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Abstract

Multi-Layer Graphendlanoshell Si and Ge Composites and Sustainable Graphite from
Biomass for Liion Anodes

Smokeless pyrolysis of biomass to generatedid®is a nascent, albeit largely
currently uneconomical, sustainable Heigergy technology. Biochar is an amorphous
cabonrich waste product of pyrolysis oil production. Turning this carbon waste into
valuable carbon materials is desirable to makeobi@conomically competitive with
fossil fuels, enabling market driven reduction of globab@@issions. The synthesisdh
characterization of twesuch valueadded carbon materials, graphite and mwuéll
graphene nanoshells (MGNS), is presented in this thesis. Current graphite production is
highly deleterious to the environment, whether obtained by mining natural degrasyts
high-temperature heating of petroleum coke. In contrast, the novel photocatalytic
conversion of biochar to highurity, highly crystalline graphite is ecologically beneficial
because it can be powered by a fraction of thezersi emission electrityi produced
from its bicoil co-product and graphite is an indefinitely stable carbon sequestration
sink. Simple modification of the process results in MGNS which is also a net negative
carbon sequestration material. The graphite and MGNS produced bmetied are
shown to be excellent anode materials ferda batteries; the graphite is an inexpensive
Adrop i no repl acement for commerci al graph
alternative material for rapid charging and -subbient batteries, with excembally large

energy density when made into a composite with Si or Ge nanomaterials.
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Foreword

This dissertatiorpresents the physical and electrochemical characterization of
carboraceousintercalationand alloying metalloid materialsfor Li-ion battery anodes
synthetized by novel methad<Chapter 1 reviews Lbn battery technology and
terminologyalong with history and recent prograssdeto improve Ltion cells. The
need forsustainableenergy sources ipresentedand theuse ofwaste productgrom
bioenergy energy production to make -ion batteriesii g r e eis proposed An
overview ofhigh capacity Ltalloy anodes that can increase the capacity of then_cell
is also included. Chagter 2 presents general methodology used in this reseaitth,
greater detail provided isubsequent chapterghere necessary. Chapterdatails the
synthesis and characterization of mwall graphene nanoshellSIGNS) from cellulose
biochar and metadalt catalystsThe electrochemical performance is detailed including
that athigh-rate and lowtemperatureChapter 4demonstrates the use of MGNS as a
support material for higleapacity Si nanoparticles synthesizgda novel and scalable
solvothermal m#nod The electrochemical performance is compared to an analogous
SI/IMGNS composite prepared by mechanical millifithe synthesisof Ge/MGNS
composite anodes by alkalide reductian presented in chapter. 3hysical and
electrochemical characterizationimcluded.The synthesis and physical characterization
of high-purity graphitephotocatalytically produceétom lignocellulosebiocharand an
iron catalystis reported in chapter. €hapter 7containsideas for future work on these

projects including somgreliminary data
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Chapter 1: Introduction

1.1Electrochemical Energy Storage and Sustainability

Al t hough generally thoughenergysuppleed bya fAgr ee

batteries is onlasclean aghe energysource' The majority of energy generated today is
by fossil fuel consumption at power plants and gasoline combustion engines. These
systems have generatadarge amounvf CO; that has contributed to the warming of the
earthosamncd i mat di ficati on .> d Redutinyehe Euarent h 6 s
atmospheric C®levels to prendustrialization datesvas adopted as a worldwide goal
under the Paris climate agreem&m®imply reducing fossil fuel consumption will not
reverse the impa¢hat CO; has already had on our climate. Capturingg@@d storing it
will be necessary to offset and reduce current atmospherid410 ppm)> The largest
form of carboncapture is plant photosynthedisansforming CQ H2O, and solar energy
into biomass. However, as biomass is consumed through decay and fires, bacteria and
combustion eventually relsamost ofthis carbon back as atmospheric C@sulting in
a carbon cycle.

Biomass combustion can heilized to power steam turbiness a CQ-neutral
energy alternative tdossil fuel power plant$. Advanced biomass power plants are
coming online to burn thproduct of the smokeless pyrolysis of biomass under inert gas,
bio-oil.” A co-product ofsmokeless pyrolysis is a solidrfo of carbon known as bio
char® This carboaceous materiahas limited use and value; it is viewed as a waste
product of the process. Retaining doich a r as a lias beenpraposedasian k 0

methodof lowering atmospheric C&¥ However, ypically it is burned to provide low

OC



grade supplemental energy. Transforming this carbon into a valuable product for
electrochemical energy storage Li-ion batterieswould have a positiveffect on the
economic outlook of C&negativebio-oil energy prodction.

Presently, graphite is the primaryLi-ion anode storage materialin Li-ion
batteries, the battery of choice for portable electronics and electric vehiolesver
future technology will require inclusion of othleigh capacitymaterials, like Si or Ge, to
improve the energy density of -ion batteries? To date, no purd.i-alloy anode is
commercially availableSome graphite based anodes availablewith a small amount
of naneSi present, however, the costwholesalesilicon nanoparticles is much greater
than graphite ($2/Ah vs. $0.04/AK) Germanium, while more expensive thanitSias
better electrochemicalepformance andhay have a role in applications where cost is not
an issue.

