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ABSTRACT

This body of work investigates the structural, chemiaad electrochemical effects of
substitutional dopingn three distinct materials systenphosphorusiopedgraphitic carbon,
aluminumdoped graphitic carbgmand phosphorudoped silicon. Success of doping is found to
depend onhesynthetic route employed (botteap or topdown) as well atheselection of dopant
with respect to the host materiél.- and Rdoped graphitic carbongereprepared by bottorp
pyrolysis of liquid precursors at low toodestemperatures (860 1 0 0 ) . [, dopirgot h c a
was found to behallenging tachievewithout the formation of byproducts and phase segregation.
Efforts to synthesizehmwsphorusioped graphitic carbaeried to an interesting discovethat the
phosphorus allotropsideproduct could be controlletdy altering the precursoiThis work
guantifies the relative phosphorus allotropessen{white, red, or a combination thereaf)each
compositeusing a combination of materials characterization technigBash materials are
interesting lithiumion anode mate@ls that exhibithe first evidence of the reversible lithiation of
white phosphorus, enabled by stabilizatadnPs domainsbetween graphitic sheets. Aluminum
doped graphitic carbon, on the other hand, was found to be extremely dtffialitainwithout
forming mullite BAI.Os&SiO,) as a byproduct. Nevertheless, we report the first signature of
trigonal planar or puckered A{@ype doping sites. Lastly, we explored phosphatoged silicon
materials prepared via tafown solidstate synthesis strategies. Homogenously and
heterogeneously doped silicon nanoparticles were obtained by exploring a wide range of synthetic
parameterand successful doping was confirmed bya¥ diffraction. Phosphorus doping in dilute
guantities (1000 ppm) is found tchambiguously and positively impact the electrochemical
performance of silicon as a lithiulan anode. Ultimatelythe work presented in this thesis
illuminates the challenges associated with doping by both batmmand topdown synthesis
strategies while also exploritigeelectrochemical relevance of chemicathpdified graphitic and
silicon-based materials.
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CHAPTERONE

INTRODUCTION AND MOTIVATION

Applicatiors of Batteries

The electrification of transportation is acknowledged as one of the most substantial
opportunities for mitigatinghe social andenvironmental challengethat stem from global
warming® 2 The push towards electrificatiois prompted byadvancesmade withinbattery
technology notabl the rechargeable lithiuion battey (LIB). Total life cycle emissions
(including product manufacturing, production, existence, use and di3mdsaternal combustion
engine vehicles and electric vehicl@8Vs) are respectively55 and 39 metric tons of CQ@
equivalent Replacinginternal combustion engine vehicles with electric vehicles can reduge CO
emissions by-30%. For thisreason,the adoption oEVsis highly incentivized for examplejn
the United State®ver a dozenstates plan to ban the manufacturing and sales of internal
combustion engine vehicles by ZY8Further, he Bpartisan Infrastructure Lawnder the Biden
Administrationhas invested $7.5 billion to build 500,000 EV chargers making it more accessible
and reliable, more than $7 billidar critical minerals and necessary battery components to make
batteries and over $10 billion for clean public transportatigit. present, EV batteries
predominately utilize lithiumion technology due tits high energy density260 Wh kg*, 600 Wh
L% and long cya life. Nevertheless, there exist opportunities for technological development
aimed at rapid fast chargir(0% state of charge in under 15 minutes)dincreasednileage
rangecomparableo current internal combustion engine vehicl€bis thesiswill delve into the

advancements and intricaciedidiium-ion battery chemistrpertaining to the anode.
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Stateof-the-Art Lithium-lon Battery

The development of the first rechargeabl® is rich in history involving numerous
scientific contributionseach addressing not only individual cell components but also the eventual
chemical compatibility at each component interface. Key componehtsi@the anode, cathode,
electrolyte,and separatpas shown in Figure.18 In afully chargedcell, lithium atoms reside in
the anode materialJpon discharmg, lithium ions flow through a liquid or solid electrolyte
towards the cathodehilst electrons flow in the same direction througheaternal circuit The
electrolyte facilitates the movement of lithium ions between the elecirodesnwhile the
separator, typically a thin amqmbrous material, serves to prevent contact between the anode and

cathode while still enabling the flow of lithium iohs.
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Figure 11. Conventional lithiumion battery containingan anode, cathode, electrolytand
separatorUpon discharge, lithiuaons flow from the anode to tteathodeupon dischargand
theelectrons flowthrough the external circuit in the same direction.

The harmoniousperationof therechargeabl&IB arose from three major contributions
made by Stanley Whittingham, John B. Goodenough and Akiro Yoshino who were eventually
awardedthe Nobel Prize in Chemistry in 20%®r their finding in the 1970s and 1980$
Whittinghamfirst identified an innovative cathode materi#ianium disufide (TiS), capable of
housing lithiumions whichin its lithiatedstate idiTiS2.° This was a crucial development towards
rechargeable LIB technologyput at the timewvas incompatible withthe currentlithium metal
anode and carbonate liquid electrolydeing used in nonechargeable.IBs.® The spirit of

Whittinghamés work was carried forward by

Goo
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(LiICo0Oy), alayeredoxide capable of housing lithium ions while also enabling a highemagel
than previous cathode materi@lShortly after, Yoshino paired the LiCeQ@athode witha
petroleum cokenode a less graphitizedarbon,to make tie very firstrechargeabl&IB .1° This

generatechnology was commercialized in 1991 by Sanyg has since revolutionized our woftld.

8,11

Rocking Chair Battery

Early desigs of LIBs utilized pure Li metal (L) as the anode material owing to its high
energy density andbw potential® > 13|t was quickly realized, howevethat the intrinsic
instability and passivation of puregyat the anode interface when it reacts with liquid electrslyte
leads to a series of safety hazardsost notably dendritidormation, shortcircuiting, and the
subsequent thermal runoff, which can result in explosansfire.!?** Nonmetal compoursd
(e.g.,LixMnYm) which can instead store and exchalitpeum ionswere adopted t@void stripping
and plating of the Igh).2* The most commonly used cathode materials of this form today are lithium
cobalt oxide (LICoQ), lithium manganese oxide (LiM@>), Lithium iron phosphorus (LiIFeRO
LFP), and lithium nickel manganese cobalt oxide (LiINIMnGo@MC).2> A cyclical transfer and
storage of lithium ions can be achieved when anoth@ctepting compound, ;Bw, is used as
theanode Equationl.1 shows the charge and discharge of compounddlYim and ABw. The
Arockingo of |lithium ions between ¢heifercdakidreg |

chairo¥battery.
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Energy Storage Mechanisms

Li* storage iglominated by three mechanisnrgercalation, alloying, and conversices
depicted in Figurd.2. Intercalatiorfacilitates the transport dithium ionsin one, two- or three
dimensional channels with minimal disruption to the electrode struttBexhaps He most
prominent example of antercalationbasedmaterial is graphite&vherebylithium ions arestored
in the interlayer gallerie® ’Alloying occurs wherithium ionsinserti nt o t he host mat
(where M can be either a compound or element) forming new bbirtis '8 Anode materials that
undergo alloying reactions are promising owing to their relatively high energy densities, however,
are associated with severe volume expansion during the (de)alloying/(de)lithiation ptoCess.
Lastly, the conversion mechanism involves binary compoundsp,Mvhere M and X are metal
cations andhon-metal anions respectively ¢.g, a metal oxidg?" 22 Li* insertionalong with
electrongesults in complete reduction of the' Btate to a Mstate and the subsequent formation
of Li-X bondg' 2 The above three mechanisms are highly dependent on the host material
structure, morphologyand chemistry and can result in vastly differighiation capacities. The
work presented hereiwill focus on intercalation and alloying mecharssim the context of

graphiticcarbon andilicon-basecanode materialsespectively.
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Figurel.2. Lithium-ion charge storage mechanismpintercalationp) alloying andc) conversion

ChargingConventions

The meaning and convention of the words, (dis)charging, (de)alloying,
(de)intercalation are relative to the system of discussion. Whargingin a full-cell, lithium-
ions migrate from the cathode to the anode wirgezcalationoccurs. Upordischargingof the
anodede-intercalationoccurs?* It is important tanote thain alithium half-cell configuration, Li

serves as the anode actingoash the counter and reference electrade the material of interest

and
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serves as the cathodeworking electroddn this work the above conventions will always be used

with respect to the anode matéria

The Graphite Anode
Graphite is the conventional LIB anode material owing to its environmental benignity,

abundance, strong cycling stability, low intercalation potentiall(90.0s. Li/Li*) and its modest
theoretical capacity of 372 mAh'gupon lithiation to LiG).}! The structure of graphite, which
consists of sphybridized graphene layers stacked via van der Waals forces in an ABAB stacking

sequence, play an important role in the intercalation of litHiufAFigure1.3 shows the structure

of graphite and stoichiometric positioning of lithium atoms in graphite.
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Figurel.3. Structure of a) crystalline graphite and b) fully intercalated graphite)(lalere
carbon and lithium atoms are respectively black and puig® show graphite and Lkdrom a
birddés eye Vvi ew. Note, when fully Iithiated,

sequence to AAAA.
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Lithium intercalation was known to exist as early as 1975 through molteafthor
compressed lithium powd&techniques. Electrochemically reversible lithiation of4,i@owever,
remained a challenge owing to decomposition anéht@vcalation of carbonate based liquid
electrolytes i(e., propylene carbonate (PC)) and exfoliation of the graphite sHeétzami and
Touzain were the first to reversibly intercalate graphite in 1983 with use of a solid polymer
electrolyte. Successful reversible intercalation using liquid electrolyte was eventually also
demonstrated 1990 with the use ofsmvent ethylene chonate (EC¥’

To achieve a maximum stoichiometry of kj@ staging phenomenon occurs whereby
lithium ions intercalate into graphite sheets at every nth layer (where n equals an integer number
O 1). As the concentration of |lithium increas
lithium. This model wafirst proposed by Ridorff and Hofmann in 1938 and is illustrat&tbunre
1.4.28 1t does not however explain how a material goes from stage 4 tos@ aed assumes the
complete dentercalation of state 4 and thenintercalation at stage 3 in order to fill empty
graphite sheet#\lbert Hérold and N. Daumaattempt to correct for this model suggesting that for
stages where n > 1, graphite sheets behave in a flexible manner, in which they can deform and
form intercalant islands fdithium ionsto move from one layer to anoth@ee Figurel 4).17: 2

Still, it remains a matter of question as to how exactly this staging mechanism works.
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Figure1.4. Schematic of proposed intercalant staging mechanisms. a) Rudorff and Hofmann
modef® and b) Daumasiérold model!” 2°

Limitations and Modifications of the Graphite Anod&Vhile graphite has remained the

stateof-thear t LI B anode material since its commerci
andelectrochemical stability it is limited by relatively low theoretical capacity and rapid charging
capabilities when considering the rising energy demanmtis is especially true within the electric

vehicle (EV) market wherdesired charging timeare <15 minute$ Currently, sich necessary

rapid charging in the graphite anode is limited by thealeation oflithium ionsout of solution

at the electrolyt@node interface despite strong diffusion between graphitic she&isl@0cn?

s1)% therefore, careful selection of the lithium containing salt and organic based solvents in liquid
electrolytes is important. For example, ethylene carbonate (EC) is often paired withsalPF

because of its high solvation ability and more so its formation of stable solid electrolyte interphase
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(SEI) at the electrolytanode interfacé: 32 The SEI plays an important role in preventing
cointercalation of lithium salolvent pairs into graphite whicban consequently results in
exfoliation of the graphite structure and unstable cychhg®

Well known solvents such as propylene carbonate (PC), 1,2 dimethoxyethane (DME) and
tetrahydrofuran (THF), can dissolvelin high concentrations and are suitable for the lithium
metal anode but unfortunately are incompatible with the graphite anode due to cointer&alation.
To overcome undesired cointercalation effects, the use of ggdimentshave been exploretd
help dissociate and dissolithium ions®* Another challenge of the graphite anode intimately
related to the formation of SEI is irreversible capacity loss on the first cycle and therefore low
initial coulombic efficiency. This is a result of reductive electrolyte decomposition and irreversible
corsumption of Li by SEI formation. Surface modification of graphite particles and careful
electrolyte selection attempt to target the issues mentioned Z8ve.

Many of the above issues associated wiith graphite electrode relate to electrolyte
selection whictaffectthe formation and behavior of the SEI and thereon overall cell performance.
A much more intrinsic limitation of the graphite anode, however, is its limited theoretical capacity
of 372 mAh ¢ (upon lithiation to LiG). Simply replacing the graphite anode wathigh-capacity
alloying basedmaterial such as siliconis an option that idbeingheavily explored but requise
new selection and compatibility tifeelectrolyte cathodeand operatingell voltage?®®: 3% 4?Main
focusof thegraphite anode material in this work aims to ince¢he theoretical capacity to meet

rising energy demaisd
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ResearciDirectionsRelated to th&raphite Anode

The first project presented in this theschgpter 4 details structural and chemical
modification of turbostratic graphitic carbon by phosphorus dopaping under different
synthetic parameters, mainly phosphorus containing precursadsnla only to substitutionally
doped carbon but also composite P/C materials. The intiegéntapacity of phosphorus domains
within the graphiticcarbon system was quickly realized with aims to increase the theoretical
capacity of graphitavhile also leveraging high surface area and conductivity of turbostratic
graphitic carbon. Chapter 5 address aluminumdoped graphiticcarbon inan attemptto
understand how-type and gtype dopants affethe resultingstructure and chemistry gfaphitic
carbon. This proved to be much more synthetically challenging and has not yet been studied

electrochemically butemains a material of interest for future work.

Pushing the Frontier dhe Lithium-lon Battey

The graphite LIB anode has remained stdtehe-art since its commercialization in the
early 19906s b-acidandickehtetal hyaridetype batteaes; it today exists as
our primary energy source in all mobile deviceg)( smart phones and tabletd)Tlo meet rising
energy demands graphite is being overlooked in exchange for alternative materials capable of high
volumetric/gravimetric energy density and fast rate capabilities. This is particularly important in
the electric vehicle market where long gare300 miles) and short chargg times (<15 min) are
desired* The Department of Energy (DOE) launched the Battery 500 consortium in 2017 to
develop next generation LIBs capable of delivering 500 Wh“*gvhere for reference, current
graphitebased LIBs are only able to deliver around 220 kW.®g** Future anode materials of

interest are alloyased (e., primarily phosphorus and silicon) due to their large stoichiometric
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ratio of lithium they can accommodate compared to intercathtised material® Lithium metal,
phosphorus and silicamill be discussed as potential anode matenalsg totheir high energy
densitiest? Particular enphasis will be given to silicom, primary focal point of this dissertation.

