 30
33



mL hydrogen peroxide (¥D.) was poured intohie solution to reduce the unreacted KMnO
The final solution was washed several times with $@ solution and distilled water by

centrifugation.

4.2.2 Preparation of Sulfur-Doped Graphene (SG)

100 mg of GO was mixed with 100 mg of phenyl disulfide by grindiftge materials were
loaded into a tube furnace and kept outside the heating zonahenfilrnace temperature
reached 1,008C. The sample was themovedinto theheating zone where it remained for 30
min under argon protection, followed bgoling toroom temperature. Graphene was prepared

under identical conditionwithout phenyl disulfide.

4.2.3 Electrode Fabrication and Coin Cell Assembly

Electrodes were fabricated using commerciaiailable (Nanostructured & Amorphous
Materials, Inc., Houston, USA) SBwith a size range of 500 nm. A slurry consisting of
60wt% SINP, 20 wt% PAN, 19 wt%G and 1 wt% GO was prepared in DMe purpose
of addingGO was to induceyclization of PAN by oxidation. The slurmyas mixed under
alternating magnetistirring andultrasonic radiation (1 h eacthree times. The slurry was
thencoated on Cu foil, dried in a convection ove8@fC for 1 h and then in a vacuuaven
at 90 °C overnight. Circular working electrodes of 1 Tmere cut with theaverage mass
loading of slicon on the electrodes ranging from 0.8 to 1.5 m¢f.chime electrodes were then
subjected to the SHT process. They were placedjuagz tuben ahorizontal furnace, sloly

heatd to 450 °C over 2 h, then hold for 10 min aniihally cooled overanothe 2 h. The
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treatment was performed undsgon gas flow of 10Gtandard cubic centimeter per minute
(SCCM). Coinrtype half cells were fabricated in an argfdled glove box with theworking
electrode and a Li metal counter electrode. The electrolyte wasdLM LiPFs in 30 wt%
ethylene carbonate, 60 wt% dimethyl carbonate andt¥fluorinated ethylene carbonate.
Galvanostatic charge/discharge testing was caaugdver avoltage range of 0.G9.5V at
different current densities for ratapability teing. Cyclic voltammetrywas conductedat a
scan rate of 0.05nV s! betweenl.5 and 0.05 Vusing a Princeton Applied Research
VersaSTAT MCPotentiostat. One reference coin cell electfmigoerformance comparison
with SG-Siwas prepared with the sarmmmposition as above, excdpat SG was not included
was replaced with graphene. Anothefierence electrodeith the compositiof 70 wt% SiNP

and30% PAN as bindewas fabricatedThese electrodes were subjected to SHT treatment.

4.2.4 Material Characterization

The morphologies of the electrode material were imaged using a TEM (JEOL 2010F
TEM/STEM field emission microscope) equipped with a large solid angle for higdy X
throughput and a Gatan imaging filter for enefiffgred imaging. TGA andSC were
corducted using TA instrument Q500. The TGA testing wearried out inair over a
temperature range of P850°C and ramp rate of 19 min’l. Raman spectroscompectra
wereobtainedusinga Bruker Senterranit, applyinga laserbeamwith awavelength of 532

nm.
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4.2.5 Quantum Mechanics Computational Method

The DFT calculations were carried out usingAmesterdanDe nsi ty Func®% onal 0/
The el ectron wave f w®icah gboanssi swesreet doefv en vonpeerdi c a |
( NAOs) andp&s!l at bert al ad hétip@gdlarization (TZP) basis of

Slatert ype orbitals was util i z edlculatives™wheretle PBET D3
generalized gradient approximation (GGA) for tkeleange and caogtation energy termsas

used. This explicitly takes into account the dispersion corredtosisawi d e | functios e d

for catalysis pooguped ebaabibmmss egmaghame’ syst ems.

4.3 Results and Discussion

Mixing of SINP (~60%), SG, PAN, GO and DMF was conduatsithgultrasonic irradiation
(Figure 4-1a). This helped achievehomogeneous distribution of electrode components and
possibly preferential attachment of Si to S and defect sites instiiei-dopedgraphene.
Schematic illustratio of the SHT of the electrodes, after being coated on copper foils and
dried, is shown irFigure 4-1b-c. The optical images of the electrode beford after SHT
clearly show the color changes from light to dadqgsistent withthe partial carbonization with

PAN during the SHT treatment. In this arrangement, we speculate that SiINP preferentially
adsorls on the sulfur and defect sites in graphane iscoated with PAN. As a result, the
electrode materials consist of interconnected microparticles. These microparticles are
composed of SG nanoshe¢hat sandwich the SINP clusterhis entire arrangemens

encapsulated with PAN. After SHT, PAN is cyclizagethering the SINP and SG nanosheet
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composites together, resulting in a robust structure providing both inner porosity and

flexibility.

a b

Before

Electrode
coating

SiNP
SG

PAN |7
GO
DMF

Figure 4-1 (a) Components mixingvith ultrasonic irradiation, k) optical image of the as
fabricated electrode made of SINP, SG and PANgftical image ofhe electrode after SHT

and(d) schematic opropogd atomic structure of the electrode.
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The high angle annular dark field (HAADF) scanning transmission electrarosobpe
(STEM) image inFigure 4-2a shows a micron scale cluster in which the SiNire well
wrapped by SG and invariably dispersed within the nanosheets rkagrxe 4-2b displays a
higher magnification HAADFSTEM image of the S&i electrode, whileFigure 4-2c
displays the corresponding electron energy loss spectroscopy (EELS) Rigenixed color
mapping)of the highlighted @a inFigure 4-2b. Eachpixel in the EELS image correspad

to a3.4 nm x 3.4 nnarea The yellow colorcorrespondso Si, while the red colodenotes

sulfur (mixed red and yellow give orange with different degrees relative to the concentration).
It can be inferred that sulfuends to concentrate alotige circumference of the SiNP. The
corresponding spectrum of the EEb&sed elemental mapping is shoim theFigure 4-2d.

It again confirms the presence of Si, S, N anavith S comng from the SG and N from the
cyclized PAN(c-PAN). In order to shovhow the binder PANs attached tohe particles and
connecs them, aregular TEM images presented irFigure 4-2e. It clearly show that the
particles are interconnected and wrapped with graphene. A closer image of HRTEM focusing
on one particleKigure 4-2f) shows the crystalline Si particles with a shell é?AN and
graphene nanoshee®aman spectra of a PAN film deposited on coppertfoen driedbefore

and after SHTare shown in Figure 4-3a. While no features appear before SHT, two
characteristic peaks at ~13467! and ~1605 cm are observed after SHT. These peaks
correspond to the @ADO and fAGO badispscatfom om t he
atoms and the plane vibration of thé-sprbon atoms ithe two-dimensional lattice of the-

PAN, respectively. This result agaconfirms that cyclization of PAN is associated with
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graphitized carbon. The same features appeared with the electrode materials after subjecting

them to SHT Figure 4-3b).

Figure 4-2 () HAADFi STEM image of the SG5i electrode, If) higher magnification
HAADFi STEM image of SGSi and ¢) EELS mapping of the elements Si (yellow) and S
(red), with eactp i x e | repr es e nd decirgn eldergylos$ sp&trum fonSEs, (
electrode after sluggish heat treatméd@etregular TEM imageooming in on interconnected

SiNPs in the SGSi electrode(f) HRTEM image of a SiNP with carbon shell and graphene.
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It is well established that sluggish heatiag cyclize PANo a form that can stabilize eteode
structures.’® ”® A small proportion of graphitic oxide (GO), ~ 1%, was added as oxidizing
agent to promote cyclization of PANhe characteristic exothermic peak fé&NPcyclization

is shownin the differential scanning calorimetry (DSQGcanin Figure 4-3c, which is
consistent withthat inprevious report&® 8! Upon treatment, PAN loses about 20% of its mass
as shown by TGAFigure 4-3d). The SHT treatment has modified the chemical structure of
the PAN causing cyclization. The cyclization process is assoomthdthe enrichment of
pyridinic-type nitrogen, as shown by the XR@ectrumin Figure 4-3e. The presence of
pyridinic nitrogen is reflected by the appearance of a second p&a8 38 e\ 8 After
cycl i zat i o+onjugBtddttucture that ia believed to lower the electronic and charge
transfer resistanced the electrode, agflectedoy theEIS Nyquist ploshown inFigure 4-4a.
After inspecting the HRTEM images introducedFigure 4-2 and EDXmapping inFigure
4-4b-g, we propose that almost every SINP is caged in a carbon shelPA&iNc It is also

clearly observed that no agglomeration of SiNBoccurred
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Figure 4-3 (@) Raman spectra for PAN film on copper before dtet &HT, (b) Raman spectra
for SG Si-PAN electrode surface before and after SKd) DSC for PAN in nitrogen
environment showing a characteristic paa~ 300°C, which corresponds to PAN cyclization

as proposed in (f), (d) TGA for PAN in both air anttagen environment. During cyclization
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PAN loses ~20% of its mass, (e) high resolution XPS&tabgen inSG-Si-PAN (before SHT),

and SGSIi-C_PAN (after SHT), (fproposed PAN cyclization mechanism.
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Figure 4-4 (a) EIS Nyquist plot ofa coin cell fabricated using PABbated copper foil vs
lithium before and after SHT, (b) TEM image of & electrode material,c{f) the
corresponding EDX mapping of the elements carbon, silicon, sulfur and nitrggemegaid
colour map of carbon (green), silicon (residsulfur (blue)