The focus ofthe research presentedthis dissertation ishe synthess of stable
carbon materials from renewable sources, such as biopolyraeadysis of their
electrachemicalperformance anthe utilization oftheir structures as hosts to other high
capacity materials such as Si and Ge as composite electrodetvémced.i-ion battery

anodeswith much larger capacities than currently available

1.2 Li Batteries

1.2.1Primary Li Cell

Lithium metal oxidation (LA Li*+ €) provides96,485Coulombs (Cper mole

of Li (3.6 C is equal to 1 mAhThe atomic weightof Li is 6.94 g/mole, therefore the



gravimetric capacity ofi equates to 3862 mAh/g. With a bulk density of 0.534 §/imn
25 °C the volumetric capacity is 2062 mAhfmhe reduction potential of Li8.05 vs.
SHE) results in high electrochemical cell potential with many different cathode materials
such asSOCl,, (CFn. While SOChhas a higher operating potential than (QF. Li at
3.65 and 3.1 V, respectivelyj paired with(CF), results in a higher energy density of
2180 vs. 1470 Wh/k¢?
4Li + 2 SOCHA 4LICI+S + SQ
nLi + (CF), + nLiF +nC
These cell chemistries are currently practical only in prin@eNs useful for many

applications today.

1.2.2 Secondani cell (Li -ion)

The high energy density of lithiuntmetal makes ita highly desirableanode
material, however, its not used in rechargeable battere® tosafetyconcernsWhen
Li ions shuttle repeatedly to and from a Ilmetal anode tlie charge and discharge
procesy} Li atoms heterogeneously plate on the metal film. This leatthetiormation of
dendrites that an grow and eventually penetrate the polymer divider, short circuit the cell
and ignite the flammable solvents presarthe electrolyté? The risks associated with Li
metalforcedmanufacturers to use other matertals e r v e a s litfiumpusilizimgd f or
Li-ion rather than Limetal chemistryThe breakthragh that led to the development of
Li-ion batteries was theliscovery of practicalLi-ion intercalation material** This

greatly improved the safetyf lithium batteres and in 1991 Sony introduced the first



commercial Lrion battery. Since thethe Li-ion battery has become the fastest grayvi

secondary battery technology.

1.3Li-ion Cell

The modern Lion cell cathode Li storage material aslayeredithium transition
metal oxide (LiIMQ, M = Co, Ni, Mn) orlithium metal phosphate (LIMPAM= Fe,Mn,
Co)1° The electrodes arénmersed ina solvated Lion electrolyte and separated by an
electrically insulating,ion-permeable polymer memmane that prevens the cell from
shortcircuiting. During thechargingprocessLi-ions migrate from the cathodéhrough
the electrolyte, to the anode. During dischatige ion migration direction is reversed.
Thi s IS commonly known as t he Arocking

electrochemical reactismluring operatiorare®

CathOde L|MOZ D L| 1-xMOZ + XLi+ + Xe Eworking: 40 V
AnOde: CG + XLi+ + xe D L| xC6 Eworking: 002‘02 V
Ovel’alli L|MOZ D L| 1-xM02 + LixCG Eworking = ""37 V

where in this instance M can be Co, Ni, or Mn and C is graghite 1.1) The typical
discharge potential is 3.7 V when using LiGo@3. graphite, but will vary depending on
the anode and cathode materials used as well as the change in potential associated with

cell IR drop; Mischarge =V cathode Vanodel IR, While Veharge= Veathodel Vanodet IR.12



1.3.1Li-ion Cathode Materials

The el ectrochemiciat e ¢ o tisaentteedytifficdtfto a
procesdue tothe high reducing potentiatherefore Liionsare generally assembled in a
discharged state with a lithiatechthode.Viable cathode materials must reversibly
exchange.i with minimal structural chage to provide long cycle lifevith high energy
density. Thecathode should lie at a high potential relative to lithisonthat the cell
operats ata highvoltage LIiCoO, remains the mostommonlyused commercial cathode
material; the electrochemical energy is stored and generated around the redox of
Co*/Cc®. The gravimetric capacity of LiCoQs 280 mAh/g, however, only half of the
Li-ions can be extracted from the compound without structural degradfatiomever, it
is expensiveSubstituting Cowith Ni, Mn, andbr Al canreduce the cost. Researchers
have found that cation substitution cancrease the capacity, improve the safety, and
enhancecycle life by alleviating the structural degtation at potentials higher than
42 V. The most ppular compositions are LiNi.33Mn.331C00.3302,
LiNi 05Mn@©.3C00.202, ad LiNio.sCo0p.15Al 0.0s02. Cathode material research
continues byincorporatingless Co coatng cathodesurfaces with chemically inert
compoundsand improwng conductivity, althoughhese topics arbeyond the scope of

this dissertation.

1.3.2Li-ion Carbon Anodes

Carbonaceous materials have a long historys# inLi-ion batteries Soft and

hardcarbons were initially used before a graploibenpatibleelectrolytewasfound. Soft

il
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carbons are disordered carbons (generally petroleum pitch anyl tbekevhen heated

enter a mesophase where the carbon atoms can reamam@ more thermodynamically
stable state forming extended 2D planes of sarbon. Hard carbons are highly
disordered and do not enter a mesophase when heated. Their structure remains highly
crosslinked and cannot be graphitized. When heating meseptabon to temperatures
above 2000 eC t h edgraphiteeconsisting ofstacis o8 dlanes matie r

up of sixmembered C rings. The individual planes are held together by van der Waals
force intwo variations: hexagonal (ABAand rhombohedral ABC) (Fig 1.2) These
graphitic structures can @xist as canurbostraticdisorder, theeandom(non-graphitic)

stacking of layers.
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Figure 1.2 i The two most common graphite stacking
configurationsare (a) ABC stacking and (b) ABA stacking
(adapted from reference 12).