Lithium metal is a longime contender as an energy dense anode material owing to its high
theoretical capacity of 3860 mAh'gand low standard potential3(04 V vs. SHE}2 Stanley
Whittingham was the first to use | ithium met a
studied the intercalation mechanisms of T®, positive electrode and founded the concept of
intercalationbased materiaf*The use of lithium metal has, however, been at a standstill since
the 198006s owi ngDuting charging/digchargingolithitire metad undergoes
stripping and platting resulting in dendritic grow#T.he continuous formation of dendrites further
exposes new surfaces to the electrolyte and leads to the continuous formation of SEI and
decomposition reactions. Further, dendrites <c
l i t hi umo, to@ancoulomiicietiidiency “Issues associated with dendritic growth
can be catastrophic especially if the cell shorts resulting in a cascade of events; high current
discharge, rapid heat evolution, fire and/or explostdi® curb the effects of dendritic growth,
many have focused on the formation of stable protective layers at the lithium/electrolyte interface
that still allows for passivation and diffusion of Li iotfg® Similarly, electrolyte engineering has
been studie.> 5! Nevertheless, the high reactivity of lithium metal and dendritic formation in
liquid electrolyte still pose inherent risk especially when considering flammability and leakage of
electrolytest? 13 Replacing standard carbonate liquid electrolyte with solid electrolyte such as
ceramic Liion conductors demonstrates diminished dendritic gréwéi.There are, however,

challenges associated with all sedithte batteries mainly concerning low ionic conductivity of the
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solid electrolyte and the interface between solid componrénrtshe implementation of lithium
metal anodes in either liquid or solid electrolyte batteries still today remains a worthwhile
challenge.

Phosphorus has also warranted attention as a promising anode material in LIBs due to its
high theoretical capacity of 2596 mAHR @as it lithiates towards k), low redox potential, and
its elementak bundance wi t hi%®Furthermoreaphdsghdris exists in ghree
primary allotropic forms; black P (BP), red P (RP), and white P ({&PYBP is the most stable
of the allotropes consisting of layered sheets with higblane electrical conductivity-(x16 S
m?) and L diffusion channels between the sheéthis material however is challenging to
synthesize requiring high pressures (>GR3 therefore researchers have devoted attention
towards RP a more commercially available allotrope but far less cond(tetiv@0'? S nit).5658
The use of RP in conductive carbon composite materials can be used to enhance corrductivity.
Lastly, WP at this point in time, has little to no electrochemical relevance due to its pyrophoric
nature?® An in-depth overview ophosphorusillotropes, respective structures, and applicability
towards lithiation will be given in Chapter 4. Like many allmgsed materials, phosphorus is
largely hindered by large volume expansion upon (de)lithiation on the order of 300% resulting in
pulverizatbn of the electrod®: 2 Attempts to alleviate severe volume expansion involve size
engineering, structural hierarchical engineering and most commonly, the formation of composite

materials(e.g, balkmilling phosphorus and carbo?#®®

TheSilicon Anode

As the demand for longer driving range and faster chargingstimé o rinteBsWfiéss

silicon has received increasing attention due to its practical theoretical capacity (3579'mAh g
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Li1sSis) at room temperature and low voltage windéw?® %6 Like bulk phosphorus, silicon
undergoesnalloying storage mechanisduring lithiation.Figurel.5 showsthe structures gfure
andfully lithiated silicon (LisSis). At el evated temper at uramevénd 15
higher theoretical capacity of 4200 mAh'@s it lithiates to L4,Sis.%® ¢’ Discrete voltage plateaus
at elevated temperatures are observed fpBlki Li14Sis, Li13Sis, and SizSis alloy phases.

The SilLi reaction process is shown in equatdhi-4.4° At room temperature when
crystalline silicon is lithiated forms an amorphous i$i alloy. If furtherlithiatedbelow0.05 mV
(vs Li/Li*) the LiSi alloy transformsto crystallineLi1sSis. Upon delithation of either LSi or
Li1sSis phase, amorphous silicofiorms?!8 Pure crystalline silicon is never achieved again in this

process.

Figurel5. crystalstructure of a) crystalline silicon and b)4Sis. Depiction shows a 2x2x2 unit
cell. Silicon and lithium atoms are represented in bluepangle respectively.
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Limitations and Modifications of the Silicon AnodeSeveral challenges exist associated

with silicon as an anode material. Most prohibitive is large volume expansion on the order of 300
400 % experienced during (de)lithiation, leading to mechanical stress, pulverization of the
electrode, loss of electrical contact with the current colleceahiced life cycle and even cell
failure° Repeated mechanical stress on the silicon particles during (de)lithiation can lead to
particle cracking and thereon the formation of unstable SEI on the surface of silicon. The cascading
events following volume expansion during (de)lithiation of theailianode are of serious concern
when attempting to scale and commercialize the material: perhaps most concerning is the potential
for thermal runaway, a se#fccelerating reaction that occurs due to internal reactions and
decomposition of the liquid carbatebased electrolyte which can result in a rapid rise in
temperature, release of gas, or even fire and explo%ions.

Creative solutions attempting to directly control for volume expansion experienced by
silicon during (de)lithiation involve size engineering, hierarchical engineering, development of
coreshell structures, preor partiat lithiation strategies and perhap®st simply, the formation
of composite materiald_imitations of the silicon anode are nonly limited to volumetric
expansion but alsthe stability between standard carbonate electrolyte, SEI, and silicon surfaces

that areresponsible for decompositiogeactions and thermal runaway. Thermal stability of silicon
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is addressed by considering electrolyte selection, surface modifications, and perhaps most
interesting and far less explored, stabilization of the silicon lattice through chemical doping.

Nanoengineering of silicoby particle size reduction and structural engineering.,(i
nanowires, nanorods, or porous structures) is advantageous when mitigating volume expansion,
lithium induced strain anplulverization. This was first determined by latial, who demonstrated
thatcrystalline silicon particles below a critical size (<150 nm) do not experience particle fracture
and cracking? It was later shown by McDowetit al.,that amorphous silicon spheres up to 870
nm in diameter do not fracture upon lithiatirthis is much larger than the previously reported
150 nm criticalparticlesize. Presentlyfor crystallinesilicon, sub150 nm nanoparticles hail as a
top performing material without pulverization/crackiftg.ow-dimensional structures such as
silicon nanerods -wires’?, -tubes, and porous structutsan also be used to mitigate radial
volume expansionwhile alsoenhaning overall electrical conductivity in the ortBmensional
directio’®>. Chen et al, demonstrated this concept with nanowjrashievingthe theoretical
capacity for silicor(4,200 mAh ¢ for Li4.4Si) on the first cyclewith little to nofadingwithin the
first 10 cycledetween 0.02.0 V versus Li/Li.”2 This excellent performanaan be attributed to
the coreshellphase distributioof crystalline ¢ore)and amorphous silicofshel) andenhanced
electrical conductivityn the onedimensional direction of the nanowires.

Nevertheless, from an industry perspective, an important consideration remains regarding
scalability of the abovenentioned silicon structures in a commercial setting. For this reason, there
is still strong emphasis on largeain, lowcost silicon electrde fabricatior’® “The use of micro
particle silicon can be accomplished by partial lithiation strategies, where the full capacity of

silicon is not fully utilizedFor example, racro sized silicon particles (4.8n) retainB0% residual
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capacityover 250 cyclesvhenlithiated 20%whereas<50 cycles when littated 70%* Partial
lithiation of silicon results in lower overall capacitlast corresponds to smaller volume expansion
and generallglectrochemical longevit{?

Thermal runaway during cycling another limiting factor towards the commercialization
of the silicon anode unlessontaining very low silicon loading (<20% silicon in carbon
composites)Current mitigation practices invohaarefulbattery management systems where cells
are carefully monitored and deconstructed basedheir electrochemical performance and
physical state (€., temperature and/@0Q. Materiatbased solutiomare far less explode
Chemical modification by doping alkaline earth metadl/ar pblock heteroatom dopanis a
proposed methotb increase stability of nargilicon phased-or example, it has been shown that
the incorporation of small amounts of aluminum intgs&k lead to the formation of LixAlxSia
(0.4 <x<0.8)which is stable up to 700 .”® In contrastLiisSis, has a limited stability window,
decomposing at 200 . This prompted further exploratiafi magnesium and zirdopantgo form
Li1aMgSis and Lia.0sZNn0.95Sis phased® In both cases incorporationf dopantsin low quantities
(5.2 at% Mg, 4.7 at% Zrghowincreasd thermalstability and shifteddecomposition temperature
by more than 400 .78 Another studyfurtherexpanded on the above stableMLiSi ternariesind
demonstrad incorporation of M dopants (M=Mg, Zn, Al, and Caja electrochemical
cointercalation using M(TFS{js secondary salts in the electrol{A&ignificant gabilizationin
these systemwas observed leading to improved coulombic efficiencies, longer cyclability and

improved capacity retention.
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ResearciDirections Rela#dto theSilicon Anode

Herein, we attempt to stabilize the silicon lattice by chemical doping of phosphorus
(chapter 6) and later explore alternative dopants (chapt&h@&)primary goal of the work is to
identify the role of substitutional doping on the silicon lattm&ardselectrochemical properties,
as decoupled from other properties such as particle size and distribution of the. dopant
Homogenous and heterogenous dopeatenials are obtained over a wide range of synthetic
parameters (phosphorus composiijat¥o), temperatre set poin( ), ramp rate m),dwell
time(h)) througha facile solidstate synthesidndeed,improvedcapacity retention and cycling
stability isobservedvhen silicon is doped with phosphor@@uestions in this workemainas to
what mechanisprmechanicastabilization, thermal stabilizatioayr combination therepgives rise

to increased stability.
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CHAPTER TWO

CHEMICAL MODIFICATION OF MATERIALS VIA DOPING

Structural and Chemical Modification to Materials

Structureproperty relationships of materials are heavily influenced by synthesis and
processing techniques including but not limited to chemical treatfif&nelectrochemical
treatmenf®3 surface modificatiotf- ®and thermal treatmeft®’ Severalingenious discoveries
based omateriab modifications has vastly advanced our technology todagxample allowing
for the development of optoelectrofit®® photovoltaié® **and semiconductor applicatiofis®?

A common strategyithin materiab modification efforts is elemental dopinginvolving the
addition of impurity elements to a crystalline lattice in small quantigigs,in theparts per million
(ppm)scalg.®® Structural changedue todopingof such materialare reflected in gradual changes
in the lattice parameters, changdewel of crystallinity, and inatomic positionsand symmetry.
From a chemical perspective, dopants can alter eletiiarmal and optical properti&sA very
famous application of doping is ithe realm of electronic materials for semiconductor and
photovoltaic applicationsThe pn junction, a crucial building block of electricaltcuits would
not be possible in our devices today without using doping.

Herein we investigate doping aétaning knold to chemically modify materialproperties
in silicon and graphiticcarbonbasedmaterials for electrochemical applications. Three primary
materiab systems interconnected by the common theme of doping are presented in this thesis;
phosphorusioped silicon, phosphorwdoped graphitic carbon and alumirgoped graphitic

carbon (Figure 2.1). This chapter outlirses/eral acceptedefinitions of dopingland identifies
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one that is adopted hereirgnd broadly treataspects of dopingheory as well assynthesis

strategiedo carry out doping in the laboratory.

Graphitic Carbon Phosphorus
Host Material Dopant

Aluminum-Doped Phosphorus-Doped Phosphorus-Doped
Graphitic Carbon Graphitic Carbon Silicon
(AIC,) (PC,) (SiP,)
Top-Down
Synthesis
Bottom-Up
Synthesis

Figure 2.1. Venn diagram showing similarities among phospfawped silicon, phosphorus
doped graphitic carbon, and alumimgoped graphitic carbon.

Definitions of Doping

Doping can widely be defined as the substitution of a host atom with an impurity atom
within a crystalline latticeAn early exampl®f doping was performeday Americanphysicist John
Robert Woodyard during his work on radar technology during World WarHk discovered that
the addition obmall quantities gbhosphorus, antimongr arsenic into pure geanium improved
performance of semiconductdfsFindings from this work were patented in 1950 and thil
groundwork for doping in the semiconductor industry first by ssiade diffusion methods and
later by ionimplantation or a combination there$f.®’ Since then, doping has become a

widespread strategy for the modification of many different types of materials including 8tganic
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or inorganic materia/® °* 2D fiims& °° nanomateriald?® biomaterials®® and so on
simultaneouslydoping strategies have become far more creative beyond traditional substitutional
doping used in the semiconductor industry and include chemical dpishargetransfer
doping® molecular doping? % formation of hybrid compositesy nanoparticlelecoration'**
105 and surface functionalizatidf® °” When defining doping of a particular system one must
consider the physical nature of the dopant as well as quantity and concentration.

The physical nature of the datis varied across different communities and materials; for
example, from the solidtate perspective, a dopant can be considered a-sigedl atom that
diffuses through a crystalline lattice and occupies either an interstitial or substitutional site. This
is very different from molecular doping of organic semiconductors where dopants of molecular
size drive a charge transfer across the difference in energy between the highest occupied molecular
orbital of the dopants andetowest unoccupied molecular orbital of the organic semicondifctor.
Noncovalent interactions in the form of molecular dopants are also applied to physisorption of gas
molecules and metal iof% 1°This is particularly advantageous for thin film materials, such as
graphene, where structural and electrical integrity of the material is preserved while also producing
p- or ntype structures. A drawback of surface doping, however, is lack of stalilibgdo the
reversible adsorption and desorption proce$s&sother form of doping is defect doping in which
defects can act as an intrinsic dopant site or serve to attract dopants. Lastly, and perhaps most
ambi guous, is Adopingd by nanoparticle decor at
in the hydogen storage community, for example, where palladium nanoparticles are dispersed on

a mat er i a% & sTrisuarni of doping often results in large micron sized regions of
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aggl omerated nanoparticles doped on a mater:i

conventional doping of a single atom or molecule.