X-ray photoelectron spectroscopy The elemental analysis of the electrode material after

being subjected to SHT is determined by the XPS survey spectrum as sheguré4-5a,
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confirming thepresenceof Si (40%), S (5%), C (40%), N (11%) and O (4%), with all
compositions given in amic %. It should be pointed out that XPSsurface sensitiveith
analysis deptlof about 810 nm. Therefore, this elemental quantification is different from the
expected valuesstimaté to be60% Si and ~0.5%S. TheC spectra inFigure 4-5b shows
several peakghe first one (1) centered at 284 eV correspogtb s hybridized graphitie

type carbon(2) centered at 284.8 ellue tothe presence of $fpponded carban(3) and (4)
associated witlexygenated carbon and (5) relategtasmon los$#2¢ The corelevel spectra

in Figure 4-5c shows the typical elemental Si peak (1) located at 99.4 eV, with minor peaks at
higher binding energies (~103.4 eV) related to oxygenated silicon or silicon bonded t8’sulfur.
Figure 4-5d shows thecorelevel spectum of S in pure SGontaining~ 2.5 atomic% S The

Syp doublet corresponding the sulfide (CS-C) form of Sis observed at 164.0 and 165.2 eV
and labeled (1) and (2). These peak locations are in good agreement with the repested S
and Spa/z spin orbit couple®®® The other minor peaks labeled @ in Figure 4-5d and
located at higher binding enéeg are attributed toxidized forms of sulfu¢-SQx).%*

The structure elucidation of SG using XBf® used as the base to determine the basic SG
cluster used for DFT calculatisnliscussetater. It is important to note that sulfig distributed
homogenously irthe graphene sheets, both e edges and in the basal planes. This
reflectedby the STEM-EDX and EELS mapshown inFigure 4-6. A set of samples were
prepared aslescribedbelow and analyseth order toinvestigatethe covalent chemisorbed
interactionsbetween Si and S in SG. The four samples preparedlgretementalsulfur

microparticles, SINP and PAN dispersed in DMF followed by solvent removal; (2) Sample 1
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annealed at 450 °C (same iasSHT process); (3) SG + PAN + SIiNP dispersed in DMF
followed by solvent removal; and (4) Sample 3 annealed at 450 °C (same as the SHT process).
High resolution XPS spectra for these sampleshown inFigure 4-5e. Sample 1 shows the
regular S2p orbital split (doublet at 163.98 and 165.08 eV). Additionally, a very depressed
broadpeak is observed at average 168 eV whitwky beattributed to silicon lss plasmon
resonance’® %3 Plasmon loss peaks involve a strong probability for loss of a quanta of energy
due to electron intaction with the photoelectroi.For Sample 2growth of Si plasmon loss

can be attributed to thevalent interactins ofsilicon with sulfur,while the majorityof sulfur

is lost after annealing due to sublimation (m.p. ~X20 The XPS results show a greatly
enhanced peak signal for the silicon lpEsmon resonance. S@ther tharelemental sulfur

is examinedn Samples 3 and 4. The XPS signals for both these samples alsa stimmug

peak for silicon losplasmon resonance, indicatipgssibleinteractions between the Si and S
atoms even before the annealing process. This featgs bt change with annealing,
indicating a similarly strong interaction between the two elemeristh cases/Ne speculate
thattheenhanceglasmon loss in samples®@can beattributed to the interaction of Si with S.
Some previous studies have shopwssible reaction between silicon and sulfiff. The
morphdogy investigated by SEM and pore size distribution investigated by &Efhe
electrode before and after the SHT pro@sshown inFigure 4-7, respectively. The micren

sized particles comprising SINP dispersed on the sheets of SG and cappedPiithace
demonstrated. The results of BET analysis also show thatatih@porosity othe electrode

structure increaseafter SHT.
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Figure 4-5 (a) XPS survey spectra confirming the elements Si, S, C, N ant)Gigh
resolution XPS spectra of carbon iniSE (C) high-resolution XPS of $2p in SG Si, (d)
high-resolution XPS spectra of sulfur in pure SG agch{gh-resolution XPS of sulfur in (1)

electrode material made of elemental S, SINP and PAN, (2) electrode material of (1) after being
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subjected to SHT, (3) electrode material made qf SSP and PAN and (4) electrode material

of (3) after being subjected to SHT.

Figure 4-6 (a) STEMHAADF of a SG nanoshedi) and (cpresenthe EDX magfor sulfur
and carbon, respectively(d) and (e)represent the EELS maps carbon andsulfur,

respectivelyjn pixilated grey color, each pixel represent 10 x 10 nm.
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Figure 4-7 (a) The agprepared electrode after drying, (b) the electrode after sludpgiah
treatment, (c) the electrode extracted from a coin cell after 100 cycles, (d) comparison of pore
size distribution for the SGi electrode before and after SHT.

Figure 4-8a presents tyjgal galvanostatic charge/discharge prdafilef the SGSi based
electrode tested at 0.1 A'petween 1.5 and 0.05 V. The observed plateau in the first discharge
curveis caused by thalloying of crystalline silicon with lithiund* ¢’ The SGSi delives a
discharge capacity of 2865 mAR during the first cyclebased orthe total massf SG, ¢

PAN and Si, with a higlcoulombic efficiency of 86.2%. If not mentionexherwise all

reported capacities are based on the total mass of -B&Ncand Si. The voltage profiles
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duringthe subsequent cyed show slightly different behaviour, which is common for lithiation

of amorphous Si formed during the first cycle. It is noteworthy that the areal charge capacity
is about 3.35 mAh crh, which is close to the performance targets for next generation high
energy lithiumion batterie€! Figure 4-8b shows the cycling stabilitof the SGSi at 0.1 A

gl. A stableperformanceaup to 100 cycles can be obtained, with an average capacity of 2750
mAh gt (~ 3.35 mAh crif). These results compare favourably to a recently published Féport.
The charge storage behavisralso characterized by cyclic voltammetry (C¥)gure 4-8c

shows the first 5 cycles of the S& electrode in a coin cell at a scan rate of 0.05 MV s
During cathodic scan, two distinctive peaks appear at 0.27 and 0.22 V V§ Ilnficating the
formation of Li.Siz and LisSis phases, respectively.® In the anodic direction, the
corresponding two peaks are located at 0.31 and 0.49 V, representing the dealloyiSg of Li
to Si. All anodic and cathodic peaks become broadelaagdras a result of cycling, which is

a common feature attributed to the conversion of Si into an amorphous phase during
lithiation/delithiation. Similar featureare observed for a &i electrodeinvestigated for
comparison as shown irigure 4-9a. The rate capabilitgurve of the SGSi electrode in
Figure 4-8d reveas the exceként kinetics of the S&i electrode at different currents up to 4

A gl. Moreover, the robust structure enables very stable cycling, where a capacity of ca.1033
mAh g! can be maintained for 2275 cycles at a rate of @*ABy comparison, a similar
electiode structure prepared by replacing SG with-doped graphenexhibitsinferior rate
capability and cycling stability, as shownHigure 4-8e. The hgh capacity of the &i persists

only for 80 cycles, then fades gradually, reaching ~ 400 mpAlfter 800 cycles. Such a
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capacity faeé is mainly attributed to the degradation of the Si structure, where the expansion
and shrinkage of SINP during cyclingads to separation frotte graphene scaffold and
subsequent loss of conductivity and instabildly the solid electrolyte interphase (SEI)
structure.