Graphite (natural or synthetic) is the most common commercial anode material of
choice due to its nderate energy density, long cycle life and low cost. Hard carbon and
soft carbon anodes also storeidms however neither have as high of volumetric capacity
(mAh/mL) as graphite due to their lower density, despite demonstrating higher
gravimetric capaty (mAh/g)1’ 18

Li-ions intercalatdbetween the layersf graphite 1 Li* for every 6 carbons and
arrangethe structure from ABA to AAA stacking ord&t Electrochemicalntercalation
of lithium into graphitein nonaqueous solventsccurs by a mechanismommonly
referred to agi s t a @ wlch itercalation does not occur in all layers simultaneously,
but rather only in a periodic layer arrangenf@nGraphite is classified by the stage
number (or indexn which is the number of graphite layers separating the two nearest
intercalated layers. The intercalation of lithium into graphite proceeds upon the formation
of the following stages: stage 4 (early stage), stage 34).i€tage 2 (Li&) and finally
stage 1 (LiG), this final stage having theoretical capacity of 372 mAHYThe stage
occurat welkdefined potentials cr eat i ng fpl at e awrsfie(Fign t he ct
1.39. When fluiltlhyi afi ed o, t he gr aplaigar ¢haniparé er | ay et
graphite

Li-ion storage capacitpf the anoddimits the overallenergy density ol.i-
batteres The theoreticalvolumetric capacityof graphite 812 mAh/ml) is lowerthan
that of LICoO» (1383mAh/mL). As a resultthicker anodes must be prepared to balance
a cell.It alsodoes not perform well in inexpensive lanelting-point solvents that would
be ideal for electric vehicles locateddalderregions of the worldAdditionally, the long

Li-ion diffusionpathway in commercial graphitesults in charge ratapability that is
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Figure 1.3 - The effect of Liion
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potentials of a Lion cell. The differential of the data is
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curve.
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much less thanhe rates at whicltathodematerials can belischargd. A typical full
charge takedg h while commercially availableathodesanbe reversiblydischargd in
1 h. To some extent this is caused by the large graphite cryfailsally used in
commercial batterie$10 - 15 um in diamete); smaller size graphite is available but
suffers fromincreased capacity fadBespite all thesessuesgraphiteremains the anode

of choice among manufacturers.

1.4 Conductive Additives

Conductive additives are used to lower cell impedance. Typically3%2otof carbon
black added toelectrodessignificantly enhance cell performancé? Other carbon
allotropes have beeshown to be effectiveconductive additives including carbon
nanotubes$? carbonfibers?* reduced grphene oxide?® and fullerene sodf but carbon

black is inexpensive and remains the most popular conductive additive.

1.5Electrolytes

The movement othe Liions betweenthe anode andhe cathode occurs in the
electrolyte.Salts such ad.iPFs, LiBF4, and LiAsFs are dissolved in organic solvent to
provide ionic conductivity.LiPFs is most commonly used and sduble in many
solvents®’ Li-ion batteryelectrolytesmust have high ionic conductivity, low electrical
conductivity,a large electrochemical stabyliwindow, low melting points, and the ability
to generate a stablsolid-electrolyte interphaseSEl on a graphite anodeseverely
limiting the choice of solverf® A lot of the initial research performed on-ibin batteries

was to find a suitable electrolyter the graphite anod€arbonate solvents and ethers

11
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have wide electrochemical windows and most are liquid at subzero temperatures.
Propylene carbonate (P@jas widely studied becauset Oliquid aver a temperature
range(-50.271 2 4 1 .)$° Urfo@tunately,it is unable to form a stable SEI on the surface
of graphite.Instead, PC cimtercalatesinto the gaphite structure and exfoliatdbe
layers causingelectrodefailure.®® Ethylene carbonat¢EC) was found to form a stable
SEI on graphitebutmelts at 39.8e C Dimethyl carbonate, DMC, added as@solvent
lowers the melting pointo -7.6 e &' Other cesolvents includaliethyl carbonat¢DEC)
and ethyl methyl carbonatdEMC).3> The cosolvents generally have lower dipole
moments than EC, and as a consequencegeduce theionic conductivity of the
electrolyte® There is no perfect solvent system foridm batteriesyesearchers continue
to experiment with solvents and additives to improve the performanceiaf biatteries.
Small volume additives are commdoy instance,a 10% addition of monofluorinated
ethylene carbonate (FE@) EC:DMC solvent systendramaticaly improvesthe cycle

life of materials that greatly expand upon alloying witH#4.i.

1.6 Solid Electrolyte Interphase

Graphite intercalation occurs below 0.2 V. L8Li *, preventing the use of protic
solvent basectlectrolytes,as they would be unstabl&he stability limit of carbonate
solvents used in Lion cellsis between 4.2 and 1.2 V .vthe reduction potential of
lithium (Li/Li ), which would seemingly rule out its use as welHowever, pon
chargingthe electrolyte undergoegsductionand forms a passivation film or interface
layeron the surface of graphijtslowing further electrolytdecompositionThe film has

properties of a solid electrolytevith high ionic and lowelectronicconductivity, andis