Doping concentration must also be considered; in the semiconductor industry doping
concentrations on the order of parts per million (ppm) is satisfactory to alter intrinsic charge
carriers within a material and thereby its electronic struckaeinstance, the introduction of just
one boron atom into 1x¥Gilicon atoms increased the electrical conductivity b§.°100ther
reports of doping, howevedppeon the order of 5 at%%> 112114 At these larger concentrations
it is important to discern the differences between doping, surface decoration, and formation of
composites or even new phases altogether. For example, the difference between doping silicon
with 3 at% and 6 at% phosphorus enddentical synthesis conditions leads to in one case a solid
solution of phosphorudoped silicon and in another the formation of a silicon phosphide (SiP)
phase'’® When dealing with a completely miscible binary solution, however, doping at high
concentrations is possible. The siliegamanium binary system is a famous example of this
where up to 50 at% silicon can be doped imgarium at which point silicon becomes the majority
component and geranium would then act as the dop&iit.

The definition of doping is largely up to interpretation given the various strategies and
concentrations within different materials systems. We caution overuse of the word doping without
clear vision of the goal at hand. In this thesis we are focusedbstitational doping which we
define as the substitution of a host atom with an impurity atom. The electron dondtipg)(and
withdrawing (ptype) character of the dopant atom with respect to the host material is of interest
as well as structural modzfations to the materials based on the atomic size of the dopant. Dopant

concentrations are varied based on the materials sys$ieteroatom doped graphitic carbon
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materials explore the high end of doping concentratior35 at%) to study metastable phases.
Doping in silicon explores low dopant concentrations (0.1 at%) and are selected based on solubility

limits of the binary system at hand.

Substitutional Doping

Substitutional doping is best understood from a sstigde perspective whereby dopant
atoms diffuse through a material and occupy lattice sites of host atoms. A counterpart to
substitutional dopants are interstitial dopamksch occupy interstitial sites in a crystalline lattice.
Both can form soliesolutionswhereby theatomicstructure of the host material is unchangad
the dopant is accommodated Ammmogenouslykor the purposes of thigork, we will focus on
substitutional soliesolutions.The fomation of a substitutional sohsblution is largely guided by
the HumeRothery rules which statthat the dopant and host atoms must have similar size,
electronegativity, crystal structure, and valehdyThe difference in ionic radius of the dopant
atom and host atom must be less than 15% (equationA2fanous example of a fully miscible
solid-solution is the silicorgemanium system in which both elements have a diamond cubic
crystal structure, a valence of 4 and similar atomic radii (111 and 125 pm respectively) and
electronegativity (1.9, and 2.01, respectively)n many cases, however, the solubility of the
dopant atom is limited, for example, as in the case of phospboped silicon (discussed i
chapter 6)The HumeRotheryrules best apply to metal and ceramic systems but are generally a

good rule of thumb when determining the successful addition of dopants to a material system.

21) —— pmnnbpub
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Theory of Substitutional Doping

Diffusion Mechanism$ubstitutional doping can be achieved by several different synthetic

routes (discussed in ti¥gnthesis oBubstitutionalDoping), however, most simply it is understood

from the perspective of sokstate diffusion in a crystalline lattice described herein. In a periodic
crystal, host atomseside at distinct lattice sites: when provided sufficient thermal energy for
lattice vibrations, host atoms, interstitial atoms and vacancy sites can swap places allowing for the
diffusion of dopantd!® 19Figure 2.2 shows relevant host, substitutional, interstitial and vacancy
sites within a periodic crystal lattice. The diffusion of dopants @ctwyr three primary
mechanismsthe vacancy mechanism, the direct interstitial mechanism, andtdrstitialcy
mechanisnt!’ In the vacancy mechanism, substitutionally incorporated dopants can diffuse to an
open vacancy site. To avoid continuous swapping between the same vacancy and substitutional
sites, the vacancy must move to at least a tmitighbor site away from the dogd!® It is
traditionally assumed th&ir phosphorugloped siliconthe phosphorus diffusion in silicon obeys

a vacancymediated mechanisf® however, conflating studies suggest interstiiediated
mechanism to dominaté® 21In the direct interstitial mechanism, foreign atoms migrate through

the lattice by diffusion between interstitial sitdésterstitial mediatedmpurities typically have

small ionic radiiand are fast diffusef€?Ultimately, literature on phosphortgoped silicon agrees

it is a combination of the vacancy and direct interstitial mechantisat allow for phosphorus
doping?® Lastly, the interstitialcy mechanism combines host atoms, dopant atoms, vacancy sites,
and interstitial sites; interstitial atoms can replace a substitutionally doped site thereby creating a
new interstitial in the form of the dopant. The interstitial dopa can now r-cepte@at tf

process by creating a new interstitial site and sdt @harder to assign one thfese mechanisms
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to phosphorusor aluminumdoped graphitic carbaswing to bottoraup pyrolysis synthesishich

is notinherentlydiffusion controlled.

a) Host site
b) Substitutional site
¢) Vacancy site

d) Interstitial site

Figure 2.2. Relevant host, substitutional, interstitial and vacancy sites within a periodic crystal
lattice

ElectronicStructureSemiconductor rerialsin their pure statdhavea band gajpetween

the conduction and valence band. The probability that electrons will occupytkeélmmduction

or vakence bandare equal and defines what is known as the Fermi ¥¥lany time, the number

of electrons and hole carrier concentrations are equal, where the carrier concentration is the
conduction bandds number or el esoumbeoofisolegeer uni -
unit volume®® 124The aldition of dopants artificiallcontrok for the number of charge carriers

through the intentional addition of either electron donatintyiye) orelectron withdrawing ({

type) dopant$® 124n silicon, for examplethe addition of pentavalentdi, As, PSb) and trivalent

(i.e., Al, B, Gadopants shift the fermi level towards the conduction and valence band respectively.

In this thesis we explonehosphorus doping in both graphitic carbon and silmoode systems.

We &expect phosphorusdéds el ectron r i ddattracat ur e
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positively charged lithium ions (or other alkali metal&)third system examined is aluminum
doped graphitic carbon in attempts to elucidate the effectaygfenand ptype dopingon similar

bulk graphiticsystems

Synthesis of Substitutional Doping

Synthesis strategies to achieve substitutional doping fall under two classdewto@nd
bottomup synthesis. A topown synthesis is the modification of already existing bulk material
whereas bottorup involves reactions on the atomistic level to build desired matéftafs.
Classically top-down and bottorup refer to the synthetic route to achieve a nanomatéred(
nm size)?> 128|n this work we refer to bottorap and topdown simply as the pathway to the final
material irrespective aesultingsize. When incorporating phosphorus or aluminum into graphitic
carbon (chapter 4 and 5) we rely on bottop synthesis whereby chemical precursors are
pyrolyzed and the resulting structure and incorporation of dopants can be controlied by
synthesis reaction, temperature, dwell tirmad ramp rate etc. To achieve phosphedaped
silicon (chapter 6) a tedown strategy, solidtate diffision, is used to incorporate phosphorus

into already existing silicon powder at elevated temperatures{LZ00@ 0 ) .

BottomUp ApproachBottomup synthesis is based selfassembly at the atomic and

molecular scalallowing for synthetic control over resulting materiefs 22°Common bottorrup
synthesis strategies includeyrolysisi® 30 chemical vapor deposition (CVDB§: 32 and
hydrothermal templating (sgjel) 133 Pyrolysis is a common method explot®dthe Stadie group

to synthesize turbostratic graphitic carbon material derilsgdbenzene or polyaromatic
hydracarbon (PAH) precursor$®#137 Simultaneous incorporation of dopants can be achieved

through the addition of other chemical precursors. Simply, pyrolysis is the thermal decomposition
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of chemical precursors at elevated temperatures under inert atmosphere. Successful incorporation
of dopants into the graphitiattice have been shown to be related to the decomposition energies
of each precursor whereby, when close in decomposition eneggynore likely the dopant is
incorporated upon formatio.his was experimentally demonstrated in bedmped graphitic
carbon for anominalstoichiometry of BG, materials synthesized withoron tribromideshowed
better boron incorporation compareddiboraneanddecaborané®® Findings from this work are
supported by thermochemical analysis where benzene (the carbon containing precutsogrand
tribromidehave similar decomposition energies9.1 eVper carbon atorand8.8 eV per boron
atom respectivley® Pyrolysis is a relatively simple botteap synthesis technique that allows
for careful control of resulting material structure and chemistry by tuning synthetic parameters
including temperature, ramp rate, dwell time, pressure of reaction and chentoasprs. A more
intricate technique is chemical vapor deposition (CH#plving the flow of volatile precursors
over a wafer at elevated temperaturesamer vacuumReacted precursors deposit on the wafer
while any byproducts formed flow though theatan chamber. CVD is commonly used in the
semiconductor industry to produce thin films and more recently in the last decade has gained
traction for controlled synthesis of largeea and higlguality graphené® 192 126. 13jjtrogen
doped graphene, for example, is attainable by CVD using a transition metal catalysis wafer (Cu or
Ni) where a reactive mixture afarbon(CHa, C2H4) and nitrogen (NHs or Nz) precursors are
introduced at temperatures between-700 0 0! In-situ growth of nitrogerloped graphene
happens upon dissociation and precipitatiosabonandnitrogenprecursors. Typicahitrogen
incorporation is ~0.5.0 at%'3! CVD synthesis of thin films has also been adopted towards three

dimensional carbon materials such as zeolite template carbon (ZTC) or carbon nanotubes
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(CNTs)1%8140 Other bottorup strategies includehydrothermal (sol gel)templating or
solvothermal metha&f**143 For the synthesis of heteroatom doped graphitic carbon materials we
rely on aco-pyrolysis method owing tds inherent singlestep simplicity as well asxygenfree

nature.

Top-Down Approach Top-down synthesis strategigsrgeting substitutionadoping

include baltmilling, ion-implantationor heat treatmentenerally topdown synthesigechniques

are affordable, easily controlled, and simple from a scalability perspéttivéBall-milling is

carried out byhigh energy mechanochemical milling of powdered materials. It is often used to
reduce particle size but can also be used to introduce new chemical bonds in the case of elemental
doping!** From a silicon anode manufacturing perspectivis, is quite desirable and has proven
successful aintroducing new covalent bonds to silicon systdorsenhanced lithiation kinetics

and overall conductivit§* %° Another bottorrup approach is icimplantation In this technique
dopant atoms are charged to behave as ions, accelerated by an electric3€ld k&V) and
directed at a target material (typically a silicon wafer) for implant&fiafpon entering the target
material, ions undergo a series of collisions with host atoms until they lose energy and come to
rest in either interstitial or vacancy sité& These collision events lead to lattice disruption and
implantationinduced crystal damage which can be remedied by high temperature post implant
annealing under optimal temperatures (@00 0 0 % Pe@netration depth of dopants can be
determined by the dopant, substrate material and accelerating voltage. With many tunable
parameters and the precise and reliable nature efripltantation, it has become the primary
technique used in silicon semicontlucchip manufacturingOne of he simplestbottomup

strateges however, issolid-state synthesiwhich involvesthe heating of twosolid reactants to



29
high temperatue'?® 145In this work we rely on soligtate diffusion of phosphorus into silicon

powder at low to medium temperatu(890-1 2 0 0 to achieve substitutionally doped silicon.
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CHAPTER THREE

MATERIAL SSYNTHESIS AND PRIMARY CHARACTERIZATION TECHNIQUES

Svynthetic Goals and Themes

Fundamental synthesis goals of this dissertation are to explore how substitutional doping
affectsmaterials structure and chemistry. A single distep ampule synthesis is used for all
materials presented herein whemgide range of synthetic parameteesy, temperature set point,
ramp rate, dwell time, chemical precursors, reaction pressure, and mols of reactant) can be fine
tuned, allowing for investigation of systematic trends within material structure and chemistry. To
solely investigate the rold thedopant it is important to mitigate oxygen impurities and oxygen
containing functional groups. This principle is best upheld in this work through the selection of

oxygenfree chemical precursors and performing synthesis under inert conditions.

BottomUp SynthesifRoutesto HeteroatorDoped
GraphiticCarbon

Heteroatorrdoped graphiticcarbon materials are synthesized via a sisgteep fdi r ec
method from liquid or solid precursors, following previously established protbtots® 3t
should be highlighted that this synthesis is completelyreg (including the use of oxygdree
containing precursors), as to minimize structural and chemical modifications from oxygen
impurities and functional group£hosen chemical precursors (benzene and a phosphorus or
aluminum containing halide) are mixed in appropriate molar ratios and charged into quartz
ampules under inert conditions in an argon filled glovebox (<0.5 pprn® <0.5 ppm kD).

Molar ratios of chemical precursors are determiibased on maximum synthesis temperature and
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pressure conditions dnrelevant reaction schemes (Appendix Note that all materialare
referred to as their nominal composition; for examplaminumdoped graphiticarbon would
be referred to a8l Cx where x represents the molar ratioAfC in the initial reaction mixture,
whereasthetotal measured phosphusrcontent is how muciluminumis incorporated inté\l Cx
after synthesis and workuf. Swagelok ultraorr adapter will be placed over the open end of the
ampule which will then be removedfn the glovebox and partially submerged in liquid nitrogen
to solidify the precursor solution. The quartz ampule will then be connected to a stainless steel
Schlenk line and evacuated to 11@bar before being flame sealed undacuum. Figures.1
shows the Schlenk line set uthe sealed ampule will then be placed on an elevated platform in
the center of a chamber furnace and heatdovido medium pyrolysis temperaturé300-1100

) via a programmable PID controller. The temperature setpoint will be heldZdroirs and
then the sample wild/ be all owed to cool to be
and the ampule removethe sealed ampule will then be carefully openedguaidiamond blade
saw in a fume hood whe gaseous byproducts (e.gz,dfl X2 where X= CI, Br, J will be released.
The solid product will be collectenh a filter fretand rinsed with deionized water and acetone, and

finally air dried at 80 for 24 hours before
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Vaulve

Schlenk Adapter

ColdT:
sl Quartz Ampule

Dewar

with

Liquid Nitrogen
\ \

Roughing Vacuum Pump

1x103 mbar
_ J
Figure3.1. Schematic of the Schlenk line setup.
Top-Down Synthesis Routes to Dop8dicon
Synthesisoi MO doped silicon (where M = Al, B, M

synthesis method as describedBiottomUp Synthesis Routdée HeteroatoraDoped Graphitic

Carbonwith several modifications; most notably, the use of powder precursors instead of liquid.
Commercially available silicon powsthter S

conditions whereby dopant concentration is determined by maximum solubility and temperature

setpoint is determined by the eutectic temperature unless retrograde soluisiigtyFeor example,

the maximum solubility of phosphorus in silic

composition and temperature were selected as initial synthesis parametéysp&waiixB for the

relevant S MO p hase di ag rratures, andenaximens golubdity imgsnp e
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Silicon and AMO0O powders are prepared by a

to ensure homogeneity using a mortar and pestle for 5 minutes under inert conditions in an argon
filled glovebox (<0.5 ppn®2 and <0.5 ppm kD). SiMx powder is carefully transferred from the
mortar and pestle into a quartz ampule using pléstxible spatulas. Procedures for transferring
and sealing the ampule are the same as for heteralipad graphiticarbon materials; a Schlenk
adapter is placed over the toptleé ampule, transferred out of the glove box, submerged in liquid
nitrogen, connected to the Schlenk line and evacuated. The sealed ampule is placed on an elevated
platform in the center of the chamber furnace and heated tmmkdium temperatures (8200

) via a programmable PID controlléhe temperature set point will be held fe2 hours and
then the sample wild/ be all owed to cool to be

and the ampule removethe sealed ampule will then be catgfwpened using a diamond blade

saw in a fume hoadsiMy powderis collected and stored before further analysis.