The significantly different electrochemical performances put a spotlight on the important role
of sulfur in binding the SINP to the surface of SGis hasncouraged us to further investigate

its roleusing density functional theory (DFTasdiscussed below. As a reference, a coin cell
made of a SINP/PAN electrode fabricated using SiINP and PAN sebjieca SHTalso shows

poor rate performance. In addition, its cycle stability pessmt only 65 cycles and then
degradesapidly to almost zero capacitfiure 4-8f). These results emphasize the important
role of the covalent binding between Si and S@dbievethe impressive performance. In all
cases, S&i, GSi and even just Si when fabricated using PAN and followed by our SHT
treatment persidor at least 2275, 80 and 65 cycles, respectively. On the other hand, a coin
cell fabricated using the same SINP (60%), Super P (20%), and the traditional binder
polyvinylidene fluoride (PVDF) (20%) without any SHT treatment degady rapidly,
(Figure 4-9b). Since we consider the total mass of the electrode during calculation of the
capacity, it is important to show the relative contribution ohesdhe electrode components.
Figure 4-8g is a pie chart showing the relative % contribution of the capacity observed in
Figure 4-8d. These contributions are estimated form tratery performance for SG under
similar conditions, which shows average reversible capat28®mAh @', and an electrode

coated with only PAN after SHT treatment, which gave an average capacity of 18 mAh g
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(Figure 4-9c-d). To investigatehe specific role ofyclized PAN and SG, reference cells were
fabricated from S&5i-PVDF and GGSi-PAN, respectively. The battery performance of these
two cells decayed pidly as shown irFigure 4-9e-h. This emphasizes the synergy of the-SG

Si-c_PAN in enhancing the electrogibility and providing stable cycling.
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Figure 4-8 (a) Voltage profile ofSG S i anode!’ 1qo) theOcorfespéndimg cycle
stability, (c) cyclic voltammogram curves of the 185 coin cell, (d) rate capability of SGi

anode foll owed by lthgiesktéigurs is zobniing to thg firsh 30 cy2les A
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(e) ratecapability of GS i anode foll owed @ ythedngeat figereist ab i |
zooming to the first 40 cyclef) rate capability of SIPAN anode followed by cycle stability
at @ !the inset figure is zooming to the first 60 cyciewl (g) a @ chart showing the

relative contribution of the electrode materials for the capacity seen in d.
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Figure 4-9 (a) Cyclic voltammograraof G-Si coin cell, (b) cycle stability of SSuper PPVDF
reference cell, (c) cycle stability of SIBAN reference cell after SHT, (d) cycle stability ef ¢
PAN reference cell after SHT, (e) rate performance and cycle stability Sdg&ir PPVDF
referencecell, (f) cycle stability of SiSuper PPVDF reference cell, (g) rate performance and

cycle stability of StGO-PAN cell after SHT, (h) cyd stability of StGO-PAN cell after SHT.

The volumetric capacity for the cell presentedFigure 4-8b was calculated and the resiglt
plotted in Figure 4-10a. It reveals that the SGi-c_PAN electrode is able to provide a
reversible capacity of ~ 2350 mAh &nfor up to 100 cycles. Coin cells fabricated using
different electrode composition of 40:30:30-&5-PAN) have also beetested The results

presentedn Figure 4-10b-c similar trend of stable cycling and improved rate capability.
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Figure 4-10(a) Volumetric capacity of the SSi-c_PAN electrode shown iRigure 4-8b, (b)
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After cycling a coin cell for 2275 cyclefFigure 4-8d), the cell was disassembled and the SG

Si electrode wagxamined Figure 4-11a shows a HAADFSTEM image of the electrode
structure andrigure 4-11b-d provide the corresponding colored EELS g the elements

S, C, and Si, respectively (each pixel is 3.4 x 3.4 nm). This characterization shows that the Si,
as a result of frequent cyclings confined in the wrinkles of SG and capped with cyclized
PAN, utilizing the covalent interaction between Si, SG and N. The location of the SINP is
associated with regions of high sulfur and carbon. It is clear that the engineered nano
architecture of the electrode along with tbevalent interaction between Si an 3$@s
prevented agglomeration of Si and maintained stable reversible cycle stability for 2275 cycles.
The same electrode mapped using EDX for comparison and the results was presented in
Figure 4-12. It is important to emphasize here tHaELS provides a near atomic scale
resolution to depict the distribution of atoms throughout thepankEELS also has a high
sensitivity for lighter elements, explaining why the signals from both carbon and sulfur are
clearly distinguishedFigure 4-11e presents conceptual of the electrode structure before and
after frequent cycles afontiruouslithiation/delithiation. On the other hand, inspection of the
electrode of the cell based orRSEc_PAN after being cyclednder thesame conditions shown

in Figure 4-8e by STEM reveals that continuous cycliteads to agglomeration aflicon
(Figure 4-13). This emphasizebe important role of S@ prevening agglomeration of silicon

and maintaiing electrode stability over a large number of cycles.
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Sulfur

Figure 4-11 (a) HAADF STEM image of the S(Bi electrode after cycling, {ll) the

el ements mapping by EELS for the area mar ked |
bid. Each pixelinbd r e pr es e nt (@) aschematIrepr8sendation to explain the

structure change in the electrode before and after cycling. Before battery cycling SiNP are
dispersed, and bond with S tre surface of SG with-®AN further connect the SINP with

SG. After battery cycling, the SINP changeamorphous structure and spread and confine in

the crinkles of SG.
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sulfur nitrogen

Figure 4-12 (a) STEM image of S&i electrode material after 2275 cycles;f the
corresponding EDX mapping of the elements carboggew, silicon, sulfur and nitrogen,

respectively.
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Figure 4-13 The figure shows the HAADISTEM image of the &5i electrode material after

cycling for 800 cycles as shown kigure4-8e.

Density functional theory calculations In the present study, the graphene suriap®deled
using a hydrogenated graphene clusteH@), which is also referretb as Hpassivated
grapheneRigure 4-14). The optimized bonding distances Gf@(1.42 A) and CH (1.09 A)

in this model are in good agreement witht tioa bulk graphitel°? Based on this Hbassivated
Cs4H1s cluster and based on bonding configuration elucidated by sfféStrumin Figure
4-5d, a structure of sulfudoped graphene (SG) is proposed. dptmized SG structure with
some key structural parameters is showrrigure 4-15. It can be seen that the SG has a

distorted configuration. In alhe calculations, all the atoms in the cluster were allowed to relax.
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Figure 4-14 The optimized geometry of H passivated graphene (&hd@atoms are colored

grey,hydrogenatoms are white. Bond length is in angstrom. (a) top view, (b) side view.
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b)

Figure 4-15 The optimized geometry of sulfwloped graphene (SG). Carbon atoms are
colored grey, hydrogen atoms are white and sudfiom is yellow. Bond lengths are in

angstrom, (a) top view, (b) side view.

In order to describe the interactions between the Si and graphene, the bonding energies (BE)
of Si were defined by equation (1):

50 O 0 0 (1)
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where O , O, andO represent the energies of[8und to the graphene
structure Si atom and graphene structure, respectively.

Si adsorption on different sites of the SG was studied. The results are compared with those
obtained on undoped grapheRegure 4-16a presents the configuration of stable Si adsorption

on graphene (&i), with Si sitting at the bridge site with adsorption energy of 8M5Two

stable configurations for Si adsorption orfsttdoped graphenare observed. The first is
represented as S&i(A) andreveas the bonding of Si to location (AFigure 4-16b). The

second repres#s binding to location (B) represented as-Si(B) (Figure 4-16¢). In SG

Si(A), Sibindt o S and t wo 0 srand@y, with thelcorrespondinig binusg ( C
energy of-2.02 eV. On the other hand, aetBG-Si(B) position  S'i bi nds stato S an
the defect sites &and Q) forming two SiC and one S§ bonds, leading to a binding energy

of -3.70 eV. The higher binding energy in the latter case indicates Si would be more
energetically favorable to bind to the defeetadd G atoms. Most impdantly, the results

show that Si attached aitherSG structure has a much higher binding energy than that on
graphene (&5i). This result introduces a strong explanation for the much longer cycle stability
of SG-Si than GSi. The binding energy @cluster made of 9 silicon atoms to different defect
configuration in SGFigure 4-16d-e, was also studied. As expected, the covalent interaction
occus between only two of the silicon atoms in the cluster adjacent to the S and defect in SG.
The binding energys alsodependent on the defect configuratidiigure 4-17 shows the
binding configuratiorof asmaller cluster of 4 Si atoms. The same cluster binds t&®

strondy than to defecfree graphene.
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G-Si
BE =-0.45eV

BE =-2.89eV

SG-Si (A)
BE=-2.02 eV

1.99

BE =-1.52eV

SG-Si (B)
BE=-3.70 eV

1.87

Figure 4-16 Geometries and binding energy (BE) of stable Si adsorption configurations on (a)
graphene referred ag 6i; (b,c) sulfurdoped graphene, referred asiSgA) and SGSi(B),
respectively, C atoms are coloured grey, H atoms white, S atom yellow, Si atom Soma

of the important atomarelabelled, and they correspond to the atoms in Table 1, and (d,e)
DFT-calculated BE of stable cluster of nine Si atoms adsmto SG with different defect

configurations. The bond lengths shown in the figure are in rmgst



BE=-0.44eV

BE=-2.21eV

Figure 4-17 Geometries and bonding energy (BE) of stable &uster adsorption
configurationson (a) graphenand(b) sulfurdoped graphene. Carbon atoms are colored grey,

hydrogen atoms are white, sulfur atom is yellow and silicon atoms are brown.

Hirshfeld charge analysis also conducted to evaluate the stability of Si on G and SG. The
calculated charge distriiahs before and after the Si adsorption on G and SG are given in
Table 4-1. The results show that Si has a positive charge after its adsorption mh &Ga
which indicates thatlectrons flow from the Si atom to the graphene substrate upon Si
adsorption. However, the electron flow is more significant for Si adsorption on SG than that

on G, because Si deposited on SG has a larger positive chargeatham @hTable 4-1 also
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shows that the C atoms that are bonded with the Si atom-i8i SBich as €and G in SG
Si(A),C; and G in SGSi(B), have more negative charges than i8iGC; and G). All these
observations indicate that the bonding between Si and SG is stronger than that on G, providing

further support for the stability of Si on SG.