13



referred to as the solid electrolytgerface (SEIFig. 1.9.3” The elemental composition
of SEI includes Li, F, P, and @resentin various compoundand differs greatly from
one system to anoth& Typically, Hgh concentrations of LiF and 4@ and LiCOs exist
which are highly insoluble improtic solvents>® Most of the SEI in Liion batteries is
formed during the first cycles of the calowever, even once formegrotecton from
further reductionreactionsis less than perfect aee SElbecomes broken or disrupted
during the expansion/contraction of the charge/discharge.chaies, Liretrieved upon
discharge will always bkessthantheLi that was put in during charges SEI formsand
reforms The irreversible capacity loss from SEI formation is directly proportional to the
surface area of the anotfeThe ratio é the discharge and charge capacitseknown as
the Coulombic efficiency(CE); an ideal charge/discharge would have a 100% CE, a
figure that is never achieved in practicehe CE is a very important performance
measure becauséere is a finite amount dfi-ions put into a cell upon assemply
irreversible losses reduce cell capacithe cycling improvement by adding FEC to
EC:DMC isthought to bedueto the generation oh more flexible SEthat is able to
maintain its integrity better during the expamgcontraction of the electrodes, improving
the long term Coulombic efficienc

An obvioussolutionto solvent reductiorand lithium consumptiols to replace
graphite with an anode material that lies jalkbvel.2 V, however, few materialexist
that store Li ions with competitively large capacitasthis electrochemical potential.
One popular materiaLisTisO12, stores Li ionsat 1.5 Vandhasanexceptional cycle life,
is capable ofapid chargeanddischargeandhashigh first cycle @ulombic efficiency

However, ithasmuch lower energy density than graphgeverely limiting its use

14
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anode
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Li4TisO12can bepaired with LiFeP®@(~2 V cell) to form cells with exceptionally long
cycle lives because both materials lie within the stability window of the

electrolytes®

1.7 Li-alloys as Anode Materials

In 1971, Dey demonstrated that electrochemicallyalloys with metals and
semiconductors at room temperattiréithium alloys havemuchgreater gravimetric and
volumetric capacitiethanintercalated graphitéFig. 1.6.*2 However, theilargestorage
capacity has a significant drawbackpads lithiation alloying materials can expand up
300%. This causes electrode pealization, and delamination from the current collector.
This effect lowers the cycle life and causes a large increase in internal resistance.
Ultimately, celk generallyfail rapidly.

Nanoscale alloy materials have begmown to increase cycle lifbutat the cost
of higherfirst cycle irreversible capacity lossxdthe large volume of expansiacan still
harmSEI layerduring charge/discharge cyclessulting in poor Coulombic efficiency.
Researchers amirrently wrestling with these challengedriorease the storage capacity
of the Liion battery.

The generdy accepted strategy is tmld a small amourdf Li-ion alloy material
with significantly higher capactiy than graphite a carbaaceous matrix(usually
graphite) Among the materials listed in Figutes, Ge or Sicanmakethe largestimpact

on the cell capacity

16
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1.7.1Silicon as a Liion anode

Si i s one of t he mo st abundant mat er i

semiconductor industrgenerates a significant waste stream that is transformed into Si
salts making themavailable in high purity at reasonable cost. It is nontoxic and has the
highest gravimetric capacity of all alloying elements making it highly desirable as an
alternative aode material. The alloying of Si with Li can be written as:

XLi* + Si + x€ D LixSi, Egischarge~ 0.4 V
At x = 3.75 (theoretical stoichiometry of x = 4.4)which can be obtained
electrochemically, Si has gravimetric and volumetapacitiesof 3759 mAhg and
8335 mAh/cm, respectively® For comparison, the theoreticedpacitiesof graphiteare

372 mAh/g and 832 mAh/cin

1.7.2 Germanium as a {ibn anode

Germanium is another candida®an alternative anode material, despite is higher
cost and lower abundance than Skeis also nontoxic anids volumetric capacitys
nearly equato Si.Germanium is much easier to process thameSausdt does not react
with water and is less oxophilic.
xLi* + Ge + xeD LixGe, Hiischarge~ 0.45 V
Like Si, xof up to 3.75can be obtained electrochemicaljjelding capacities 01385

mAh/g and 7372 mAh/caf*

18
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1.8 Research Initiative

Although alternative anode materials are being investigdiedon battery
productiondepends on graphite suppty theforeseeabléuture The rapid growth of the
Li-ion battery market is being driven by the increasing popularity of elaaheles.

Tesla plans tgroduce500,000electric vehiclesper yearby 2018 however thatwill
requirea 25% increase iworldwide battery gradgraphiteproduction*® Graphite is a
nonrenewable material. Natural graphite is mined from reseavashighenvironmenrdl

cost*® Synthetic graphite is synthesized from petroleum byproducts at tenmesras

hi gh as ABoddtle sgues of carbon availabbemake graphitenone are as
inexpensive or widely available than biomass derived carbons. Millions of tons of
biomasswastearegenerated every year, much of which is used to generatei@tgdiy
combustion. Residual carbevasteis an inexpensive sourad precursorso new carbon
materials. This carbon cannot be graphitized by conventional heating methods, though
some degr ee o fcan Begachieyet bytuse ofaNi@k catalydt*’ However,

the material is not crystalline graphite but rather nested graphene shells vatthigh
surface area and hollomorphologytermedih ol | ow <c ar b olmspiradayn o sp her e
this processwe have explorel other morphologieshat can be prepare@nd their
electrochemical properties.

As higher capacity cathodes are discovered, the need for higher capacity anodes
becomes more apparenMany alternative anodes have been researched and
demonstratedyet graphite still remains as the most commercially viablemhianode.

The cost of gmahite and cycling performance atey factos to its commercial

dominance Introducing a small amount of na$i into a graphite anode isow

19



becoming more common in tHermulation of premiumLi-ion anodes howevey large
scalecommercial adoptiors cost inhibited A need for simple, scalable and cost efficient
synthesis of Liion battery grade Si is still dieable.