Characterization Techniques

A host of characterization tools are used to asgesstural, chemical, and electrochemical
modifications to graphiticarbon and silicon materials by doping. This section outlines the most
routine characterization techniques including powderrax diffraction (XRD), Raman
spectroscopy, elemental dispersiveray spectroscopy (EDX), scanning electron microscopy

(SEM), galvanostatic charggischarge (GCD) and cyclic voltammetry (CV).

Structural Characterization

Powder XRay Diffraction Powder XRD is used to assess overall crystallinity, phase

composition and crystallographic properties (e.g., interlayer spacing and crystallite size). Incident
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X-rays elastically scatter off atoms within materials. When constructive interference occurs,
Br aggos linaBguatiors3.hi) aswatisfied and the relative intensities and scattering angles
of crystallographic planes are measured by adet€¢wheren i s t he order of re
wavelength of inciden¢nergy dwistheds paci ng bet ween crystallogr;
scattering angleThe interlayer spacing between two adjacent planes with indi&®s referred
to as duw, is calculated along a line perpendicular to the planes. The lattice parameter of simple
cubic materials can then be determined ugiggation3.2 where a is the lattice parameter.

Bl &¢_ Q ci Q&

B2 & Q Q Q «o
Graphitic materials exhibit two main featu
KU radiation) which represent the (002) and (
maximum (FWHM) of these reflectiortmnbe used to assess the crystallite size of the graphitic
carbon via the Scherrer equatiquation 33); in manycases the 101 and 100 are possible to
individually resolve, allowing for a determination of relative crystallinity along the a/pldime)
and c (layeito-layer) axes indeendent | y. K is the geometric f

wavelength, b ‘issheBrdggangfieWHM and
33) 0 ——

In the silicon system the (111) reflection, centered are@88( usi ng Cu ,KU r adi
of most interest owing to its high symmetry. Successful doping of silicon is determined by shifts

in the (111) reflection corresponding to either an expansion or contraction of the Gittaceye
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in FWHM of the (111) reflectioris examined as a function of dog concentration €.g,
crystallization of the silicon lattice) and synthesis temperature.
Figure3.2 shows typical XRD patterns for crystalline graphite and silicon presented in this
work. When comparing pure crystalline graphite to turbostratic graphite, broadening of the (002)
peak and a shift to loweid2s observed corresponding to decreased crystallite size and increased
d-spacing, respectively. These metrics will be used in assessing structure and relative crystallinity

in both graphite and silicon systems presented herein.

a b (112)
(002)

(220)

Intensity (arb.)
Intensity (arb.)

(101)

| A - L i

5 10 15 20 25 30 35 40 45 50 55 5 10 15 20 25 30 35 40 45 50 55
Degrees (28) Degrees (28)

Figure3.2. Standard XRD patterns of pure graphite (black trace), turbostratic grajaintiem

(gray trace) synthesized by pylrampmte and ghobenz en
dwell time, and b) crystalline silicon.

Raman Spectroscogyaman spectroscopy will be used as a complementary technique to

further elucidate the detailed structural characteristics of the graphitic and silicon lattice. Raman
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spectroscopy relies on inelastic scattering of a monochromatic light source in the visible to ultra
violet range on a materials surface. The change in energy between incident photons and scattered
photons is a Raman shift. When the energy of the scafitbdn is less than that of the incident
photon the Raman shift is called Stokes scattering; whereas, when the energy of the scattered
photon is greater than that of the incident photon the Raman shift is call&tak#s scattering.
For a material or mecule to be Raman active it must undergo a change in polarizability during
vibration.

Raman spectra of graphitic materials exhibit two prominent features in tH20800cnt
range: the D peak (~1350 ¢jmand the G peak (~1580 ent*® The D peak is present inzsp
hybridized carbon domains containing defects
membered rings. The @ak arises from the concerted motion €€ ®onds in any graphitic lattice
and is always present (with or without defects). The peak positions, peak FWHM, apd the |
ratio will be used to determine how graphitic structure changes as a function of substitutional
doping, the precursors used, synthesis temperature, and overall material composition. Key features
of a graphitic Raman spectra are highlightedFigure 3.3. Grgphitic materials at the most
disordered end of the graphitization trajectoryibithdistinct Raman features and combinations
of features that allow much more detailed characterization than permissible by XRD alone.

The Raman spectm of silicon shows one distinct feature between 480 and 528 cm
depending on crystallinity: highly crystalline silicon materials have a sharp band at 520 cm
whereas, the band for amorphous silicon is broad and centered around4&aoman spectra is
compkmentary to XRD patterns in assessing crystallinity of commercially available silicon

powders. Successful doping of the silicon lattice can be corroborated with Raman spectroscopy
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basedoms hi ft in the Silicon band. The shift in
states that the frequency of thiération of a spring is related to the mass and the force constant
of the springThereforethe difference in vibration between-Si bondsa Si-P bonds within a Si

lattice shouldresults in shift towards lowevavenumbers. Figurg.3 shows a standard Raman

spectrum for crystalline silicon.
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Figure3.3. Raman spectroscopy and main features of a) graphition and b) crystalline
silicon.

Chemical and Morphological Characterization

SEM coupled with EDX will be used to assess the morphology and composition of
materials obtained in this world high energy electron beam is applied to the sample which
generates secondary electrons, backscattered electrons, and characteagsc S¢condary

electrons and backscattered electrons are detected to produce contrast in the generation of SEM

b
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images. An EDX detector will be used to resolve the emittadyXenergies, providing the
guantitative chemical composition of materials and especially, individual morphological features
such as flakes, spheres, crystalline surface impurities, etc. These two techniques combined provide
both qualitative and quantitagvnformation on material morphology, elemental composition and

elemental mapping.

Energy Dispersive »Ray Spectroscop Elemental composition of materials can be

determined via EDX spectroscopy. In this technique an incident beam is generated using high
voltage (1620 kV) and accelerated onto the sample surface under va¢l@mmbar) The

incident beam probes the bulk material and with sufficient energy fromdident beam electrons

in the core shell or inner shell of an atom are excited and ejected from the inner shell creating a
hole. Electrons from an outer shell fill the hole and the difference in energy between the high
energy and low energy shell is reded in the form of an Xay. The discrete energy of-pays
released and detected are specific to each individual element and can be used to identify and

guantify relative atomic compositions.

Scanning Electron Microscop¥EM is used in a similar fashion to EDX except with a

lower accelerating voltage & kV) to produce an electron beam that interacts with the material

surface. Secondary and backscattered electrons are emitted by atoms excited by the electron beam
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and are detected using a secondary electron detector. Image resolution can be on the order of

several nanometet$’

Electrochemical Characterization

Electrochemical techniques are adopted not only to access material performance in
secondary lithiumon batteries but also as a characterization tool to understand subtle differences

in materialchemistry.

Galvanostatic ChargBischarge Galvanostatic chargdischarge (GCD) is useful in

assessing long term cycling, stability, and coulombic efficiency. A current at a constanerate (i

1 A g}) is applied between a predetermined voltage window, where the total charge stored at each
voltage is then measured. GCD data can be displayed in numerous ways, the two most common in
this work are to look at voltage profiles and cycling stability as showkiguare 3.4. Voltage

profiles containing distinct plateaus are representative of a distinct (de)lithiation chemistry. For
exanp | e, graphite exhibits three distinct vol t

mechanisms of lithium in interlayer galleris.
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Figure3.4. a) GCD voltage profile of a single chardischarge cycle and b) GCD cycling
stability over 500 cycles of disordered graphi@ebonin a lithiuntion half-cell.

Cyclic Voltammetry Cyclic voltammetry (CV) is used to study unique redox pair
chemistries upon (de)lithiation. It uses a sweeping scan rate (typically 0.1)n¥css a
predetermined voltage window. Potential is swept negatively from a starting potenttal,.aE
switching potential, & which is called a cathodic trace. The scan is then reversed positively and
is referred to as the anodic trace. During (de)intercalation or (de)alloying reactions between the
ion (Li") and the active material a rapid increase, or decrease in current, is measured and highlights
electrochemically relevant reactions in the system. The shape of cyclic voltammograms are useful
in determining faradaic, capacitive and pseudocapacitive storageanisms ashown in Figure
3.5. Faradicstoraye is represented by a duck shaped cyclic voltammogram where peaks represent
distinctive redox chemistries. In contrast, capacitive materials are morékéox nature
indicating charge can rapidly be stored on the surface of material where no intercalatloying

reactions occur¥® This technique is used to determine reversible (de)lithiation of phosphorus (Li
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A LisP) within graphitic/phosphorus composite systems. Scan rate is also examined to assess

kinetic limitations.

Q
o
(@]

Current (mA)
Current (mA)
Current (mA)

Voltage (V) Voltage (V) Voltage (V)

Figure 3.5. cyclic voltammogram shapesféaadic (b), pseudocapacitiveand (c)capacitive.
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CHAPTERFOUR

CONTROL OF PHOSPHORUS ALLOTROPES PHOSPHORUS>XOPEDGRAPHITICCARBON

Introduction

Graphite is the current stapé-the-art LIB anode due to its low voltage of lithium
intercalation, abundangandsafety however, its storage capacity is limited to 372 mAhag
LiCe.1! Several significant advantages can be expected by replacing graphite with a heteroatom
doped graphitic carbdtt 132 5%r composite materiaf 4% 15153 This class of anode materialsha
beendemonstrated to have higheapacityand rate capability owing to structural and electronic
modifications of the graphitic lattice, making such materials very promisexggeneration
battery anodedn this body of work, we initially focus on a strategy at the far end of the simplicity
spectrum: heteroatowoping of the graphite anode. Phosphorus has been selected as the
heteroatom dopant of choice due to its election substitutional environmentitliin the graphitic
lattice which should serve to attract cation intercalants such astitimd thereby increase energy
storage capacity. Notably, we discover an intimate synthetic relationship between heteroatom
doping and phosphorus/carbon (P/Gomposite formation which can be structurally and
compositionally tuned by the modification of synthetic parameters. The inadvertent discovery of
P/Ccomposite materials leads to unique and exciting electrochemical performance. This work will
shed insight into the mechanism of charge storaBé&dcomposite anodes of varying composition
and disordeto guide future understanding of electrochemical energy storage acrosangiey

applications.
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Phosphorus Incorporation into Graphi@arbon

Our past work, aimed at substitutionddosphorusloping of graphitic carbon, revealed that
the copyrolysis of benzene and PGt temperatures between 80050 °C was only partially
successful at achieving graphitic lattice substitution; in addition, partial phase segregation led to
the formation of P/PLcomposites (here, RCefers to the solidolution, turbostratic graphitic
phase) with a significant content of phosphorus in the forwhae phosphorus (WRBee Figure
4.1).3*1n general, phase segregation in such reactions occurs due to poorly compatible thermal
decomposition profiles of the quyrolysis precursors® An initial goal of the work presented
herein is to control for substitutionally incorporated phosphorus in graphitic chybexploring
the role of thermal decomposition profiles of gi@sphoruprecursor. Revious efforts using P€l
were extended herein to include the higher halide precursors with lower cracking temperatures:
PBr; and Pt (seeFigure 4.2 andTable 4.1). We hypothesize phosphorus halide precursors
containing better leaving groups (e.g., iodine > bromide oricid) drive the reaction faward and
allow for phosphorus incorporation into graphitic carbon duringyolysis; this effect islso
observed by inspecting the trend in enthalpy of formation of the phosphorus trihalides, as shown

in Equations 4.44.3.
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PC,

800...1050 °C

Figure 4.1. Bulk phosphortgoped graphitic carbon synthesized from liquid precurdmaszene
and phosphorus trichlorida} low to medium pyrolysis temperatures (80@ 5 0 134 )
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Figure4.2. Theoretical decomposition energies and experimental decomposition temperatures of
several phosphorus and carbon precursors. Note: the decomposition eneEjfigsafe
normalized per atom of relevance (P or C). The expected correlation (dashed line) is adapted
from previous work3®
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Table 41. Decomposition energiegFE"9), experimental decomposition temperaturg),(&nd
corresponding references for small molecules of interestpyaysis reactions to produce
phosphorusandcarboncontaining products.