Table 4-1 Hirshfeld charges distribution before and after Si adsorption.

Atoms Si adsorptionon G Si adsorption on SG

G G-Si SG SG-Si(A) SG—Si(B)
G -0.001 -0.004 0.010 -0.006 -0.004
G -0.001 -0.028 0.003 -0.022 -0.113
G -0.001 -0.029 0.004 -0.013 -0.100
Cs (or Sia) 0.120 -0.016 -0.001 -0.019
Ss 0.093 0.214 0.206
Cs -0.016 -0.035 -0.024
G -0.003 -0.070 -0.013
Cs -0.009 -0.028 -0.006
Sig 0.190 0.145

To better understand the covalent synergy between Si and graphene substrates, the projected
density of states (PDOS) of the Si atom over G anchf&@alculated based ahe electron
structure and bonding. As shownHigure 4-18a, there is a harmonic 2Z2p overlaps between

the G-2p and G-2p states at the whole energy level (from @@eV) in G, showing the strong
interaction between the two C atoms. HoweverSiand C, the harmonic overlap occurs only
between Si2p and G-2p at a narrow energy leveR4eV), indicating a weak interaction

between Siand G atom. For SGSi (B), a large overlap between theZp and $2p statds
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observedRigure 4-18b), indicating a strong-€ bondingFigure 4-18c shows that, more &i

2p state is occupied in S&i (B) and well mixed with &2p state at a much broader energy
level (from-1 to-9eV) as compared with that in&. Additionally, there islso a harmonic
overlap between &2p and $2p statefigure 4-18d). The analysis of the PDOS revetiat
the covalent synerggrisesmainly due tathe mixing between the-€p and Si2p states and
the G-Sig bond is much stronger than the-8is bond in GSi, which attributes to the

significantly improved cycle stability.
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Figure 4-18 The PDOS for Satom and the individual C atoms involved & §i adsorption

on graphene, i, and bi d) Si adsorption on sulfedloped graphene, $SGi(B).

The mobility of the adsorbed Li atohasalsobeenstudied.Figure 4-19 shows the transition

state along the diffusion pathway.order forLi atomto diffuse away from the aforementioned
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stable sites in €i, it mustovercome an energy barrier of 0.75eV, as showkigare 4-19a.
However, Li surface diffusioalong aSG-Si(B) clustethasa barrier of 0.53eVFigure 4-19b)
which is slightly lower than that found on-&. This observation indicates tratlfur-doped

graphene could boost the mobility for Li atoms orS& interfaceand facilitate charge

transfer.
Diffusion Barrier
0.75e¢V
E, 4 (L1)=-1.91eV Transition state
b) .
0.53eV
E.4(L1)=-2.71eV Transition state

Figure 4-19 Lithium (Li) adsorption and transition statéhélfigure quantifiegheLi diffusion

barier for (a) GSi and(b) SGSi.
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Discussion

According to the results presented ahowe ascribe theenhancedcycling stability and
improved rate capability to the robust, naarchitectured and structurally stable electrode
design. This capitalizes on the change®lectrode processinduring the SHT process
several changes to the electrode structure areopeapFirst, PAN is cyclized by forming
graphitized carbon with 6 membered ring structure hosting the nitrogen atorapymidine-

like assembly.Secondly, gicon is anchoed and covalently interacts with sulfur atoms,
activated carbon associated wittnoholes in SG and nitrogen in the cyclized PANirdly,
thereconstruction and atomic scale architecturing of the electrode lead to a robust structure in
which the SiNHs protected bya scaffold of graphene nanosheets and a web of cyclized PAN
(c-PAN). The cPAN effectively shield around the SiNPwhich are already anchoréa SG
through covalent interactions as confirmed by DFT calculations. In additi®PANcsticks
between the SG nanosheets, providingzaddmensional, interconnected structure #rables
enhanced conductivity and material robustness, as shown schemati€adjyrm4-1d.

After 2275 repetitive expansion and contraction cyc#NPsfractured and pulverized into
smaller particles. However,dkefractured Si particles are still confined within the continuous
channels of the-2AN shell, which is overlaid on SG and maintaims electrical connection
between Si and graphene. The synergy of the interactiithin Si/SG/cPAN leads to
excellent cycle efficiency and capacity retention. The unique and elegant special arrangement
of the 3D structure of the electrode prowddritically sized voids along with elasticity

accommodate repetitive volume expansion and contraction. Hetis presere electrode
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integrity and prevent degradation. Furthermore, sandwiabfir®iNPs capped with cyclized
PAN between SG nanosheets formmilaated structure with limited open channels. This
suppresshe penetration of the electrolyte into the bulk of the electroddiraii@ most of the

SEI formation to the surfac&Ve believe the TEM (EELS) images shownFRigure 4-11
provide some indirect evidence that most of the SEl $anmthe outside. The surroundings of
Siarequiet clean. If the SEI formed on Si nanopartictese shouldee large amousiof SEI
covering Si since it is difficult for the fractured SEI to come out. Another possibility is that the
SEI would preferentially form on the defective areas in the graphene, which medylte
access of solvent tine space inside. e, wearetrying to emphasis that most of SEI fam

onthegraphene surface, which is more stable coeygbaith thatformed ona Si surface.

Based on our DFT model, Si atamteracts covalentlwith a sulfur atom in SG and two
adjacent carbon atoms. Thgquivalent strength of this covalent interaction is similar to that of

a single covalent bond. This interaction may not involve the Si atom reacting directly with
sulfur to form either SiS or SiSas this would require debonding of sulfur from within the
graphene matrix and may result in electrode degradation. In the case of Si clusters (to simulate
nanoparticles), only a small portion of the silicon atoms couglénteract with the SG. We
believe that this type of Si does not participate in alloy folnatvith lithium; instead it
provides an anchoring site for the majority of Si atoms within the nanopatrticle that are readily

available for alloying/dealloyingndthereby contribwgsto the observed capacity.

It can be seen that Si bonds more strongly to SG than on G. One reason is the covalent
interaction of Si atoms with the sulfur atom. The second reason is the increased charge density
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on the defective (with nanoholes) carbon adjacent to sulfur. This ieslicatovalent synergy

for the interaction between Si and SG leading to superior material electrochemical
performance, whichs not evidentwith Si-G. After 2275 cycles of charge/discharge, the
amorphous SiNPRasre-organised into channels of the cycliZzeAN and the sulfur pathway

on graphene, as seenFigure 4-11.

4.4 Conclusion

In summary, the novel design of a-l&ised electrode through the covalent binding of
commerciaSINP andSG along with cyclized PAN offers exceptional potential in the practical
utilization of Si anodes folithium-ion battery technologies. This covaleynhergy enables
superior cycling stability along with a high areal capacity of the electrode which is close to that
of commercial technologies. Such a rational design and scalable fabrication paves the way for
the real application of Si anodes in higérfamance lithiumion batteries. e interaction
between S and Si plays a critical role of improving the tmmm cycle stability, additionally,

the synergistic effect of the covalent bonds betwee®, $ie facilitated charge transfer by 3D
graphene netwd&rand cyclized PAN, and the improved electrode integrity all attributed to the

superior cycle performance.
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Chapter 5
Wet mil Mi og®imzfed Sisl iacchlbomn Appr oach t

Prepar eamMNamiot ectured El ectrodes

This chapter is adapted from a manusctigt isaccepted idournal of Power Sources.
fiHighly Durable 3D Conductive Matrixed Silicon Anode for Lithiiom Batteries 0
Submitted to fAJoufd80aB8RD>f Power Sourceso

Batmaz, R.Hassan, F.M.Higgins, D.,Cano, Z.P.Xiao, X., and Chen, Z., 2@1

5.1 Introduction

Lithium-ion (Li-ion) batteries are ubiquitous rechargeat#gicesthat dominate the portable
electronics market. However, their limited energy density does not meet the requirements of
long-range electric vebles and longluration gridscale energy storage systetffdn the past
decade, intense efforts have focused on the development of next genpositbre and
negative electrodes tadrease the storage capacity ofidm batteries. For the negative
electrode, silicon has attracted significant attention due to its high lithium storage capacity
(~4200 mAh ¢), low discharge potential (~0.5V versus Lif),inatural abundance and
envirormentally friendly propertie®” "* However, the enormous volume change of silicon
particles during lithium insertion and extracticauses ttmto be pulverizedThis results in

loss of electrical contact within the electrode and formatioarnotinstable soliglectrolyte

interface (SEI) on the silicon surface, ultimately manifesting in rapid capacity 8fet’ay%*
70
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Since the pioneering work of Cui et’abn silicon nanowires as anode active materials, silicon
nanomaterialhave been extensively used to address the aforementioned prébieais”
104,105 Below a critical size of 150 nnilison is intrinsically resistant to particle fracturirand
helps to maintain the integrity of the electrotfzurthermore, small particle sizes shorten the
lithium ion diffusion path lengths, leading to lgsslarizationand enhanced rate performance.