Germanium is a costly material but reasceptionaklectrochemical performance
It offers better cycle life than Si and higher charging rététswill likely never meetthe
cost requirements fomass adoption into kion cells, however, there are many niche
applications where cycle lifehigher charging ratesand higher capacityare more
important than costFor these reasons, an efficient awdlable synthesiwas explored

and presented in this thesis
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Chapter 2: Characterization and Preparation Techniques

2.1 Physical and Electrochemical Characterization Methods

Materials were characterized by powdésray diffraction (PXRD), Brunauer
EmmettTeller surface area and porosity determination by isothermahdsorption,
transmission electron microscopy (TEM, STEM), scanning electron microscopy (SEM),
energy dispersive Xay spectroscopy (EDX), thermogrenetric analysis (TGA),
galvanostatic electrochemical cycling, and electrical impedance spectroscopy (EIS). A
description of the laser synthesis setup and a general procedure for its use is provided;
more details are provided inh@pters 3- 6. Details onsynthetic procedures used to

synthesize Si and Ge are given in their respective chapters.

2.2 Powder Xray Diffraction (XRD)

A Shimadzu Miniflex+ with CtK Uradiation was used to obtain XRD patterns.
XRD was used to identify the phases of materials taryattice spacing, and to estimate
the crystallite size. An oriented quartz crystal was used as a sample holder to minimize
background.

Peaks obtained on the diffraction pattern were matched to the PDF2 database to
determine the crystalline phase or gfsapresent in a sample. In some instances no peaks
were observed indicating that only amorphous material was present.

The full width at half max (FWHM) of each peak on a diffraction pattern can be

used to estimate crystallite size with the Scherrer emuati
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B = 0.9 a/tlcosd

Where, t is the crystallite size, B is the fulidth at halfmaximum (FWHM) of the pda

i n radi ans-r ay wasvVetlreengXh and d is t he di

broadening must be determined beforehand to accurately estimate crystallite size. The
XRD pattern of large (many um) and highly crystalline Si particles was obtained and the

FWHM of the peaks were assumed to be solely from instrument line broadening.

B2 crystallite = B measured BZinstrument

2.3 BET Surface Area and Brosity

Surface area measurements were determined from nitrogen adsorption isotherms

obtained with aMicrometrics TriStar 3000. Samples were degassed by heating under

f

vacuum. For | ow surface area material s, deg:

high surface area materials, temperatures
sample measement ports of the TH$tar was equipped with an empty sample tube with
which the saturation vapor pressure)(Bf N> was measured concurrently with each
measurement of the equilibrium vapor pressure (P) over the sample. For BET surface
area measurementsotherm adsorption data was recorded from 0.05 to R For

porosity measurements, isotherm data was recorded up to saturation pressure.
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2.4 Electron microscopy

2.4.1 Scanning Electron Microscopy (SEM) and Energy Dispersivay>XSpectroscopy
(EDX)

A FEI Teneo VS with a fieleemission source was used to obtain SEM
micrographs. Samples were prepared by placing a small amount of powder onto an
aluminum stub coated with carbon tape. The tape acts as an adhesive and provides a
conductive pathwayot ground for electrons interacting with the sample, preventing a
build-up of charge. Accelerating voltages were typically 1 to 2 kV, however, when
elemental information (EDX) was required a higher voltage (20kV) was used to ensure
proper ionization of heav metal analytes. Two detectors were used, detecting
backscattered (T1) and secondary electrons (ETD). The majority of images collected with

the T1 detector.

2.4.2 Transmission Electron Microscopy (TEM and STEM) and EDX

A FEI Talos 200 kV with a fieleemission source was used to obtain TEM
micrographs. The microscope provided particle and crystallite size information, lattice
spacing, elemental analysis, and electron diffraction patterns. Samples were prepared by
disperéng a small amount of material into absolute ethanol assisted by sonic agitation. A
2 pL aliguot of the mixture was dispersed on a carbon coated 400 mesh copper grid and

allowed to dry for 24 h before inserting into the TEM.
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Data collected in TEM mode ihmed TEM imaging and electron diffraction.
Data collected in STEM mode included HAADF images and EDX HyperMaps using FEI

SuperX detector.

2.5 Thermogravimetric Analysis

Thermo gravimetric analysis was performed on a Pdtkimer PYRIS 1 TGA.
The samp# to be analyzed was placed in a platinum crucible, filling the sample pan to

about hal f its maxi mum vol ume, and then heat

2.6 Biomass Pellet Charring and Laser Irradiation

Biomass and metal catalyst were loaded mhardened steel cup (80 mL, Fritsch
GmbH) with six balls (hardened steel, 1 cm diameter, 10:1 ball to powder mass ratio) and
milled at 300 rpm for 30 min using a planetary mill (Pulverisette 6, Fritsch GmbH). The
resulting powder was pressed (10.89 arv@r 3851 benchtop laboratory press) to form
20 mm di ameter pellets. A 21/ 640 hol e was |
a drill press and they were heated undeighk (30 mL/min) from room temperature to
temperatures ranging from 375 to06(C at a 30 C/min ramp rate and held for a total
heating time of 30 min. The heating under inert atmosphere resulted in the evolution of
bio-oil and gas and transformed the biomass to biochar. After cooling, the pellets were
skewer ed on ainlessostea roc wihech was then fplaced vertically into a
stainless steel-way cross, feed through the top flange equipped with an-Dtre™

vacuum fitting (Swagelok) and secured to a stepper motor {33 MApplied Motion
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Products). The chamber was evated chamber to fotorr and then maintained at 0.5
torr with flowing He(Fig. 2.1). Each pellet was then irradiated through anikective
coated ZnSe window (Design Research Optics) by a 2 mm diametemi@vévelength
laser beam (Firestar t60yi8ad Inc., 95 % power) while rotating at a linear velocity of

1.63 mm/s (1.2 rev/min) for one full rotation.