Decomposition p EFC Experimental Experimental
Reaction (eV atom?) Ta (K) S| Reference
CRY C +# 13.8 1073 135
CsFsY 6 C o+ 11 1123 125
CHsY C + 10.2 1123 158
CoHeY 2 C o+ 9.9 853 135
CClsY 6C + 9.2 1073 2R
CsHeY 3 C ot 9.2 973 135
2PCkY 2P o+ 9.2 383 =
CeHsY 6 C o+ 9.1 1023 135
CHsY 2C o+ 9.0 1003 135
CiH1oY 10 C - A 9.0 673 -
CaH12Y 24 C 5 A 9.0 973 =2
CBrsY 6C + 8.8 853 135
ColsY 6C 2+ 8.3 643 135
2PCLY 2P 4+ 8.2 512 e
CH,Y 2C,+ 7.9 673 135
2PBeY 2P & 6.9 673 156
CiHsY 10C »+H 5.9 973 s
2PLY 2P, + 5.6 340.5 157
PlsY 2P 5+ 5.6 403 157
2PHY 2P o+ 5.3 673 158
cCLY C + 1 4.8 773 135
CBuY C + 1 35 473 135

*Note: the decomposition energgpE™) is normalized per heteroatom of relevance (C or P)

(4.1) O#P 0 -#I y(? ¢ YKE F T
4.2 0"®0 -"0 y(? pT8cET Il

(4.3 0)00 -) y(? ¢ XEF I
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Control over Phosphorus Allotropes

We discover thatantrolling for substitutional phosphorus doping is challengiygalbering
the phosphorus containing precursor a diversitl/@f productswith the phosphorusomponent
ranging fromexclusively WP inclusions to phase segregated red phosphorus (RP), and linear
combinations thereoére obtainedHerein materials are referred to as R/&PXs were 1:x
denots the molar ratio of P:C and BXepresents thkalide (PG4, PBr, and P4). Bottom up ce
pyrolysis between benzene and FI€Ads to solid solutionsf phosphorusioped graphitic carbon
and significant WP contedeterminedy X-ray photoelectron spectroscopy (XPS) &tiisolid-
state nuclear magnetic resonance (ssNMRJP contenwasfound to bestabilized within the
graphitic domains, protected from oxidation in'dfrit remains unknown whether that @ntent
exists as isolated intercalatype molecular species whether larger Pnanodomains exist that
warrantiabellingsuch materials as WP/carbon composBgsaltering the halide precursor to BBr
and keeping all other synthetic parameters the samayanateria{P/C-1:x-PBrs) was discovered
which contains both WP and RPBastly, materials synthesized bysRirecursor leads to the
formation of RPbut in much lower quantitiehe work presented herein attempts to understand
why changingthe phosphorus containing precursor drastically alters the structure and chemistry

of resulting P/C composite materials

Types of Phosphorus Allotrop@hosphorus exists in over a dozen allotropic fothn's?

paradoxically, the most common form, white phosphorus (WP), is also the least
thermodynamically stable. Upon heating to 300 °C, WP is slowly converted to amorphous RP,
which is both denser and less reactive. Under pressures2GPh and with modest heating to

200 °C, RP is converted to the densest and most thermodynamically stable allotrope: black
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phosphorus (BPY Figure 4.3 showsthe various phosphorus allotropes and synthetic pathways.
Owing to phosphorusés hi g# LitPhuean litteation it isdf higha pac i
interest as an anode material. Further, unique electrochemical benefits arise from each allotropic
structure (shown in Figure4), particularly BP and RP. Herein the three most common allotropes
of phosphorus (RP, BP, and WP) will be discussed from a structural and electrochemical

perspective
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Figure4 4. Structure of the three primary allotropes of phosphorus; a) orthorhombic black, b)
red, and c) white phosphorus
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OrthorhombicBP is well suited as a neat phosphorus allotrope for electrode applications.
Similar to graphite, BP is a semiconducting, layered solid that exhibits a modest electrical
conductivity (~1x16 S m?).1® Hence, electrochemical studies have revealed-aefihed
lithiation/sodiation pathways for BP involving anisotropic volumetric chartjéghile BP has
classically been prepared via high pressure routes (1.2¥Pacent progress has shown high
guality crystals to be accessible at low pressures by heating RP to 600 °C in the presence of gold,
tin, and tin(IV) iodidet®? Owing to its higher crystalline density than RP, the large volumetric
expansion of BP inevitably remains an important challenge in the use of BP as a neat electrode
material and therefore attention has been primarily directed towardsrR&n compositet
realize the large capacity of phosphorus for energy storage applications

Many past investigations of phosphorus as an alkali metal ion storage material have focused
on RP owing to its stability and ease of handling in air. While several crystalline forms of RP exist,
it is most commonly obtained as an amorphous solid; all foomgrise a polymeric network of
chains and/or tubes of fivand sixmembered rings with low electrical conductivity (~1%1®
m? 57 163 Hence, pure RP exhibits relatively slow electrochemical lithiation and sodiation
reactions and is therefore studied primarily in the context of composites with more electrically
conductive matrice¥* 650Other challenges in the use of RP as a neat electrochemical energy
storage material include large volume expansion upon lithiation/sodiation (243 and 384%,
respectively, seAppendixC) and unstabl&EI formation?® * Numerous researchers have instead
focused on synthesizing Riaphite and other carbaontaining composites which benefit from
the conductivity of graphitic carbon and the high capacity of phosphoters?>3 166 1640 g similar

strategy as for silicon. Tegown synthesis approaches such asiodling are the most common
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route to obtaining Rfearbon composite’$?: 165 168.16fn symmary, representative such composites
containing ~7680 wt% P have been reported to acheive 8880 mAh ¢ of capacity (normalized
to the entire active mass of the composite) within the first 10 to 300 cyches 1% 168 163jong
with a reduction in volume expansion and higher conductivity compared to that pure RP.

Far less or no attention has been paid to WP as an electrochemical-lithisodiumion
storage material. The molecular allotrope of phosphorus, WP is typically-amitdf, waxy solid
whose structure consists of isolateddrahedra, most commonly crystallized in cubic symmetry
at room temp e r-B)x'iDueto lfigh anguiat seain withs théltetrahedral bonding
arrangement and the strong thermodynamic driving force associated with the formatién of P
bonds, WP is highly pyrophotithough it can be stored in liquid water upon forming a robust
passivating oxide layelWP has been shown to have been stabilized withinaseémbled
tetrahedral capsul&sand carbon nanotub€é$ Nevertheless, its high reactivity in addition to its
significant toxicity* typically preclude WP from consideration as a standalone electrode material.

To date, no studies of the lithiation of neat WP have been reported.

Utilizing Phosphorus in Lithiation

The unique and interesting structurdCR.omposites have not yet been explored in terms
of reactivity towards lithium. Bulk elemental phosphorus is known to have a high theoretical
capacity of 2596 mAh-gupon lithiation to LiP.1> We predict that WP and RP domains may be
utilized as an additional medium for lithiation (in addition to the graphitic carbon itself), capable
of charge storage far exceeding that of phosphfvegsgraphitic materials. For exampléCPL:5
PCk (assuming 50% phosphorus is substitutional and 50% forms as a stabi)zednPoe

expected to have a theoretical capacity of 699 nmiAhsyshown irfEquatiors 4.4and 4.51t is not
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understood whether substitutionally incorporated phosphorus undergoes alloying similar to bulk
elemental phosphorus to achieve a theoretical capacity of 2596 th@h##). It is suspected that

perhaps only one or two lithium ions alloy with the incorporated P.

(44 0# t1O0# pyY,Epylt,® B ,E0#

45) O —==~699mAhg

Primary Aims

In our own past efforts to synthesiglosphorussubstituted graphitic carbon via bottom
up reactions between benzene andsP@é discovered that such sebdlutions could not be
prepared without also formingsagnificant content of Pas an impurity:3* The first aim of this
work is to control for substitutional doping (in the absence sfoly altering the phosphorus
containing precursor-RCk, -PBr: and -Plz). Unsuccessfuln our attempt we instead discover
control over the formation AP and RPTwo questions arise from this finding; first, what are
the relative quantities of WP and RP in resultinG Pomposite materialsndsecondly, can &
composites be utilized electrochemicallire observed intimate connectivity betweed\RP and
the electrially conductive graphitic matrix letb the hypothesis that reversible electrochemical
lithiation of phosphorus content in such composites may be featlbleg a combination of
materials characterization and electrochemical techniques we are able to quantify the relative

amounts of WP and RP and total lithiable P content.
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Svynthesis and Characterization of Phosph®aped Graphitic
CarboriComposites

Materials Synthesis

A series of phosphoresarbon composite materials/(® was synthesized via the direct
pyrolysis of benzene in thresence of a phosphorus trihalide precursor (eithex P8k, or Pk)
in a closed system at 1050 °C, based on a previously described apptéaghartz ampule (inner

0.8 mm, length ~20 cm) was charged with a mixture of benzene (anhydrous 99.8 %, Sigma
Aldrich) and PX% (where X = CI (99.999%), Br (99.0%), or | (99.0 %), Sigma Aldrich) inside a
glovebox under inert argon conditions (< 0.5 ppg©OH< 0.5 ppm ©. Each mixture consisted of
~0.09mL of benzene and a corresponding amount eft®Achieve a desired overall P:C atomic
ratio, while limiting the maximum pressure to < 20 bar. A Swagelok-tdiraadapter was then
placed over the open ed the ampule and the closed ampule was removed from the glovebox.
After partial submersion in liquid nitrogen to solidify the benzene/fXture, the ampule was
connected to a stainless steel Schlenk line, evacuated tolddr, and flame sealed under dynamic
vacuum with a hydrogeaxygen torch.

The sealed ampule was then placed on an elevated rack in the center of a chamber furnace
(Carbolite CWF 12/13) and heated to the setpdib0 °C) via a programmable PID controller
(Eurotherm 3216) at 1 °C min The temperature setpoint was held for 1 h and then the furnace
was naturally cooled to below 100 °C, at which point the furnace was opened and the ampule was
removed. The sealed ampule was scored using a diabladed saw and carefully opened in a
fumehood, typically resulting in a forceful release of gaseous byproducts (liketX and X%
where X = Cl, Br, or I) and sometimes a flame. Note: the formation of surface and/avibidk

phosphorus is expectable under all conditions explored herein and caution should be exercised in
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handling and opening all pepyrolysis (pressurized) ampules. The final product was collected
after washing with copious deionized water and acetone on a fritted glass funnel and drying at
80 °C under air for 24 h.

All final materials are referencedxdheroai rhyac
t he nasePX@P/wWhere x refers to the molar ratio
X refers to the halide in the precursor used (X = ClI, Br, or I). For example, when 0.75 mmol of
benzene was combined with 1.5 mmol of £Bne resulting material was referred to as-B/&€

PBrs.

Electrode Materials and Preparation

The following materials were used to prepare the electrochemical cells: LP58 (1.2 MnLiPF
EC/EMC (3:7) wt% battery grade, Gotion Inc.), fluoroethylene carbonate (FEC, battery grade,
Gotion Inc.), lithium metal (chips, 99.9%, MTI Corp.), glass microfiber discs (0.67x257 mm,

GF/D grade, catalogue number 18237, Whatman), carbon black (Super Timcal Ltd.),
polyvinylidene fluoride (PVDF, 99.5%, MTI Corp.), -Methyt2-pyrrolidone (NMP, 99.0%,

SigmaAl dr i ch) , and copper f oA pure(carbon coritrol enategial, 9 e m
referred to elsewhere as Ben800, was synthesized via the pyrolysis of neat benzene at 800 °C
according to a previous repadee.

P/C electrode slurries were prepared mixing activ@ iaterial (80 wt%) with carbon black
(10 wt%) and PVDF (10 wt%) in NMP. After grinding by hand for 15 min, the slurry was cast
onto Cu foil using a doctor bl mtdge dnfingj procéss:e m h e
under air at room temperature #ih, under air at 80 °C for a further 8 h, and then under rough

vacuum (Welch Chemstar Dry 2071B) at 100 °C for a further 10 h. Individual electrode disks were
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cut using a benchtop punchX0 mm), and then stored under inert argon atmosphere in a glovebox

(< 0.1 ppm HO, < 0.1 ppm @ until further use.

Electrochemical Cell Fabrication

Half-cells were assembled under argon (< 0.1 pp@,H 0.1 ppm @) in coin cell format
(316 stainless steel, size 2032, Xiamen AOT Electronics Technology Co.). A &&EGode
served as the working electrode, a glass microfiber didl6 (nm) served as the separator, and a
lithiummetalchip(16 mm) served as the counter el ectr oc
LP58 modified with an additional 2 wt% of FEC as the electrolyte, and fitted with a conical spring

and spacer (1.0 mm thick) prior toraping closed.

Materials Characterization

Structural CharacterizatiorPowder Xxray diffraction (XRD) measurements were

performed using a Bruker D8 ADWANGE i dinf f(rea et d
reflection geometry. Samples were prepared for XRD by sonication in acetone for 5 min and then
air drying at 80 °C for 24 h.

Raman spectroscopy was performed using a benchtop spectrometer (HR Evolution, Horiba
Scientific Ltd.) equipped with a confocal microscope using a 532 nm (2.33 eV) fregueuiched

Nd:YAG laser with an incident power of 45 mW.

Chemical EnvironmentsScanning electron microscopy (SEM) and energy dispersive X

ray (EDX) spectroscopy were measured using a Zeiss Supra 55VP microscope with the field
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emission source operated at 10 nA and 10 kV. Samples were prepared for SEM and EDX by
pressing the asollected flakes onto carbon tape on an aluminum sample holder.

3P MAS NMR spectroscopy was performed using a 400 MHz spectro(@edet, Bruker
Corp.) equipped with an Avance Il HD console and a 3.2 mm -thiaanel lowtemperature
MAS probe. Samples were packed into 3.2 mm zirconia rotors, which were weighed before and
after packing. Sample spinning speeds were set to 20 kHz dorefierence measurement
(NHsH2PQyw) and 10 kHz for the /& samples (due to their conductisehavor). Samples were
handled and measured in air at room temperature. A simpipuse sequence was used with a
o= 4.4 e©s. The number of transients collected
the FC samples. Recycle delays were chosen to be at leastBrehever Twas known. In the
case of the absence of signal, a maximabfT5 s was assumed. All experimental parameters
(except the spinning speed and number of transients) were kept the same for all the samples,
including the reference.

NMR spectral fitting was performed using the dmfit packdd&he spectrum for NgHPQy
was fit with a CSA MAS model combined with a Voigt lineshape. The signals corresponding to
P4 in the P/C samples were fitted with Gaussian lineshapes. The baseline was corrected using a
linear function and/or a broad Gaussian lineshape. The quantificatiarcohfént was assessed
by integration of the peak fit minus the baseline, assuming a linear dependency of the peak area to

the number of'P nuclei in the sample using MHLPQy as the external standard.