In the last several years, naachitectured silicon electrodbave beeifabricated to improve

the stability of silicorbased anodeJhis has involved the use of silicon nanoparti¢fé8 3>

67,88 silicon nanowire®> 1% and nanotubé%’. Despite good cycling performaneehieved

with these unique electrode architecturesy tt@mmercializations not yet feasible due to the
processing complexity associated with nanostructuring of silicon materials, often requiring
expensive andomplex synthesis methods such as chemiggbor deposition or template
growth. Therefore, thatilization of silicon microparticles (SiMPS$ more attractive due to
their widespread availability and low cost.

In earlier studies, the durability of SiIMPs suffered significantly from particle fracturing and
detachment from the electrode surface ugeapdischaging®**!, leading toa poor cycle life
including a 20% capacitylossin just 10 cycles. The cycling stability limitation &iMPs
electrodeswvas circumvented by applyingaut-off voltage. This helped to maintain a two
phase (crystallinamorphous) silicon microstructure in which only the amorphous phase is
active?® However, the approachreducel the energy density of the electrode since the
crystalline core of the particle remathinactive?® To address this problem, SiMPs were

engineered by chemical etching with hydrofluoric acid to create internal voidsspathe
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electrode to buffer the volume change occurring with deep galvanostatic §tjivghereas
exterior void spacesvere createdoy encapsulating the SiMPs with graphéneDespite
promising improvements tocycling performance, the scalability of these electrode
manufacturing processegslimited due to the hazardous nature of the etching techniques.
Aside from chemical etchg, ball milling of SIMPs with carbon materials has been extensively
used to reduce the silicon particle size and enhance cycling perforfiaritelowever the

cells preparefrom these SiMPsarbon composites suffered from electrode level fractéiting
which resulted in low capacity and insufficient cycle life. This arose due to the mechanical
nature of milling, whictenabled only physical mixing @omponents, as opposed to forming

an intimate and strategic electrode structure.

It would thereforebe useflito redesignexisting processing techniques to engineer desired
electrode structures and enhance battery cycling. Heat treatments are a popular electrode
fabrication technique to carbonize polymeric precursors around electrode active materials (i.e.,
silicon)and enhance thelectronic connectivity throughout the entire 3D electrode structures.
However, the volumetric changes during battery cycling comnuaetiychthe electrode from

the current collector, resulting in electronic conductivity losses andglectrode utilization

due to active material isolation. Heat treatment should therefore be tuned not only to help
enhancehe electronic interconnectivity of the active materials, but also to induce void space
formation that can provide mechanical stigpduring battery cycling.

In the present chaptewe develop awo-stagetop-down approach tgreparecoreshell

structured silicorcarbonnanecomposite electrodegsing commercially availablenicron
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sizedsilicon particles as precursors. In the fisshge, a new flukihduced fracture (FIF)
technique is applied to a slurry consisting of SiMPs, sultioped graphene (SG),
polyacrylonitrile (PAN) and dimethylformamide (DMF). This FIF processarried out to
reduce the size of SiMPlsefore beingoated on a copper foil current collector. After drying,

the electrodearesubjected to thermolysis toodify the chemical structure of the binder and
architecture of the electrode. The synergistic effect of FIF and thermolysissrigsualt
hierarchicaly structured silicon anode in which broken down SiNRsvrappedwith cyclized

PAN (cPAN) and SG sheets. This conductive matuisroundinghe silicon particles provides

high mechanicalresiliency, helping to accommodate significant volume change, while
enhancing the electronic conductivity of the electrodes through the intrinsic conductivity of
thedelocalized electrons of cPAN and SG sheets. In addition, the cyclization of PANsnduce
the formation of microssized channels throughout the electrode tirecThese void micro
channels act as a mechanical buffer for the anisotropic volume changes of silicon particles
during battery charging/discharging, thereby preventing electrode pulveriZetisrelectrode
architecture leads to superior performancmpared with conventional electrodes. FIF and
thermolysis provide new routs for low-cost electrode preparation with excellent
electrochemical performance. Furthermore, the fabrication approach developed herein
provides an efficient and ndmazardous manufturing proces$or SIMPs base@dnodes that

can be deployedn a commerciadcale.
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5.2 Experimental section

5.2.1 Preparation of Graphene Oxide (GO)

The reaction procedure to prepare GO from natural graphite flakes was adapted from the James
Tour method? A 9:1 mixture of concentrated.BQw/H3sPQu (360:40 nb) was poured into a

beaker containing 3 g graphite powder. The solution was mixed for 30 min in an ice bath before
adding 27 g of KMn®@and mixing for another 1 hour. The cents were then transferred to a
hotplate and stirred at 5. After the reaction was completed, 60Q wistilled water was

added to the solution while it was being stirred in an ice bath. After the addition of water, 30
mL hydrogen peroxide (¥D.) waspoured into the solution to reduce the unreacted KMnO

The final solution was washed several times with 5 % HCI solution and distilled water by

centrifugation.

5.2.2 Preparation of Sulfur-Doped Graphene

100 mg of GO was mixed with 100 mg of phenyl disulfidegbnding. Thematerials were
loaded into a tube furnace and kept outside the heating zonahenfilrnace temperature
reached 1,006C. The sample was themovedinto theheating zone where it remained for 30

minutesunder argon protection, followed logoling to room temperature.

5.2.3 Electrode Fabrication and Coin Cell Assembly

The electrodesverefabricatedby directly coatinga slurry onto copper foil using the Blade
method. The S&GIMPsPAN slurry was prepared by wet ball milling 55 wBMPs 22 wt%

PAN, 22 wt% SG and 1 wt% GO in presence of dimethylformamide (DMF). After coating the
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slurry, the electrodevas dried in a convection oven at ®overnight. Tks foil was punched
by a disc cutter to form circular working electrodieast were thassubjectedo thermolysis at
450°C inanargon atmosphere. The heating ramp during annealing wég ™.

Cointype half cells were assembled in a glove box uaderrgon atmospheri@ which the
oxygen and water moisture legselere less than 0.5 ppnihe electrolyte was LiP§&(1M)
dissolvedn 60 wt% dimethyl carbonate (DMC30 wt% ethylene carbonate (E&)d 10 wt%
fluorinated ethylene carbonate (FECjthium metal was used dke counter electrde. The
electrodes were separated usingotypropylene sparator(PP2075, Celgard)lhe battery
performance was tested by galvanostatic charge/discharge cydiing a battery testing
instrument (BTS 3000, Neware, Chin@ihese cycles were conducted betwadroff voltages
of 0.01 V and 1.1 V for discharge actarge, respectively. Different current densities were
applied to investigate the rate capability. Finatlye coin cells weresubjected to cyclic
voltammetrybetween 1.5 V and 0.01at a rate of 0.05 mV'susing a electrochemical testing
platform  (Princeton Applied Research VersaSTAT MC  Potentiostat A
conventional/reference cell was fabricated using 60 &it%Ps 20 wt% Super P and, 20 wt%
polyvinylidene fluoride (PVDF) and was tested under the same condaomgerethe SG

SiMPscPAN cellsfor comparison purposes

5.2.4 Material Characterization

The morphology and the structure of the electrode materials exarainedusing scanning
electron microscopy (SEM, LEO FESEM 1530) and transmission electron microscopy (TEM,

JEOL 2010F TEM/STEM field emission anoscope) equipped with a large solid angle for
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high X-ray throughput and a Gatan imaging filter (GIF) for endiiggred imaging.Thermal
analysis of samples was conducted Offerential scanning calorimetry (DSCand
thermogravimetric analysis (TGA)sing a TA instrument Q500. PAN was heated under
nitrogen atmosphere from 2& to 850°C at a ramp rate of 1% min'. Raman spectra of

PAN film and electrodes were recorded using a Bruker Senterra with a laser wavelength of
532 nm. FTIR analysis was mductedusing aPerkinElImer283B FT-IR spectrometer. XRD
analysis was done by using monochromatic Cu-tays (154 nm wavelength) and an Inel
XRG 3000 diffractometer. Atomic force microscopy (AFM) measurements were conducted

with a Bruker Innova AFM in tggng mode.