2.7 Electrodes and Cell Preparation

Electrodes were formulated by mixing the active material with polymer binder
and a small amount of condiwe additive. The active material used depended on the
material to be studied. The conductive additive was carbon black (Super C45, Imerys
TIMCAL America Inc.) and the polymer binder was agddlyacrylate binder solution
prepared by dissolving poly(acrylacid) (1000 kDa, Polysciences) in deionized water
and neutralizing with LIOH (95%, Strem). Mixing was performed with a Fritsch
Pulverisette 23 MiniMill using a stainless steel cup (10 mL) and four stainless steel balls
(5 mm diameter) at 30 Hz for 15 mia form a slurry. The slurry was cast onto copper
foil (0.127 mm, 99.9%, Alfa Aesar) and dried under vacuum at 150 °C for 2 h. Typical
electrode masses ranged from 0.5 to 1.5 mg/&ound electrodes (16 mm diameter)
were cut from the resulting sheet usiaglie cutting press (MSK-07 Precision Disc

Cutter, MTI Inc.).

28



- Sample Rod
chum Gas Inlet

Reactor

» ZnSe window

To Vaccum

nrad
rn ar
l{)U CO, Laser

Stepping motor 1—7

Linear Transition Stage i -

Sample
< Setup

10,6 pm
&

Figure 2.1- Laser reaction table and chamber

29



Coin cells (CR2016, MT I Il nc.) containing
MT I l nc.) el ectrodes spepauatemdamlbfaaebb(:ybga

were assembled in an AandOH. |l ed dry box (<0.1

The electrolytesinunusend BEérbMA M1:L1I PF/v) m
grade, <Ol&oppentH, Sigma Aldrich) with 10% F

or 1 MnLiPPCGF (batter pwOgaoandteent<s, 15i gpman Al dr i c h)

2.8 Graphite Ashing Procedure

Porcelain crucibles and Ilids (23 mL, Fi sl
rinsed with deionized wat er redinadegiccaioetab at 1 2 (
cool to room temperature prior to performing any experiments. All weight measurements
were performed on an Ohaus Analytical Plus 250D (rated precision of 0.02 mg, and
linearity of 0.03 mg). Measurement precision was determittecbe 0.03 mg by
calculating the standard deviation of the mass of a 20 mg standard measured 10 times in a
room temperature, dry tared crucible, allowing for the balance to return to 0.00000 g
following each measurement. Mass reproducibility was determinduk tavithin the
measured precision by recording the mass of empty crucibles before and after heating at a
ramp rate of 10e/ min to 900 ecC, hol ding at

furnace and cooling to room temperature in a desiccator.
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2.9 Hectrochemical Analysis

Electrochemical cycling was performed using an Arbin Instruments BT2000
Battery Test System or a Maccor MIC Typically cells were left to rest for an hour then
discharged (L-loaded) at constant current from the initial opécuit voltage to a cutoff
potential of 10 or 20 mV Li/L'iand then charged (Linloaded) at the same current to 1.5
V vs. Li/Li*. The cells were rested for 15 min between discharge and charge cycles.
Current density are given in A/g and/or asdfes. AC-rate is the inverse of the time in h
that is required to charge or discharge a cell at a given current density. Thusteao€
C/2 indicates that a current sufficient to achieve a full charge (or discharge) in 2 h was
supplied, while 2C indicates arcent (or discharge) that would achieve a 30 min charge.

Electrical impedance spectroscopy was carried out with a Solartron 1260
frequency response analyzer equipped with a Solartron 1287 electrochemical interface.
Scans were performed at given potentetsl open circuit cell voltage using a 5 mV

perturbation voltage in the frequency range of 100 KHz to 0.1 Hz.
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Chapter 3: Multilayer Graphene Nanoshells from Biomass folLong-cycle life and
Low-Temperature Li-ion Anodes

This chapter is presented as a manuscript to be published in@eypegred
journal, the ceauthors are Jonathon Cox, Kevin R. McKenzie Jr., Dustin T. Abele, Keith

Gneshin, Kevin A. Hays, J. Thomas MciKon, and Michael J. Wagner.

3.1 Introduction

Most scenarios that meet the Paris Agreement goal of limiting global warming to
2 eC rely on sustainabl e bioenergy. Pyrol ys
appropriate for transportation and etaxty production but is more expensive than fossil
fuels. Reliance on carbon valuation for economic viability would be unnecessary if
market competitive solutions are found, however, this is extremely challehyithije
advances in bioil upgrading could improve its economic outlddkso too could adding
value to its ceproduct, biochar, 10 35 % of the yield by mass, currently used as solid
fuel or for soil amendmenRt Here we present a simple, inexpensive, environmentally
friendly photocataytic transformation of biochar into multilayer graphene nanoshells
(MGNS), a carbon negative material with excellent performance as the active material in
Li-ion battery anodes.