ElectrochemicaCharacterization

Galvanostatic charge/discharge (GCD) cycling was performed in a temperatirelled

incubator (KB 53, Binder GmbH) at 25.0 °C using a battery cycler (CT30001A, Landt
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Instruments). Charge and discharge were performed using a constant current (CC) protocol at
either 1 or 0.02 A g within the voltage range 0.62.00 V vs. Li/Li". Cyclic voltammetry (CV)
was performed using a potentiostat (VA®, BioLogic SAS). Cells were cycled at 0.1 mV s

between either 0.02.00 V or 0.252.00 V vs. Li/Li*, as indicated.

Theoretical Calculations

All calculations were performed using a density functional theory (DFT) method with the
MN15 functionat”® and the defZQZVPP basis sét, for both geometry optimization and
determination of single point energy. The change ins®ikistent field (SCF) energy of a given

reaction was determined by:

YO (0] 0O
whereYO s the decomposition energy of a given precursor mole€ule, is the SCF energy
of a given species(ls the index over decomposition reaction products, @iscthe index over
decomposition reactants. The decomposition energy was typically normalized per P or C atom for

intercomparison.
Results

Synthesis

P/C composite materials were synthesized via the direct pyrolysis of benzene together with a
phosphorus trihalide precursor in a closed reactor at1880°C. A striking visual difference
between the reaction products occurred, strongly delineated by the identity of the P precursor, as
shownin Figure4.5. In order to elucidate the structural and compositional trends within this series,

all further analysis reported herein is focused only on the reaction products obtained after pyrolysis
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at the highest temperature explored: 1050U@on opening materials with a diamond saw blade
there is a release of gaseous byproducts (likely a mixture, diX| and X% where X = Cl, Br, or
). Any phosphorus residing on the graphitic carbon material is readily oxatizkid visibly seen
be a white/yellowish color: this is most extreme ICR:3-PCk, which is believed to initially
contain the mosivhite phosphorus before exposure to air. Visible red phosphorus is present in
P/C-1:x-PBr; materials ¢eeFigure4.5), indicative of bulk RPFinally, thePl-derived materials
contain two distinct environments one in which polyiodide ions are deposited on the quartz ampule
resulting in an orange/yellowish color and regions where red phosphorus (or a sub allotrope of
phosphorus such as Hittorfdés) i s v izmwmadtebdse . | mg
most closely resemble pure graphitarbon synthesized by the same synthetic method with pure

benzene as a precursor. All resulting materials afterawprare metallic and lustrous in nature.

Figure4.5. Representative photographs of the reaction products (referred to-asxiFH&s) of

the copyrolysis of benzene and BXX = Cl, Br, or ) after exposure to air and prior to washing:
(a) P/G1:3-PCk showing offwhite oxidized B/PC side products, (b) PAT:3-PBrs showing RP
as a dominant P product, (c) P13-Plz showing polyiodide impurities, and (d) RAC3-Pls
showing RP as a side product.
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Structure

The structure of the directgynthesized P/C composites was determined by XRD and
Ramanspectroscopy (Figuré.6). All of the XRD patters show a broad reflectome nt er ed a't
= 23-26° which corresponds to the (002) reflection in graphitbe broadness of this feature
(FWHM = 510°) indicates the existence of small crystallites and significantriamge disorder
in the graphite structurdna d di t i on al -f6€rapteseats thelifamdy oft pdanes
in graphite. An abrupt structural transition of the (002) peak is observed as a function of increasing
nominal phosphorus content (betwekeB and 1:1) for both -PCk and -PBrs derived materials
from a dspacing of 3.58.77 and 3.58.88 A, respectively §ee Bble 4.2).A similar but
diminished trend is observed for thes-Herived materialsThis is indicative of extremely
disrupted graphitic ordering at high P contents, and hence further studies herein were focused on
P/C materials of composition 1:3 and 1:50fywo addi ti onal ref t3d°cti ons
are present in/B-1:x-PBr; materials(x<5), corresponding to amorphous red phosphortRRa
and consistent with the visual observations described aliogemportant to ote that the white
phosphorus, previously confirmed to exist iICA:x-PCkvia *!P ssNMR is amorphous and does

not contribute to the measured XRD pattefh.
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Figure 4.6. XRD patterns and Raman spectra of P/C composite materials synthesized gsing PCI
(yellow), PBeg (red), or P4 (purple) as the P precursor. The XRD patterns) @r nominal

compositions between 1 O x O 8 are shown. Gre
Crystalline graphite (black) is also shown for comparison. Representative Raman spgctra (d
for nominal compositions between 3 O x O 8 are
Table4.2. Nominal composition and-spacing of RC materials.
dooz) (A)
Nominal PIC-1:x-PCk | PIC-1:x-PBr | PIC-L:x-Pl
Composition

1:1 3.77 3.88 3.59

1:3 3.55 3.56 3.50

1.5 3.47 3.51 3.47

1:8 3.47 3.47 3.44

Raman spectra @l P/Cmaterials are shown Figure4.6. The D and G peaks, representative
of graphitic material, exist in the higher wavenumber range-2800 cmt). The D peak (~1350

cm?) is present in Sphybridized carbon domains containing defects and arises from the
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ibreathingd mode of 6 member )drisesdronbtie congerted g s .
motion of GC bonds in a graphitic lattice, and is always present (with or withefatts):*® Figure
4.7 show the D peak position as a function of nominal phosphorus cont€at.XPCk and-
PBr; materials undergo a D peak position maximum with increasing phosphorus content. Low
phosphorus content (xO5) materials behave as
peak is centered at ~1350ém Moder at e phosphorus content (2C
D peak position to ~1360 chsuggesting phosphorus incorporation into the graphitic lattice. At
very high phosphorus contents (xO2)lindicatag D pe a
phase separation of white and red phospha@llotropes in B-1:x-PCk and -PBr; materials.
Interestingly, FC-1:x-Plz materials do not exhibit a peak maximum at the D peak as a function of
increasing P content/@-1:x-Pls materials instead exhibit a narrower FWHM of the D and G peak
and a welldefined 2D region compared4®Ck and-PBr:materials $ee Tabld.3). It is suspected
that he structural ordering of/€-1:x-Plz materials isa result of polyiodide species acting as a

catalyst during reactiot{> 176
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Figure4.7. D peak position as a function of nominal compositiofP&ik (yellow trace)-PBrs
(red tracepnd-Pl; (purple traceferivedmaterials. Dashed line at 1350 ¢éshowsthe standard
D peak position for graphite.
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Table4.3. Ramarspectroscopic properties ofPmaterials.
D Peak G Peak
Precursor C(')\'rﬁ:)”c')zalon D(pos) | FWHM | G(pos) | FWHM | I(D)/I(G)
1:3 1357 08 1587 99 1.02
PCh 1.5 1336 32 1574 62 0.90
1.8 1344 23 1579 50 1.14
1:3 1361 97 1591 117 0.89
PBr3 15 1349 43 1582 73 0.87
1:8 1348 39 1591 68 1.45
1:3 1350 49 1584 82 0.94
Pl 1.5 1345 24 1579 49 0.82
1:8 1348 23 1582 46 0.78

A cluster of peaks, consistent with the intertubldending and stretching modes of RP,
appears intte low frequency range (2@D0 cm?) in both-PBr; and-Pls materials Figure4.6).
The RP peaks generally increase in intensity as a function of increasing nominal phosphorus
contenf but are most clearly observable in Bi€-1:3-PBr: material On average, the intensity of
red phosphorus pealiscreaseas a function ofncreasing nominal phosphorus content. Select
Raman spectra of/€-1:8-PBr:; show an absence of red phosphorus vibrational modes, which
suggests sample heterogeneggd Figuret.8). The Raman spectra of ®1:3-Plz, magnified 5x,
also confirms the existence of red phosphorus, however, in much lower quantities compared to
P/C-1:3-PBrs (Figure4.9). It is significant that red phosphorus vibrational modes are observable
over the resonant enhanced graphitic D and G modes, thereby suggesting that red phosphorus
exists largely as a composite material f6Z-2:x-PBr. XRD and Raman spectroscopy both reveal
that PBg and P$ significantly select for the formation of RP in the synthesis products-of co

pyrolysis with benzene, as opposed toR@lich does not.



64

200 300 400 500 600

100 600 1100 1600 2100 2600 3100
Raman Shift (cm™)

Figure4.8. Raman spectra collected at two distinct regiong@f1P8-PBr:. The inset shows the
presence of RP in the low wavenumber region for region 1 (red trace).
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P/C-1:3-PBr,

P/C-1:3-Pl,

IS T I N T R A T - I T N S S |

100 200 300 400 500 600
Wavenumber (cm?)

Figure4.9. Low-frequency Raman spectra ofP1:3-PCk, -PBr3, and-Pls. The dashed lines

indicate vibrational modes associated with'RP.

Composition
EDX analysis of FC-1:x-PCk, -PBrz and -Pls materials is showmn Table4.4. The total

remaining P content after workup greatly dependshendentity of the precursor, and in some
cases the nominal compositidrhe PBg-derived material of nominal compositigrs 3(P/CG1:3-

PBrs) contairsthe highest P contentZ8at% ~48 wt%). In specific regions of the graphitic flakes,
P/CG-1:3-PBr materials contain upwards of 45 at% P. This is consistent with the high intensity
contributions from bulk RP revealed by XRD and Raman spectroscopy, and the composite nature
of this material is further confned by SEM (as shown Figure 4.10). Despitalso showing some

evidence of bulk RP, the fderived materials contain the lowest amount of phosphoru$ (~4
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at%).Residual halide content in fRlerived materials is quite high (~2.0 at%) compared tg PCI

and PBg derived materials. This is likely due to the heavy mass of iodine and trapping of iodide

species between graphitic sheets. Evidence and discussion of halide trapgiDgnat&tials is

presented in AppendiR.

Table4.4. Chemical composition of/B-1:x-PX3 materials as determined by EDX analysis
P Nominal P Content | C Content | X Content| O Content| Si Content
Precursor| Composition (at%) (at%) (at%) (at%) (at%)
1:3 10.1+49 | 854+52 | 01+00 | 44+£43 | 0.1+£0.0
PC 1:5 6.3+2.0 90.1+20| 01+00 | 36+28 | 0.0+£0.0
1:3 28.1+175| 64.3+175| 05+01 | 6.9+25| 0.2+0.2
PR 1.5 6.1+3.7 885+35| 02+0.2 | 53+£20 | 0.1+£0.0
1:3 45+20 842+39 | 16+09 | 9626 | 0.0+£0.0
Pl 1.5 4.7 £2.7 84954 | 23+£14 | 79+£21 | 0.1£0.1
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Figure4.10. SEM/EDX analysis of F2-1:3-PBrs synthesized at 1050 . Region Ishows a
phosphorus rich regiofRegion 2 is indicative of a graphitilake.

Phosphorus Chemical Environment

White phosphorusclusions within a graphitic scaffold may not be easily detected by XRD
owing to their molecular nature; compared to RP, WP is highly likely to exhibit rotational disorder
or be amorphoud.ikewise resonance enhancement of the Raaetive modes of graphite when
using standard visible irradiation sources can overwhelm any features from WP. ThétEfore
ssNMRwas used to distinguish and quantify WP environments in the P/C composites investigated
herein as shown in Figure 4.1Experimental conditions were optimized for the analysis of WP
and therefore quantification of RP content was not pursued by NMR (a far more difficult
endeavay. The presence of a feature ab30 ppm is direct evidence oftt@hedral i molecules

in all PCk- and PBg-derived materials. This WP contribution explains the relatively high P content
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in P/G1:x-PCk materials (~610 at%, Table 1) which do not show any evidence for RP inclusions.
Interestingly, the WP signal in P/C3-PBrz is observed at460 ppm, ~70 ppm downfield from
the WP feature seen in the other P/C materials; the cause of this unusual shift uerkaoven

but could be due tspatial distribution of nearby P atoms

PO, P

NHsH2PO4

P/C-1:3-PCl;

P/C-1:5-PCls

| P/C-1:3-PBrs

P/C-1:5-PBrs

- P/C-1:3-Pl;

mnretiy P/C-1:5-Pl3

C-CeHe

|

400 200 0 -200  -400 -600 -800 -1000

P NMR shift (ppm)

Figure4.11.3'P NMR spectra of FC composite materials showing two primary P environments:
P4 (WP, between400- and 600 ppm) and phosphorus (0O ppm). Minor contributions from RP are
detectable as a broad feature at ~0 ppm.
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Electrochemistry

Two methods were employed to investigate the reversible electrochemical lithiation of the
P/C compositamaterials: CV and GCD cycling. Slerate CV profiles of the six materials of
highest interest are shownkigure4.12. Two broad redox pairs occurring &.3-1.0and0-0.1
V arerevealed for almaterials: in both the first cycle and subsequent cydles.latter redox
couple corresponds to the wkhown (de)lithiation of graphitic carbdi® The other redox couple
centered at ~0-8.8 V upon reduction (lithiation), exhisit large overpotential shifting to ~1.0
V upon oxidation (delithiationOnly in FC-1:3-PBr; do additional and welllefined anodic peaks
exist (1.04, 1.20, and 1.27 V), representing the stepwise delithiation of phosphqRu8 (Bi
where x=13). % 178The high content of bulk RP in that composite gives rise to this distinct redox.

To investigate the electrochemical lithiationsailely the P content of each P/C composite
(i.e., in the absence of any graphitic contribution), a lower voltageftaf 0.25 V was employed.

In this range (0.22.00 V vs. Li/Li"), only the irreversible formation of SEI and the
lithiation/delithiation of the phosphorus network is permit®ldw-rate CV cycling in this range
showed almost identical profiles as observed in the wider voltage windolithtakle P content

could bedeterminedby integrating the second cyabeidative @elithiation) current(Table4.5).

The total lithitaed phosphorus 41wt%) in FC-1:5PCk nearly matches the total measured
phosphorus content by EDX (15 wt%). Generally, however, all otla¢gerials demonstrate lower

total lithiable phosphorus than total measured phosphorus indicating there is inaccessible
phosphorus within the active material. This is most noticeabléChi B-PBr; which acts the most

like a compositeln order to assess error associated with total lithiable phosphgug graphitic

carbon control material was also examined by cyclic voltammetry-@@®5bV vs. Li/Li", 0.1 mV

s to determine the error associated witls method ofithiable P conten{see Figure 43). The
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Figure4.12 Electrochemical lithiation/delithiation of P/C composite matesgisthesized using
PCk (yellow), PBg (red), or P4 (purple) as the P precursor. CV profiles for nominal
compositions (&) x = 3 and () x = 5 are shown at 0.1 m\sthe first cycles are shown in
black and the second cycles are shown in color. Two voltage ranges are shov2:00.01

(solid lines) and 0.22.00 V (dashed lines) vs. Li/Li
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Figure 4.13Second cycle voltage cutoff (0250 V) g/clic voltammetry (ac) PG and (df)
PGs materials synthesized witRPCk (yellow), -PBrs (red), andPls (purplg overlayed with
pyrolyzed benzene (800 ) contol (black).