5.3 Results and discussion

The developed electrode preparation procesbiownschematicallyn Figure 5-1a. The FIF
technique involved wetilling of SIMPs, SG and PAN in the presence of DMF to prepare the
slurry. One hour of milling was sufficient to reduce the size of the silicon particles from the
micro- to the nanoscale, compared to previous studies that employ milling times of 4h to
150h°*111 The presence of fluid during the milling process accelesilieon microparticle
fracture into nanoparticles in a manner we congwleesimilar to the accelerateddak down

of geological rock formations in the presence of a pressurizedtfiitf Scanning electron
microscopy (SEM) imageg-{gure 5-1b-c) and correspondingstatistical analyses-{gure
5-1d-e) show that the size of the SiMPs reduced from canfc@onsto ca. 500 nanometers
(Figure 5-1f) after one hour of FIF. Converselwhen SiMPsare dry-milled for 1hin the

absence of a fluidher sizeis reducedo only ca. 1.2 microns, demonstrating the important
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role the fluid plays in the size reduction of SIMPgy(re 5-2a-b). Furthermore, ashown in
Figure 5-2c-d, the broadening of the primary silicon (220yay diffraction (XRD) peak
reveals the reduction in crystallinity and average crystallite siteed@iMPghat undego FIF.
After slurry coating on a copper foil current collector, the thermolysis pracapplied at 450

°C in an argon environmentmoodify the electrode architecture. Upon thermolysis, no material
rupture and deflagratioareobserved even after the eledesaretwisted and berras $iown

in Figure 5-3 which isattributed to the mechanical resiliency of the cPAN.
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Figure 5-1 (a) Schematic of the electrode fabrication process: (i) milling of the electrode slurry
before coating; (ii) thermolysis of the electrodes; (iii) integration into coin cells for battery
testing, (b) SEM image of SiMPs befdfé~, (c) SEM image of electrode surface after FIF,

(d) particle size distribution of SiIMPs before FIF, (e) particle size distribution of SiMPs after

FIF, (f) average particle size comparison of SiMPs before and after FIF.
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Figure 5-2 (a) SEM image of SiMPs after omur dry ball milling, (b) particle size
distribution of SiMPs after onkour dry ball milling, (c) Xray diffraction scan of silicon 220
peak before fluidnduced fracture (FIF), (d) Xay diffraction scan of silicon 220 peak after

fluid-induced fracture (FIEXhe red curve is the smoothed version
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Figure 5-3 The bending of electrodes after thermolysis showing no material rupture and

deflagraton.

Differential scanning calorimetry (DSC) was used to elucidate the thermal behavior of PAN.
As shown inFigure 5-4a, a sharp exothermic DSC peak ~ 300 °C is attributed to the
cyclization of the polymer backbon€&igure 5-5a). Thermal gravimetric analysis (TGA9

also in good agreement with DSC. The massiksdtiated at a temperatusgmilar towhere

the DSC peak appesain this region, 20 % of the mass loss stéram the dehydrogenation

of the polymer structur e uplelmadditibnreothiethermat i on o

analysis, the chemical transformation of PAdNelucidated by Fourretransform infrared
spectroscopy (FTIRHigure 5-4b). Of particular interesst he cy ani d eincgitso u p
peak is expected to disappear aftgclization of PAN. For pristine PAN, the peak at 2243 cm
lisassigned t o t kkilet@lofMer gebks att1363, Ll45@and 2935 ane
charact e#ii st Gigin ©Hk a nid+ il CHy, respectively Kigure 5-4b). 116 117

After undergoingt her mol ysi s t he -Edishppemerd the same tided 4 3
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distinct peak which can be attributed to C=C @i stretchingappeas at 1610 crit 118
(Figure 5-4b) . Thisis consistent with the transformation of PAN from a linear chain structure
to a graphite structure due to cyclizat{gepicted schematically iRigure 5-5a). In addition,

the disappear ance o flisalsb ebseGédiienpghe miktureaoPAN2 2 4 3
SiMPs and SG is subjected to thermolyBigure 5-4b). Thisprocesdeads a robust 3D elastic

and conductive network within the electrode, facilitating the charge transfer between the
silicon particles, SG sheets and copper surfacerth&rmore, FTIR spectra also prowsde
insight into the possibility of interaction between the silicon atoms on the particle surface and
cPAN after thermolysis. The peak at 840cim assignedo the asymmetric stretching mode

of Si-N (Figure 5-6).1*° We believe that cPAN may bind with silicon atoms on the surface of
the particles. This bond can help cPAN to sgiigrattach on the surface of silicon particles,
and sostabilize the electrode structure and prevent agglomeration. Cyclization of PAN yields
asheetlike morphology analogous to layered nitroggped graphene (NG). The TEM image

in Figure 5-4e clearly shows that the PAN cyclization after thermolysis forms diteet
morphology believed to be mulayered NG.

The further characterization of tisheets with electron energy loss spectrum (EELS) shows
the typical carboiK ionization and nitrogeiK ionization edge (Figure 5-5f-g). This reveals

that PAN cyclizes under the influence of thermolysis eimahgests structure from a linear
chain to sheets of nitrogetoped multilayer graphene (N&Such a structure fornssrobust

and flexible skeleton that acts as a nest hosting the broken SRdfsan spectra of PAN and
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the electrodes clearly confirm the formation eb@nd and Eband after thermolysig={gure

5-5).

To study the crystalline structure of NG sheetsa¥( diffractionis employedand the results
areprovidedin Figure 5-5e. No obvious pealappeardefore thermolysis, whereas a major

peak (002) at 25.8 + 0.2 appeas after thermolysis. The crystal siiecalculated to be 2.17

nm by using the Scherrer equation on this peak. The corresponding interlayer spacing for the
NG is 3.45 A and the number &dyersis 6.3. The structural evolution of the S&MPsPAN

compositas further investigated by Xay photoelectron spectroscopy (XPS) before and after
thermolysis.Figure 5-4c shows the N 1s spectra of the -S@1PsPAN composite, which

clearly confirnsthe transformation cfome of thenitrile nitrogen( CI N, 400. 1 eV) to
nitrogen (398.6 eV) after thermyiis® 1?20 XPS spectra of Clim Figure 5-4d revealsfour

distinct peaks at 288.9, 287.2, 285.7 and 284.6 eV.sRaland (2) are attributed to sp

bonded carbon (graphitic) and*dpybridized carbon (diamond), respectively. Pe¢® and

(4) showthe presence ad small amount obxygenated carbomhe XPS spectim of C 1s

reveals the enrichment of %sparbon after thermolysis, as shownFRigure 5-4d. Further
inspectionof the electrode structuieincluded inFigure 5-5. Ramanspectroscopys used to

the investigate the change in molecular structure of polyacrylonitrile (PAN) before and after
thermolysis (TH) Figure 5-5b). Before thermolysis, no Raman paalobserved, whereas two
characteristic peaks (06D6 and 6Go6 balmais) for
1605 cmt, respectivelyafter hermolysis These peaks are attributed té apd sp hybridized

carbon atoms, respectively. Thel§ ratio is calculated to be 2.0&igure 5-5c-d shows the
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Raman spectra of the S&MPsPAN electrode before and after thermolysis. The increase in

the intensity of O6D06 and 0G0 bandenizatdidier t he
PAN. In addition, broadening tifie Si peak ana shift to slightly lower wave numbers can be

attributed tchigherstress orthe Si surface due to the cyclized PAN.

The above discussion elucidating the electrode structure reveals that the electrodes subjected

to thermolysis possess multilayer architecture masing SG, and NG resulting from cPAN.

The silicon particles are nested and sandwiched between thesdayan#id structures. The

covalent interaction between the high electronegative atoms of N/S, and C/Si maintains the
electrode stability by preventiragglomeration, in addition to strong adherence to the current
collector?® The robug/strong nature of the layers of SG and thsita formed NG provide a

strong and elastiskeleton that compensates volumetric changes during charge/discharge.
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Figure 5-4 (a) Thermal characterizahaf PAN by DSC and TGA, (b) FTIR spectra of PAN

before and after thermolysis and S8MPscPAN composite after thermolysis, (c) high

resolution XPS spectra of nitrogen in S8VIPsPAN composite before and after thermolysis,
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(d) high resolution XPS spect@& carbon in SE&SIMPsPAN composite before and after

thermolysis, (e) TEM image of cPAN after thermolysis.
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Figure 5-5 (a) Schematic of PAN thermolysis (TH) involving dehydrogenation and

denitrogenation, (b) Raman spectra of PAN before and after thermolysis, (c) Ramano$pectra

SG-SIMPsPAN electrode before thermolysis, (d) Raman spectraSG-SiMPscPAN

electrode afterrtermolysis, (e) Xay diffraction scan of PAN before and after thermolysis, (f)
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EELS profileof cPAN after thermolysis showing carb&hedge, (g) EELS profil®ef cPAN

after thermolysis showing nitrogdf edge.
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Figure 5-6 FTIR Spectum of (a) PAN before thermolysis (I8G-SiMPscPAN composite

after thermolysis.