Todaydés mar ket for batteries to power el
lithium ion (Li-ion) technologies. ki on batteri Esngmphayra meoha
in which Li* is shuttled between intercalation materials that comprise the anode and
cathode. The use of intercalation materials, as anode active material rather than lithium

metal is necessitated by safety concerns but decreasggsettiGc capacity significantly,
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372 mAh/g for graphite which is used in the vast majority of commercial cells. However,

graphite has additional disadvantages including low rate capability and inability to
reversibly cycle in inexpensive low temperatukectolyte solvents including propylene

carbonate (PCY'? The inabilities of Liion cells to charge rapidly and perform at sub

zero temperature ar e sever e l i mitations fo
combustion engines have far greater driving ranges, can be refueled in a fraction of the

time (minutes vs durs) and perform well in northern climates. Here we show that

MGNS can be charged (loaded with Li) much faster than graphite and cycles stably at

temperaturesaslowa8 5 eC i n PC.

3.2 Experimental

3.2.1 MGNS Synthesis

Salts of NiCH6H0 (ReagentPlus, Sigma Aldrich) and CgfeH-O (99.9 %,
Al fa Aesar) wer e dehydr aundgeddynbmyic vacauawhieng at 1!
FeCb (Anhydrous 99.5 %, Alfa Aesar) was used as naaxbi Typically, a 4:1 mass ratio
of cellulose Avicel PH-105 NF,FMC BioPolyner) and netal chloride saltvere loaded
into a hardened steel cup (80 mL, Fritsch GmbH) with six balls (hardened steel, 1 cm
diameter, 10:1 ball to powder mass ratio) and milled at 300 rpm for 30 min using a
planetary mill (Pulverisette 6, Fsith GmbH). The resulting powder was pressed (10.89 t,
Carver 3851 benchtop | aboratory press) to f
was then drilled in the center of each pellet with a drill press and they were heated under

N2 gas (30 mL/min) frontoom temperature to 37% at a 10 C/min ramp rate and held

34



for a total heating time of 30 min. The heating under inert atmosphere resulted in the
evolution of bieoil and gas and transformed the remainder of the biomass pellet to
biochar. After coolingt he bi ochar pell ets were skewered
rod which was then placed vertically into a stainless steghylcross, feed through the

top flange equipped with an UltfBorr™ vacuum fitting (Swagelok) and secured to a
stepper motor§TM-23, Applied Motion Products). The chamber was evacuated chamber
to 10° torr and then maintained at 0.5 torr with flowing He. Each pellet was then
irradiated through an anteflective coated ZnSe window (Design Research Optics) by a
2 mm diameter 1@.nm wavelengthlaser beam (Firestar t60, Synrad Inc., 95 % power)
while rotating at a linear velocity of 1.63 mm/s (1.2 rev/min) for one full rotation.
Finally, the material exposed to the laser was removed by gentle abrasion and the
resulting powder was lightly grounidy hand in an agate mortar and pestle. The raw
product was purified by microwave digestion, heating from room temperature to 210 °C
in 10 min and held for an additional 30 min in H\N&blution (ACS Grade, 680%
HNOs) using a XP1500+ Teflon vessel and MARS5 DigestionMicrowave System
(CEM Corp.). After cooling to room temperature, the mixture was diluted with of
deionized water and the solid product collected by vacuum filtration (1 pm polyster, GVS
LifeSciences). The product was then washed with additideionized water until a
neutral pH was obtained, rinsed with 1 M NaOH (>97% Fisher Scientific) followed by
deionized water neutralization, rinsed with a 10 v/v% HCI solution followed by deionized
water neutralization and finally dried under vacuum. Tiess yield after drying was
32%, 29%, and 40% of the C present in the char using Ni, Fe and Co chloride,

respectively, as the catalyst.
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3.2.2 Electrode Preparation

Anode materials were formulated by combi
material ,r dddn myl aodk c(@aSuper C45,nTIoMC-AL% Amer i

pol yacryl at e bi nder solution prepared by d

Polysciences) in deionized water and ordeutr al
et hanol (20@Aapenjy, Mharmg was performed wi
23 Mini Mil |l using a stainless steel cup (10
for 15 min to form a slurry. The slurry was

Aesar) andvaauwmd atnde50 AC for 2 h. Round e
were cut from the resulting-T-86Rhe®reasshngn abic
Cutter, MT I Il nc. ) .

Coin cells (CR2016, MT I Il nc.) containing
el ect rpoadreast esle by a pol ypropyl ene por ous me
assembled in an Ar fainldOgHd dhy kRbdect«®@l Yt ep m:
Li PRifn EC: DMC (1:1 v/ v) mi xtuwbOecodbaenhery Sigg .
Al dri ch) with ,10%o0IFEZLY)( >by9d 9v¥weliunmep raonpdy | M e L

carbonate (PC, ba®ODteontgnadeSi gmaSApdmi Eh) .

3.2.3 Electrochemical Analysi s

Al el ectrochemical cycling was perfor med

rate cyclingymetdi ewht wa s4 . pMaldentloers sM®t her wi se s
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were cycled between open circuit voltage anc

at a C/ 4 rate. Cells were rested for 15 min

3.3 Results and Discussion

3.3.1 Bioclar

During the <chaeorirlisnganpdr ogcaess sar ebieovol ved fr

bi ochar as a hard black material. Numer ous ¢
al | of whi ch can be attributed to t he me 1
decomposing i nto amor phous pol ycyclic arom
previous | i®errdture reports.