Voltage profiles (Figuret.14 and4.15) are shown at 1 A'gand0.02 A g' to examine
chemistry at different rage Voltage plateaus remain nearly identicle suggesting tmederials
are not rate limited. In both sets of voltage plateus there is obvious capacity loss after the first cycle
observed for all P€materials suggesting irreversible lithiation of phosphorus and formation of
SEI. Figure 4.16 show&CD cyclingat 1 A g! for all P/C materialsas compared to the carbon
control Interestingly,the first cycle capacgs of P/C materialare fairly representative of the
predicted capacities with the expection@Brz derived material§AppendixF). For example, the
calculated theoertical capacity of@P1:x-PCk is ~634 mAh ¢ and tke measured first cycle

capcity is 604 mAh ¢. With regard to performancé/C-1:5-PCk demonstrates the highest
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capacity and stability over 1000 cycles a360 mAh g!. The optimal performance of ®1:5

PCk can likely be attributed to stabilized Polecules between graphitic sheets
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Figure4.14.Voltage profiles from 0.02.00 V vs. Li/Li" cycled at 1 A ¢. (a) FC-1:3-PCk, (b)
P/C-1:3-PBm3, (c) RC-1:3-Pls, (d) FC-1:5PCh, PIC-1:5-PBr3, and (f) PC-1:5-Plz at cycles 1
(black), 5 (red), 50 (yellow), 100 (green), and 500 (blue).
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(black), 5 (red), 10 (yellow), and 20(greer).

a 800 r 120
700 | —
— b 1 100
bo 600 [
P r 80
E500 |
= E
S a00 13 { 60
3 r ]
& 300 157
o ] 40
S 200 [ d
2 Fed ]
= [ 20
100 F 1
0 :I I T T T T T B | \7 0
0 200 400 600 800 1000

Cycle Number

Efficiency (%)

-2
L B = ~ @
o Qo 9 Q [N =]
[T = B - | [= 2 -]

w
=)
(=]

200

Specific Capacity (mAh g?)

100

0

- 120
: 1 10
{ ]
F 1 &0
4 0
r <1 40
E 15]
1 20
pl ——]
1:3 4
N T O T I Y O | 0
0 200 400 60O 800 1000

Cycle Number

700

600

500

400

Efficiency (%)

300

Specific Capacity (mAh g?)

Cycle Number

. 4 120

3 — ]

L 100

; ]

E 1 80

1 : 60

3 157 40
9 20

E ! 1:3

T S N R L L 1 0
0 200 400 600 800 1000

Figure 4.16Cycling stability and coulombic efficiendyom 0.0£2.00 V vs Li/Li* cycled at 1 A
g for PIC materials derived from (a) PC(b), PBg, and (c) PJ. All graphs showi:3and1:5
nominal compositions compareddaarbon control (eHs pyrolyzed at 800 ) (gray trace)

Efficiency (%)



74

Quantification ofPhosphorus Allotropes

An aim of this work was to discern relative contributions of red and white phosphorus
allotropes within RC materials, especially in thé®1:x-PBr; materials which is known to contain
both RP and WP evidenced by XRD, Raman spectroscopylRresNMR. To tabulate the total
relative allotropic contributions in each sample we rely on information ffEnssNMR to infer
how much WP is presenthe total integrated area from thedgnal was normalizetb the total
amount of phosphorus determined by EDXR4C-1:5-PCk, a model material believed to contain
solely R environmentsgee prior study®). The total RP content can then be determined by taking
the difference in total measured P content determined by EDX and the WP content determined by

31p ssNMRTable 4.5 shows tabulated WP and RP (wt%) content for all P/C materials.



Table 4.5. Weight distribution of phosphorus allotropes in P/C composite materials, as determined by a combitRativiRf

spectroscopy and EDX analysis (in at%)

Nomi n{ Nomi ng Actua P4 Red Lithi
P Prec|{Compos| Contfe| Conte| Conte Conte Conte
(1: x) (wt %) (wt %) (wt %) (wt % (wt %
pC| 1: 3 46 % 22 % 15% 7% 9%
1:5 34 % 15% 15% 0% 10%
P Byr 1:3 46 % 48 % 17% 31% 8%
1:5 34 % 14% 8 % 6 % 6%
P 1:3 46 % 9 % - 9% 3%
1:5 34 % 9 % - 9% 4%

dDetermined by the ratio of benzene tosRXthe original reaction

®Determined by EDX spectroscopy

°Determined by*P NMR spectroscopy

dDetermined by the difference between Ezxd NMRE P contents

®Determined by CV along the anodic (oxidation) branch betweeRDBV vs. Li/Li+ at 0.1 mV $

=74
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Figure4.17 visually shows total measured phosphorus, lithiable phospkatiis error,
and the relative quantities of red and white phosphoru’/C materialsThe samples with almost
exclusively WP (P/€l:x-PCk) show a strong correlation between the WP content and the
(reversible) lithiable P content; this indicates that, whether or not the P content is returned to the
WP phase after first delithiation, the stabilized WP in these P/C composites is highlyoalawdt
lithiation/delithiation cyclingMaterials containing WBontain8-17 at% R which islikely related

to a structural packing limit of WP in graphitiarbon (see AppendiA).

60
r PCls PBrs Pls
50
— 40 |
S
E | -
e 30 |
Q
g i M = RedP
Q ;WhiteP
a 20 - B - Lithiable P
10 . . Z
0 -_.

1:3 1:5 1:3 1:5 1:3 1:5
Nominal Composition

Figure4.17. Total measureghosphorusind relativequantities of red and white phosphorus
shown forP/C-1:3and PC-1:5 materials synthesized with PCPBr, or Pk as the precursor.
Total lithiable phosphorus (determined electrochemically betweer2005V vs Li/Li") is also
shown
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Formation of Phosphorus Allotropes

In order to explain the systematically varied phssgregated components of the novel P/C
composite materials, thermochemical calculations were performed to quantify the difference in
energy of decomposition of each precursor. The relevant decomposiéiqgies, normalized per
P or Catom generated by complete dissociation of the molecule, are shaahblend.6 The
precursors decrease in thermochemical stability from RCPk, as expectedmportantly, all
three PX% precursors explored herein exhibit a lower stability than benzene, thougis Ria#
most similar (8.2 compared to 9.1 eV atbfar PCk and GHs, respectively). Thus, in the reaction
mixture initially containing PGland benzene, thé Bl bonds likely break and begin to formia P
P bonded network at the same time as the benzene is undergoing pyrolysis to form graphitic
nanocrystals; rapidly formed WP become trapped anddisglersed within the growing graphitic
carbonscaffold. This is in contrast to the case for the less stable &&f Pt mixtures (6.9 and
5.6 eV atorrt, respectively) where thei R bonds break and begin to form &FPbonded network
significantly prior to benzene decomposition. In these systems, the originally formed WP likely
polymerizes to form large RP networks prior to the formation of the first giapanocrystals.
Hence, the RP becomes covered in graphitic carbon but the two phases remain well segregated;
some WP remains in the case of R8erived corposites owing to the shorter time spent above
the decomposition threshold. Finally, in the case of thed®ived composites, extreme phase
separation results in poor contact between the RP and the graphitic scaffold, allowing the RP phase
to be completely washed away during workup, thus explaining the relatively low total P content
and complete absence of WiHgure 4.18 shows aschematic of model materials for the three
different halide precursors and their resulting allotropes according to precursonpbesition

energies.
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Table4.6. Estimatedlecomposition energies of phosphorus and carbon precutsdeslations
carried out using/N15 functional and DetQZPP basis.

: op BCF Energy
P Precursor |Reaction @V) (eV/P)
PR 2PBRY 2P 2+ 3 30.8 15.4
PCk 2PCkY 2P A+ 3 16.3 8.2
PBr; 2PBrY 2P # 3 13.9 6.9
Pls 2PLY 2P+ 31 11.2 5.6
: op BCF Energy
C Precursor |Reaction @v) (eV/C)
CeHe CsHs Y &+ 3Hp 54.5 9.1
d Pcl; , GeHe b PBr, CeHs C Pl; CeHs
8.2ev/Pp 9.1eV/C 6.9 eV/P 9.1 eV/C 5.6 eV/P 9.1 eV/C

T
s
e

Figure4.18. Predicted material models based on chemical precdesmmposition energies for
(a) FC-1:x-PCk, (b) FC-1:x-PBr3, and (c) FC-1:x-Pls.

Conclusions and Future Work

Careful control of phosphorus allotropes (e.g., red or white) formed witRinmRterials is

demonstrated by altering the-halide precursor used in a direct and sirgip synthesisThe
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initial goal of altering the trhalide precursor was to optimize for the substitutional doping, an
extension of past work that methodologically investigated synthesis temperature and nominal
compositiont**We instead discover the formationwP and RRallotropesin which the type and
relative quantity of each allotropedepend on the trihalide precursor selecteMaterialsare
explored as lithiumon electrode materiala attempts tdeverage the high capacity of phosphorus
(e.g., theoretical capacity 2596 mAh! ,gexpected for pure phosphorus) and the structural
stabilization offered by the graphitic scaffold.

PBrs; derived materials were initially thought to be a strong candidate as a LIB anode
material owing to its composite like nature of red phosphorus and graphitic scaffolding whereby
red phosphorus would greatly enhance overall capacity and graphibon would act as a
scaffold mitigating volume expansion of phosphorus during (de)lithiatgmprisingly this
material did not exhibit enhanced capacity relative to pure graphitoion despite containing the
most phosphorusRather, PGtderived materials demgtrate enhanced capacity compared to
graphiticcarbon, and more so, remarkable stability at T'4og over 1000 cycleat~300 mAh g
1. The structural positioning and dispersion sfildlecules within FC-1:5-PCk lends to superior
electrochemical performance relative to oth&2 Pomposite material#\ question remains as to
whether R molecules maintain intact during (de)lithiatjiguggesting full reversible lithiation of
the B molecule itselfor undergoa structurapolymerization within the graptic sheetsFuture
work will focus on determining the stabilignd reversibilityof P42 domains after the first cycle.
Broad impacts are expectedstébilized R include storage of £as well as controlled release of

P4 for otherapplications.
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CHAPTERFIVE

SYNTHESIS AND CHARACTERIZATION OF ALUMINUMDOPED GRAPHITICCARBON

Introduction

Substitutional heteroatom doping anddmping of carbonrbased (and other group 1V)
solidsby elements such as boron, nitrogen, phosphorous, and sulfur has been extensively explored
to tune the structural and chemical/electrochemical properties for a variety of appli€&tibis.

179 Notable examples of this strategy are boron incorporation into graphite for nuclear shielding
applicationst® modification of the electronic structure of fullerenes and nanotubes bytyPé&p

and N (ntype) dopingt®*and nitrogen incorporation into templated carbon to enhaneei@éke

for direct air capture applicatiol¥$ 3%and methane absorptid#f.In generalthis body of research

is wideranging in its findings, and recently many lemgevailing trends in the results are coming
under higher scrutiny?> 8 Phosphorous incorporation is relatively common as a strategy to
enhance the electron donating character &hgpridized carbon surfacé* 187 on the other

hand, few experimental reports exist that describe the successful substitutional incorporation of
aluminum into a graphitic latticé! Hence, there is fundamental importance in this endeavor given
the complementarity of the electron withdrawing/donating properties of Al and P with respect to
carbon.

Aluminum and carbon are typically explored together as metal matrix composite (MMC)
materialst®? 1% or in other composite applications (e.g., aluminium nanoparticles on porous
carbon supportsP* 1% Graphite and aluminium metal face wettability issues when forming

composites; the binary phase, aluminum carbidgd@)is readily formed at high temperaturés.
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198 Few existing studies directly target substitutional doping. A representative such study, perhaps
the first to explicitly report substitutional incorporation of aluminum into &gpridized carbon
system, iocused solely on graphene and not a-Btading, bulk materidP* On the contrary,
numerous computational studies investigate aluminum doping in carbon materials (e.g!>CNTs,
200 graphite?9t 292and grapherfé€®2%%) and many predict applications towards hydrogen stafége,
205 gas sensing® 204 20208 gnd catalys®® 21°that would require frestanding, bulk AIG
materials. The aluminuroarbon binary phase diagram reported by Gokcen and?6dEigure
5.1) seems to remain the state of knowledge today as to the equilibrium aluminum solubility in
crystalline graphite. The precise solubility limit is unknown but is often reported as negligible
(which we assign as <0.01 at%). We hypothesized that further igateh via bottorrup
synthesis techniques could lead to a variety of ordered or disordered and stable or metastable bulk
graphitic materials with higher aluminum content than 0.01 at%, similar to those prepared for other
heteroatoms (e.g., bar?*? 23and phosphord¥).

In this work, we explore a variety of direct (bottarqp from molecular precursors)
synthesis approaches targeting high alumiunamtent graphitic carbon materials where aluminum
is exclusively substituted within the graphitic lattice. Under optimal cawditiand after
appropriatepost y nt hesi s processing, samples containir
and were subsequently characterized. These materials are generally highly disordered, but
evidence is presented that the aluminum is likely danrtrigonal planar environments within the

graphitic lattice.