The electrode morphology and structane investigated by higlangle annular dark field
scanning transmission electron microscopy (HAABFEM). In this imaging mode, the
regions of silicon particles appear brighter compared to the regions of the carbon matrix. The
HAADF-STEM image Figure 5-7a) and corresponding energy dispersive spectroscopy
(EDX) mays (Figure 5-7b-€) clearlyshow that the silicon particleseembedded in the carbon
matrix after thermolysis. To focus more on the surfadbexdilicon particles, electron energy

loss spectroscopy (EEL®gve been obtained selected regionf Siy (Figure 5-7f-k). The
brighter areas indicate the location of the corresponding elem8iiton atoms are
surrounded by carbon (C), nitrogen (N), oxygen (O) and sulfur (S) atdnssurther confirms

that the silicon particles are wrapped by the carbon matrix of NG and SG, which are the only
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sourceof C, S, N and O atoms. This illustrates that the cyclization of Rikisplaceclose

to the surface of silicon particleand helps to form a robust electrode structure with high

mechanical resiliency and conductivity.
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Figure 5-7 (a) HAADF-STEM image of S&iIMPscPAN composite, (@) EDX map of
selected area for silicon, carbon, sulfand nitrogen, {f) EELS map of region $i (k)
superimposed EELS color map of silicon (blue), carbon (red), nitrogen (gf@&tLS line

scan (yellow arrow in (a)) across two SBMPscPAN particles.
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The electrochemical performance of the fabridat8GSIMPscPAN electrodes are
summarized irFigure 5-8. Cyclic voltammetryis used to study the lithiation/delithiation
behavior of electrode@-igure 5-8a). During lithiation, two peakareobserved at 0.27 and
0.22 V due to the formation of 125i and LisSix phases, respectivelyWhile delithiating the
electrode, two anodic peaks appear 32 @&nd 0.50 \due to theconversion of LiSi to silicon.

The peaks become progressivigggerand broader with cyclings more raterialis activated

by convesion ofcrystalline silicon into amorphous silicon.

Figure 5-8b demonstrates the galvanostatic voltage profile of th&s®@scPAN electrodes
tested at 0.1 A'§between 0.01 and 1.1 V. The discharge profidgesslightly after the first

cycle from a typical long plateau to a curve with a gentle slope, which is attributed to the
transformation of crystalline silicon into amorphous silicon in subsequent cycles. The first
cycle specific discharge capacity of the-S(MPscPAN electrode is 4125 mAhigwith a
columbic efficiency of 72.5 %. Tlow coulombic efficiency can be attributed to irreversible
lithiation along with SEI formation. However, the coulombic efficiency incretsever 98

% within 5 cycles.

Electrochemical impedance spectroscopy (BESalsoconducted to monitor the change of
resistance of the electroddsgure 5-8c shows the Nyquist plsetof the SGSIMPscPAN
electrode and a conventional electrode compos&iMiPs (60 wt%), Super P (20 wt%) and
PVDF (20 wt%). Each plot consists of a sesincle and a tail. The >axis intercept at high
frequency corresponds to the combined resistdRg@( the electrolyte, electrode and current

collector; whereas the semmrcle diameter represents the combined resistance of eharge
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transfer Rct) and SEI Rse)). The Nyquist plot shows that the charge transfer resistance of the
SG-SiMPscPAN electrode is lowethan that of the conventional electrode, implying
improved electrical connectivity and conductivity of the-SiMPscPAN electrode. This is
reasonable since the PVDF binder of the conventional electrode is electronically insulating,
whereas cPAN (afterhermolysis) forms an electrically conductive network within the
electrode. Thus, cPAN acts both as a binder for mechanical integrity of the electrode and a
conductive agent to facilitate charge transfer. Furthermore, the decrease in charge transfer
resistace after 50 cycles shows the stability of-SIMPscPAN electrodes during cycling.

The structural stability of the electrodes is evaluated by testing the cells under various cycling
rates.Figure 5-8d shows the cycling stability of the SEIMPscPAN electrode at 0.2 AYy

The initial discharge capacity of the electrodes stalsila#e~-3000 mAh ¢ at a rate of 0.1 A
gtwithin 5 cyclesAt acharging ratef 0.2 A g*,the capacitys 2730 mAh ¢ after 50 cycles.

The SGSiIMPscPAN electrode presers®1 % of its initial capacity, which may be attributed

to the stability of the SEI on the negative electrode. This reveals that the electiotieure

can buffer the volume change and significantly alleviate electrolyte decomposition. This is
mainly due to the robust carbon matrix of cPAN and SG sheets wrapping the silicon particles.
For comparison, the conventional electriglalso tested uker the same conditions, with its
cycling stability shown ifrigure 5-8d. The discharge capacity desaygnificantly after each
cycleandvery little remainsafter only 10 cycles. Upon disassembling the CE cell after testing,

it was realized that battery failure resulted from electrode disintegration. This is likely because

of the lower binding efficiency of PVDF, whidausedctive material rupturedm the copper
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current collector and catastrophic performance lgss charging/dischargin@rigure 5-8i-

2). This highlights the superior electrosteucture of SE&SiIMPscPAN compared tthat ofthe
conventional electrode. To better evaluate the electrochemical performanceSIMB&

cPAN electrodes, faster cycling rates were also apgiigdre 5-8e shows the cycling stability

of SGSiIMPscPAN electrode at 1 A“jwhich also displays good cycling stability and a
discharge capacity of 2256 mAHt gfter 100 cyclesFigure 5-8f-g shows the rate capability

of the SGSIMPscPAN electrode. The capacity gradually decreased with an increase of
cycling rate. Even at 4 Agcurrent density, a capacigbove2000 mAh ¢ is achieved,
representing0 % retentionKigure 5-8g). Moreover, stable cycling performaniseattained

when the ratés switched back to 2 AY as shown irFigure 5-8h. After 500 cycles, the cell

has a discharge capacity higher than 1400 mAHWTgis implies that the electrode integrity is
preserved without disintegration even at high rates, despite the fact that the silicon particles
undergo rapid volume changes during cycling. To further confirm the structural integrity of
the electrode, the calt disassembled after cycling for characterizatigigure 5-8i-1 shows
thatthe electrode material of S&IMPscPAN is not ruptured from the copper foil after 500
cycles. On the contrary, the CE electrode matehalepeeled away from the copper current
collectorand remain attached toelseparatorHigure 5-8i-2). This furtherconfirmsthat the

silicon anodes prepared with conventional methods do not possess the desired electrode

integrity.
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Figure 5-8 (a) Cyclic voltamnagramsof SGSIMPscPAN electrode, (b) voltageapacity
profile of the SGSIMPscPAN electrode at 0.1 A'g (c) Nyquist plot of the SGiIMPscPAN
and CE electrodes afteftfand 50" cycles, (d) cyclig stability of the SGSIMPscPAN
electrodeand conventional electrode at 0.2 A, ge) cycling stability of the SGSiMPscPAN
electrode at 1 A g (f) rate capability of the SGiMPscPAN electrode from 0.1 A'gto 4 A

g?, (g) capacity retention and specific capacity of theSSKBPscPAN electrode as a function
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of cycling rate, (h) cycytldtm590cgclesnab2 Alg(i)S®& o f

SiMPscPAN electrode and conventional electrode after cycling and corresponding separators.

A deeper studpf the electrode surfags essential to elucidate the mechanism underlying the
improved cycling efficiencyAtomic force microscopy (AFM), SEM and TEMave beemnised

to study the surface properties of the electrodes before and after cycling. Before thermolysis,
the electrodebavea relatively smooth, continuous surface as showsigaore 5-9a andd. In
contrast Figure 5-9b and Figure 5-9e-f clearly show that norcontinuous micrechannels
haveformed at the S&GiIMPscPAN electrode surface after thermolysis due to the internal
stress createavith the shrinkage of PAN upon cyclization. Furthermore, following long
cycling periods,Figure 5-9c and g show the formation of continuous miecbanrels
resembling mudcracking. A similar phenomenon was also observed by Dahn et al. in a study
of silicon films® We speculate that this morphology arises in a mode similar to mudcrack
formation, whereby the delithiation process of the electrode dahaggeis analogous to
dehydration of mud, resulting in shredgeof silicon particles and crack propagation due to
stress fracture. We hypothesize that the
to buffer the isotropic silicon volumetric changes during cydindprevent electrode material
rupture andeading to electrode level integrity and good cycling stability. In addition, TEM
images Figure 5-9h-i) and corresponding coloured EELS mgfFigure 5-10) for the
electrode materials show that the silicon particles (bright regions) were distributed evenly and
sandwiched between the sheets of NG 8@l sheets after cycling, preventing the silicon

particle isolation from the carbon matrix. This keeps the integrity at the particle level. Thus,
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the synergistic effect preserving integrity at the particle and electrode level lead to good cycling

stability.

a b C
Before Thermolysis After Thermolysis After cycling

200 nm%

Figure 5-9 (a) AFM image of the SGIMPsPAN electrode surface before thermolysis, (b)
AFM image of the SE&IMPscPAN electrode surface after thermolysis, (c) AFM image of
the SGSIMPscPAN electrode suate after cycling, (d) SEM image of the S8MPsPAN
electrode surface before thermolysis, (e) SEM image of th8iSTBscPAN electrode surface

after thermolysis, (f) SEM image of the SSBMPscPAN electrode surface after thermolysis,

92



(g) SEM image of th8G-SiMPscPAN electrode after cycling (back scattering imaging mode)
, (h) HAADF-STEM image of the SGiMPscPAN electrode before cycling, (i) HAADF

STEM image of the SGiIMPscPAN electrode after cycling.

a Silicon b Carbon

Nitrogen

C Sulfur d

Figure 5-10 (a-d) The elements mapping by EELS for the area marké&tqimre5-9i.