82

4000

3600 |

Gas + Graphite

3200 |

Liquid + Gas
2800 |

2400 | Liquid + Graphite
[ Liquid

2000 |

Temperature (°C)

1600 LIQUId + A|4C3 A|4C3 + Graphite

AIC,
AlC,
AlC,,

1200
800 |

400

0 [ | | | | | | | E
00 01 02 03 04 05 06 07 08 09 10

C (at%)
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Primary Ains

Incorporation of aluminum into freganding bulk carbon materials is not well reported at this
time. This workaims tosubstitutionallyincorporatealuminum in turbostratic graphiticarbon.
Fundamental interest lay@thin understanding how-fype doping alters structural and chemical
properties of graphiticarbon.The samebottomup caepyrolysis method used for phosphorus
doping (chapter 4) is adopted in this work for a bestkidside comparison of-fype and rype
doping. We find it challenging tcachieve substitutional doping without the formationaof
undesired byproduct, mullitt.argeefforts of this workfocuson the prevention and elimination
of thealuminosilicatdoyproduct througlsystematic contralf synthetic parameters and post work
up procedure Resulting materials are characterized bya} absorption spectroscopfAS) to
identify the presence of AT bonding environment# is our hope that this work lends insight into

synthesis routeand conditionghat allow formetastable aluminurdopedgraphitic carbon.

Synthesis and Characterization of Aluminiboped Graphitic
Carbon

Materials Synthesis

Aluminum-doped graphitic materials, hereinafter referred to as,Al@re synthesized via
a direct synthesis route analogous to previous strategies employed foPBa@md phosphorus
134 In each case, a quartz ampulé ¢m length, 10 cm inner diameter) was charged with either a
mixture of benzene (anhydrous 99.8%, Sigma Aldrich) and aluminum trichloride 3(AICI
anhydrous, Acros Organics), a solution of trimethylaluminum in toluene (TMA/toluene, 2.0 M,
Sigma Aldrich), or neat trimethylaluminum (TMA, 97.0%, Sigma Aldrich) inside a glovebox

under inert ar gon 2c o0di50)pmesrta cases, he gmpule was
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pretreated by carbon passivation (neat benzene pyrolysis inside a-deckdel ampule) or the
precursors were wrapped in a molybdenum foil
sealing for the final reaction; such efforts were not found to be mareessful than direct
pyrolysis within a standard quartz ampule. The total amount of precursors sealed was determined
by setting the final pressure of the reaction at 20 bar, based on the inner volume of the ampule
(~12mL) and the assumption that pyrokysiould be stoichiometric and all products would be
diatomic gases (51 HCI, or Cb). A Swagelok ultrorr adaptor was placed over the open end of
the ampule; the capped ampule was removed from the glovebox and partially submerged in liquid
nitrogen to solidify the precursor solution. The ampule was connected to a Schlenk line, dvacuate
to 10° mbar, and then flame sealed under vacuum.

Sealed ampules were placed on an elevated platform at the center of a chamber furnace
(Carbolite CWF 12/13) and heated to a final set temperature betweebhl®800°C via a
programmable PID controller (Eurotherm 3216). The temperature set point was Helal &od
then cooled to below 100 °C at which point the furnace was opened and the sealed ampules were
removed. Sealed ampules were carefully opened using a diamond blade saw in a fume hood where
gaseous byproducts (e.g., HCI) could be safely releasedoliigproduct was collected and rinsed
with deionized water and acetone. All samples were air dried at 80 °C for 24 h before further
analysis. To dissolve aluminosilicate impurities, some samples were subjected to HF washing as

follows: 20% aqueous HF f@8 h followed by copious DI rinse and collection of material.

MaterialsCharacterization

Structural CharacterizationXRD measurements were performed using a Bruker D8

Advanced diffr acproankitetri wrsi(ha =Cul .K3J4 ) in r
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were prepared for XRD by ultrasonication in acetone for 5 minutes and then dried at 80 °C for 24
h. Raman spectroscopy was performed using a Horiba LabRAM HR Evolution spectrometer
equipped with a confocal microscope and a frequelozpled Nd:YAG laser (532 nm) with an

incident power of 10 mW.

Composition and MorphologysEM and EDX spectroscopy were measured using a

Physical Electronics PHI 710 microscope with a field emission source operated at 1 and 10 kV,
respectively. Samples were prepared for SEM and EDX by pressingtb#exsed material into

indium foil which was then secured to an aluminum mount.

X-Ray Absorption Spectroscopfluminum and carbon chemical environments were

analyzed by XAS, measured at the Spherical Grating Monochromator (SGM) beamline at the
Canadian Light Source (CLSANn XAS spectrum is generated by tunimgidentphoton energy
incident photons are absorbeddbdgctrons occupying the cesiell (K-edge fora 1s orbital)which
are then promoted to an unoccupied state abovedimi level. High energy electrons then fill
the corehole emitting a detectable-bay at discrete eneygThis is reflected in a spgam by an
Aedge fwkichtisuhe dransitiorio lowest unoccupied states and corresponds to unique
bonding environments and coordinatidf

As-synthesized flakes were mounted on carbon tape and measured undbrghltra
vacuum (16 mbar). Total fluorescence yield (TFY)asmeasured for each samjiig averagng
over four silicon drift detectors (SDDs). Several standard materials were mounted for comparison
to AICyx: aluminum foil (0.25 mm thick, 99.999%, Sigmddrich), aluminum carbide (ACs, 98%,
Goodfellow Corp.), mullite (3A03-2Si0, 98%, Alfa Aesar),montmorillonite (K10, Clay

Mineral Society, and aluminum phosphate (Al?®9.9%6, Sigma Aldricl).
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Results

Synthesis

Several synthetic approaches were explored in an effort to achievephrassamples of
aluminumsubstituted graphitic carbon. The temperature range of interest in this work, informed
by previous work in the direct synthesis of berdhand phosphorudoped-3*graphitic materials,
was 8001100 °C. Hence, while the graphitic ordering of such products was expected to be modest
(especially in the stacking direction), the range of heteroatom content was expected to be as high
as possible, the major target of thienk. Closedreactor synthesis in this temperature range
typically requires the use of quartz ampules when refractory metal ampules are not available (such
as in this laboratory). Hence, all experiments described herein involve the selection of precursors
followed by charging into a quartz ampule under inert argon atmosphere, and subsequent heating
to a set temperature between &0aMO0 °C.

At all temperatures explored in this work, an undesired byproduct, the aluminosilicate
mineral known as mullite (3AD3:2Si0%), was formed during synthesis. This byproduct is
attributable to a reaction between the quartz ampule and tbengdining precursor (e.g., AlCI
or TMA). This byproduct could be easily removed by dissolution in agueous HF. Bigsieows
mullite present in Algbefore HF and mullitdree AIC post EDX.

Numerous attempts were made to prevent the formation of mullite altogether, including
passivation of the quartz ampule with fssgthesis carbon deposition, the use of a molybdenum
packet to isolate the precursors from the quartz, and simply the expioo&titilute Aldoping

content to prevent leaching; nevertheless, none of these strategies were successful in preventing
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the formation of mullite e appendix). Therefore, the remainder of this study focuses on the

postHF treatment of either AlGlderived AIG or TMA-derived AlG.

‘v*“\,’v ,

Figure5.2 Needlelike crystals exist in prélF washed AlG materials. The morphology and

relative composition of retlke crystal match mullite and are in good agreement with
literaturg?1>216

>

Structure

The crystalline structure of directly synthesized ANas investigated by powder XRD, as
shown inFigure 53. All of the XRD patterns for the preand postHF washed Al materials
show a broad r ef | e26% doreespondiegriathe 082y reflaction th draphite.2 3
The broadness of this feature indicates the existence of small crystallites and significaamdgng
disorder in the stacking structure (turtratic ordering). Additional weltlefined peaks in the pre
HF treated samples are indicative of mulffttUnder otherwise identical conditions, the mullite
reflections increase in intensity with increasing Al:C ratio (decreasing x) and with increasing
temperature. Mullite formation is likely attributable to side reactions between the aluminum

precursor and th quartz ampule, sequestering a portion of the available aluminum from
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incorporation within the graphitic lattice. The mullite reflections completely disappear following

HF treatment, indicating that HF dissolution is a viable route to obtain miundgeAlC..

_J‘____.A A|C3

5 10 15 20 25 30 35 40 45 50
26 (degrees)

Figure 53. XRD patterns of pre(light trace) and posgtlF treated (dark trace) Alesterived
AICx (of nominal composition x = 3, 6, 10) compared to a crystalline mullite standard.

The inplane structure of asynthesized AIC was further investigated by Raman
spectroscopy (Figure 4). Spatial scanning across the surfaces of the zAl@lived AIG
materials revealed two distinct structural environments: roofered and mordisordered
graphitic carbon, independent of the nominal composition. In regions where thasAltre
ordered, the fullvidth at halfmaximum (FWHM) of the D and G peaks are narrow and the 2D
region is defined by four wellesolved peaks. In more disorderedioeg, the D and G peaks are

wider, the 2D region is a broad, modulated hump, and the I(D):I(G) ratio is > 1. These spectral
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features are quantitatively tabulated in Table 5.1. The more ordered regions may be a result of
carbon pyrolysis in the presence of aluminum as a catalyst. The interlayer spacing as determined
by XRD is narrower in all AI¢ materials (e.g., 3.48.50 A at 1100°C) than in pure carbon
materials derived under equivalent conditions (e.g.,-3.54 A for benzene derived carbon
synthesized at 800100°C) (Figure 55.). Lower aluminuncontent (e.g., Al&) correlates with
narrower interlayer spacing; hence, the least amount of aluminum in the initial reaction leads to
the strongestatalyticeffect, likely owing to the formation of mullite in higher Al content reaction

mixtures.
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Figure 54. Raman spectra of pelif- treated AlG4- and TMA-derived AlG materials under
irradiation at 532 nm, showing two distinct types of regions in each sample: higher and lower
ordered nanocrystalline graphite.



Table 5.1 Raman spectral features of A(cand TMA-derived AlG sam
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les positHiF wash

Material | Pos(D)| FWHM(D) | Pos(G)| FWHM(G) (D) I(G) [(D)/I(G)
(cm (cm 1 (cm (cm T
Ordered
AlC200 1333 22 1571 47 19562 | 16286 1.20
AlCa3s3 1342 25 1580 52 18952 | 15391 1.23
AlCs00 1334 38 1567 60 6934 7974 0.87
AlC1o 1339 27 1575 53 12582 | 13541 0.93
AlCs 1327 24 1563 47 10446 | 11416 0.92
AlC3 1337 32 1573 58 10935 | 12003 0.92
AIC3-TMA -- -- -- -- -- -- --
Disordered
AlC200 1344 52 1584 71 10075 | 7780 1.30
AlC333 1348 52 1590 73 9962 7284 1.37
AlCs00 1343 53 1585 79 12513 | 9237 1.35
AlC1o 1342 66 1579 86 13367 | 11619 1.16
AlCe 1345 58 1584 85 8390 6514 1.28
AlC3 1335 57 1575 74 6830 5474 1.25
AIC3 TMA | 1338 91 1584 84 3517 3180 1.11
3.58
L C-CeHe
356 | o
i AlC,
354 [ AlCao
= 352
S 350 | o
L [ J
3.48 | .
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Figure 55. d-spacing for AlG-AICIz and GCsHe materials
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Composition and Morphology

The elemental composition of directly synthesized @ptistreated) AlGwas investigated
herein by EDX spectroscopy (Figurép.Materials derived from AlGlwere determined to have
Al contents of 0.40.5 at% Al,generally increasing with the nominal compositierg( the initial
concentration of Al in the reaction mixtQrén the other hand, materials derived from TN&&l
almost negligible Al content. These results indicate that there is a larger dependence of the eventual
Al content on the identity of the precursor than on the nominal composition of the reaction.

Small traces of chlorine (<1.2 at%) are found to exist wigdstHF washedAICy; this
residualCl contentscales directly with nominalCl contentprovidedby theAICl s precursor. EDX
mapping confirms that Cl is n@referentially located within the Alch regions(Figure 57).
Rather, theCl is likely trapped between graphitic sheets an intercalant, or covalently bonded to
the graphitic networkWe frequently observe this via the direct synthesis of turbostratic graphitic
materials using halide corméng precursors (Appendi®).1** 13" No regions of sichiometric

composition consistent witlmullite are foundo exist withinpostHF washedAICx materials
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Figure 56. a) Aluminum, b) chlorine, cpxygen and d) siliconontent of posHF treated AlC4-
and TMA:- derived AIG materials as determined by EDX spectroscopy. A/C100°C) and
TMA (800 °C) derived materials are shown in magenta and bhspectively.
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Element

Figure 5.7EDX mapping of AIG-AlICIzss ynt hesi zed at 1100

Aluminum BondingEnvironments

The chemical environment afuminum within the highest Al content materials was further
investigated by XASThe XAS spectra at the Al4&dge ofbothpre- and postHF treated AlG-
derived AIG (of nominal composition x = 3, 6, and 10) are shown in FiguBeThe preHF
treated samples, included herein for control purposes (since they are known to contain
predominately mulliteaype Al), all exhibit aredge and two postdge features at 1567.4, 1568.7,
and 1572.7 eVrespectively, that are consistent with mullit¢” 2! After HF treatment, a
prominent edge feature at 1566.8 eV and-edsfe feature at 1571.7 eV (referred to as E* and E®
respectively arise inall AICx materialswith >0.2 at% actual Al content (Alg AlCs, and AIG).
A slight third feature is evident at 1569.0 eV in AlChese primary new environmenEt and
E”, are not consistent with tetrahedral (Td) Al@ octahedral (Oh) Al@environments found in

mullite, K10, and AIP@, nor are they consistent with Td Al€nvironments in AlCz. The novel
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environments are rather lower in energy, suggesting a lower aluminum coordination
environmens,?!® such as trigonal planar pyramidal In general both E* and E” increase in

intensity at higher synthesis temperatures (Figusie)5.

Figure 58. XAS spectra near the Aldédge of (a) preand(b) postHF treated AlCG4-derived

AICy (where x = 3, 6, and 10) AlGnaterials synthesized at 1100 °C (solid line) are comgared
800 °C (dashed lindx) XAS Al K-edge spectra of halidand TMA-derived AlG (where x = 3,
6, and 10) synthesized 800 °C (dark orange) and 1100 °C (light orange). Standards include
AIPO4, K10, mullite, ALCs and Al foil.

The TMA-derived AlG plays an important role in this study owing to the inherent presence
of Al-C bonds derived from TMA itself, some of which would likely remain intact in the  AlIC
product. Indeed, the XAS spectrum of the neat TFtibhived materials pyrolyzed at 800 does
in fact exhibit the same E* and E” features present in tkd3-derived AlG materials(Figure

5.8c), albeit in lower overall concentration of Amterestingly, the TMAderived samples also





















































































































































































































































































