5.4 Conclusion

In summary, we have fabricated alse siliconbased anode using commercial SiMPs by
developing a twestep topdown approach. Applying a fluithduced fracture concept to SiMPs
by milling them within an electrode precursor slueg tonanostructuring of the silicon by a
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straightforwardand scalable process. After casting the electrode precursor slurry on the current
collector, it was subjected to thermolysit® achieve an ideally tuned S&8MPscPAN
electrode structure. In this structure, the polymer binder (PAN) was converted into a 3D
conductive network of cPAN that wrapped the silicon particles fanthed micronsized
channels throughout the electrode structure. These void-charmnels acted as a mechanical
buffer for the anisotropic volume changes of silicon particles during battery
charging/discharging, thereby preventing electrode pulverization. This electrode structure
provided excellent capacity (3081 mAh'git 0.1 A g') in addition to good rate capabilities

and cycle life (1423 mAh-fat 2 A g for 500 cycles). Furthermore, the efficiency of this
technique makes it possible to expand its application to other anode materials that require
mechanical robustness and electrical conductivity with the goal of preparing next generation

lithium-ion batteies.
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Chapter 6
|l i tu Binder Gfaphéehezaseoonf Metallwu

Lithiam Batteries

6.1 Introduction

The development of higanergy density lithiurion batteries is of intense interest to meet the
requirements of emerging markets suclplagrin hybrid electric vehicles (PHEVsS) and grid

scale energy storagystemsResearch efforts have been made to reptlaeentercalation

based statef-the-art graphite anode with alloying materials which can provide higher capacity
due toa different lithium storage mechanism. Among these materials, silicon is a strong
candidateasa next generation anode material due to its outstanding theoretical capacity (4200
mAh g?) compared tdhat ofgraphite (372 mAh¢). However, the significant volume chang

of silicon during battery cyclingnd the unstable solid electrolyte interface ($&djisto poor
cyclability and loss of electrode integrity. Despite the success of anodes prepared from silicon
nanoparticlecarbon composites to overcome these probléhes; commercialization is not
currentlyviable because of the complex and expensive preparation techniques such as chemical
vapor deposition and/or template growth3” 6% 71104121122 The ytjlization of metallurgical

silicon (mSi)would move the rational design a considerable step cthseto their low ost

and commercial abundance. The main challenges of mSi electrodes are cracking at the particle
level and mechanical degradation at the electrode?fef?et?®. To address these problems,

previous researchers have attempted to etetallurgical silicon particles (mSiPs) with
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hydrogen fluoride (HF) to create buffer regions to accommodate the size change during
cycling®>4> 124126 However, the strong corrosive character of Hiffses environmental
concerns and pustighe research focus to new binder desitived preventlectrode level
failure #5127, Despite the success of these binders, their commerciadvalability makest
challenging to scale up the electrode fabrication.

In this chapter polyacrylonitrile (PAN), which is a readigvailable polymer, is chemically
modifiedin-situ for use botlas abinder and conductive agent. To do aonepot electrode

level thermatreatment is designed to synthesize partially graphenized @RNXN) as a
nitrogendoped carbon sheet network that can maintain the structural integrity of electrode.
This capitalizes on the encapsulation of the mSiRbdgPAN frameworkWith this degn,

the original mSiPs can crachut still canremainsafely within the confines of the flexible
graphendike sheetsAs a result, the electrode of gPAN/mSiPs shgaad cycle stability and

rate performance. The improved battery performance of this@sitepalong with the ease of

its preparation makes this fabrication technique a good candaaeducecosteffective

high-performance silicon anodéor lithium-ion batteries.

6.2 Experimental Section

6.2.1 Preparation of Graphene Oxide (GO)
The reaction proahure to prepare GO from natural graphite flakes was adapted from the James
Tour method? A 9:1 mixture of concentrated.BQw/H3sPQx (360:40 ni) was poured into a

beaker containing 3 g graphite powder. The solution was mixed for 30 min in an ice bath before
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adding 27 g of KMn®@and mixing for another 1 hour. The contents were then transferred to a
hotplate and stirred at 3C. After the reactionvas completed, 600 Imdistilled water was
added to the solution while it was being stirred in an ice bath. After the addition of water, 30
mL hydrogen peroxide (¥D.) was poured into the solution to reduce the unreacted KMnO
The final solution was wasteseveral times with 5 % HCI solution and distilled water by

centrifugation.

6.2.2 Electrode Fabrication and Coin Cell Assembly

The electrodesvere fabricated via direct coating @PAN/mSiPsslurry ontoa copper foil
using the Blade method. TigfAN/MSiPsslurry was prepared bmixing 60 wt% mSiPs 38
wt% PAN, 2 wt% GO in dimethylformamide (DMFusing amagnetic stirrer and sonication
After coating the slurryo thecopper foi| it was dried in a convection oven at®overnight.
The foil was punched bydisc cutter to form circular working electrodes. The electrodes were
then subjected to thermolysis at 45Q in an argon atmospheréor 10 min, followed by
cooling The heating ramp during annealing was°z 5nir?.

Cointype half cells were assembledanglove box under argon atmospheoataining less
than 0.5ppmoxygen and water moisturéhe electrolyte was LiRK1M) dissolvedn 60 wt%
dimethyl carbonate (DMCB0 wt% ethylene carbonate (E&)d 10 wt% fluorinated ethylene
carbonate (FEC)Lithium metal was used athe counter electrde. The electrodes were
separated using alypropylene separatdPP2075, Celgard)'he battery performance was
tested by galvanostatic charge/discharge cydgtgveen cubff voltages of 0.01 V and 1.1V

for discharg@ and charge, respectively using a BTS 3000 battery té3ifézrent current
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densities were applied to investigate the rate capability. Fila#ycoin cells wersubjected
to cyclic voltammetrybetween1.5 V and 0.01 Vat a rate of 0.05 mV susing @
electrochemical testing platforrRiinceton Applied ResearctiersaSTAT MC Potentiostat
Two conventionalleferencecells were fabricated using 60 wt%iMPs 20 wt%conductive
agentand 20 wt%binderand was tested under the same conditamtee gPAN/mSiP<ells.
The conductive agentwas SuperP and bindersvere polyacrylonitrile (PAN) and

polyvinylidene fluoride(PVDF).

6.2.3 Material Characterization

The morphology and structure of the electrode materials eeaeninedusing scanning
electron microscop(SEM, LEO FESEM 1530) and transmission electron microscopy (TEM,
JEOL 2010F TEM/STEM field emission microscope) equipped with a large solid angle for
high X-ray throughput and a Gatan imaging filter (GIF) for endiligred imaging.Thermal
analysis of samples was conducted bgifferential scanning calorimetry (DSCand
thermogravimetric analysis (TGAh a TA model Q500. PAN was heatenh a nitrogen
atmosphere from 2% to 850°C at a ramp rate of 1 mint. Raman spectra of PAN filen

were obtainedising a Bruker Senterra with a laser wavelength of 532 nm. FTIR analysis was
conductedwith a PerkinElmef283B FTIR spectrometer. XRD analysis was done using

monochromatic Cu Kxays (154 nm wavelength) and an Inel XRG 3000 diffractometer.

98



6.3 Results and Discussion

Figure 6-1a provides the schematic of the electrode fabrication procesfs(Sigma

Aldrich Co, 325 mesh) asmixed with PAN Mw=150.0®, SigmaAldrich Co) binder ad
graphene oxide (GO) ia 60:38:2 wt ratio irdimethylformamide solutiofDMF) to form a
homogenous solution under magnetic stirring and ultrasonication. The slurry was applied on a
copper foilusingDoctor Blade method andriéd overnight at 80C. After the PAN/mSiPs
electrodes were punched in circular discs, they were subjected to a controlled heat treatment
(CHT) under argon atmosphere by heating gently in a quartz tube up % 48a holding for

10 minutes, followed bgooling. This heat treatment tuned the structutt@PAN binder to

form anitrogerdoped graphenkke (NG) matrix throughout the electrotieat could strongly
adhere the mSiPs to the current collectideally this wouldprovide a flexible electron
transport frameworkhat also prevert the loss of active material during battery cycling.
Furthermore hopefully such a protective framewodn the surface of mSiPsould also

stabilize the SEI.
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Before Heat Treatment After Heat Treatment
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Figure 6-1 (a) Schematic of the electrode fabrication process: (i) mixing of the electrode
materials; (ii) morphology of the electrode before CHT showing PAN chains wrapping the
silicon particles; (iii) morphology of the electrode after CHT showing that gPAN wrap the
silicon particles, (b) SEM image of mSiPs, @EM image of the PAN/mSIiPs electrode
surface,(d) TEM image ofgPAN'mSiPscomposite afteCHT, (e) HAADF-STEM image of

gPAN/mMSiPscomposite after CHT(f) HRTEM image of mSiPs with gPAN shelfter CHT,
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