3.3.2 Unpurified Product

PowderrayX di ffraction patterns show no ev

irradiation, instead the patter.8%5) of Cumeital |
and hexagonal Co is wevident, whil e Ni and
( Fi3g) . I n additi-tomet a PpEm&karads i2r6ee &2c-h sampl e

spacing expected for t he graphart epy2rdol y&0 3)
carbothermally reduced the metal chloride s

of amorphous carbon into a material with con
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Figure3.17 XRD patternsof postirradiated raw products
prepare from (a) NiCI2 (Ni labeled with triangles, JCPDS
#04-0850), (b) FeCl2 (Fe labeled with diamond, JCPDS
#06-0696), and (c) CoCl2 (FCC Co labeled with squares,
JCPDS #15806, and HCP Co labeled with crosses,
JCPDS #041278). Graphite 2H is labeled withrdies,
JCPDS #411487.
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El ement al maps (EDS) recor deg efveeral sampNlie s
nanoparticles rangiedddédomnl@ tar BOn Anmma termbx
hi gher magnification the Nincrapsaparnteidcli s ac ¢
shell of graphene | ayers. The spacing bet wee
consistent within the precidspaai rog e cnieeads
graphit.g3. (Hihg. | 2w oxygemdisdatnead timatt hteh eE DrSi

protected by the graphene shell from at mosph

EDS maps of samphssestrom CoCparticles ran
nm with an aver80ge nsiase wefl | 25306 +s/omeommal |l er
30 to 80 nm B4) di @mesenr dwalgysi s of encapsul
the graphene | ayer sh3bl)l. tThieclCmeds iad s F Sl
in the graphene shell as evi heendeodc aiy onh e f |

with O on EDS maps.

EDS maps of samples produced from Eesbbw Fe particles ranging from 100
250 nm and what appears to be numerous agglomerated multilayer graphene sheets 5 to
20 nm thick (Fig.3.6). Some Fe particles appear to be wrapped in graphene, but large
amount of surface oxide present on the metal evident in EDS maps indicate that they are
only partially encapsulated and many heavily oxidized, uncoated iron particles are

present as well (Bi 3.7).
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Figure 3.2i Raw product from NiGlHAADF image and
EDS HyperMap of (C), (Ni), and (O)
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Figure 3.3i TEM micrograph of Ni particle in raw product
encapsulated by multilayer graphene shell. Inset shows
graphene layer spacing &e bar is 2 nm)
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Figure 3.4i Raw product from CoGIHAADF image and
EDS HyperMap of (C), (Co), and (O).
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LN
Figure 3.5 TEM micrograph of Co particle in raw product

encapsulated by multilayer graphene shell. Inset shows
graphene layespacing (scale bar is 5 nm).
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Figure 3.6 T TEM micrograph ofFe particles in raw
product encapsulated by multilayer graphene shells.
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Figure3.717 Raw product from FeGIHAADF image and
EDS HyperMap of (C), (Fe), and (O)
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3. 2Pu3ified Product

PowderrayX di ffraction patterns ofimpurifie
Fi g8 ehave Dbroad peaks at ~26, 43, 44.5 and
(101) , and (004) pl anes, respecttheve$gherCrrers
equation using shape factocasiLgKfaaxfiLg0. (9 and
crystal |l iftreomsitzhees ( 00 2-ywi dartida-m&xd Anu ms e & Kk WHWI) |,
respectivel y.

For the purified sample prepared from NiGllenotedas MGNSNI, crystallite
sizes were 9.4 nm (Lc) and 23.4 nm (-La). The
theta which corresponds to sgacing of 3.42 A, significantly larger than expected for 3
D crystalline graphite, 3.354 A (Fi§.8a). TEM micographs show agglomerations of 30
to 50 nm diameter spheroidal shells (F3). HRTEM images reveal the multilayer
graphene structure of these shells with interlayer spacing of 3.4 A, in good agreement
with XRD results (Fig3.10).

The large ebkpacing indicates a high degree of turbostratic disorder or
equivalently a low degree of 3D graphitic order, which can be estimated to be 23% using
the formula'®

9=(3.44- dy,)/(344- 3.354)

Where g is the degree of graphitization apé i the average interlayer spacing.
Given the curvature of the shells, a high amount of turbostratic disorder is not surprising;
graphene | ayers are displaced in crystalline

closer spacing, which is not podsilior nanoshells because, assuming that the graphene
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Figure 3.8 XRD patterns of MGNS from (a) Nig€with
Ni impurities (triangle), (b) Fegl(c) CoCp.
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carboncarbon bond length remains the same, every shell must have a different number of
atoms, necessitating some degree of lattice mismatch.

The high oxidizing environment during purification extracted most of the Ni
leaving behind the muHayer graphene nanoshell. Particles have noticeable extrusions,
presumably where the metal was extiedc A small number of encapsulated Ni particles
were observed on the TEM grid and minor Ni impurities can also be observed in the
XRD pattern. The residual Ni was determined to be 1 % wt. by TGA, which equates to
one encapsulated nickel per ~110 empty W& in good agreement with TEM
observations, calculated by using 50 nm as the MGNS diameter, 10 nm as the graphene
wall thickness, and the bulk densities of Ni and graphite.

The (002) peak for MGNS made with Fe&lp p e ar s -tleta, yi2léing 2re 2
interlayer spacing of 3.39 A, with crystallite sizes of 16.1 nm (Lc) and 26.0 nm (La) (Fig.
3.8b). Unlike MGNSNi the majority of sample were agglomerates of multilayer
graphene sheets (Fig.11). Cavities in the agglomerates can be seen that are consistent
with the Fe particle occupation sites observed prior to removal with acid. Graphitic lattice
fringes are observable at high resolution, with interlayer spacings (3.38 A) that are
consistent with XRD data (Fig3.12). It appears that the graphene growthucec
perpendicular to the iron particle surface instead of the templated shells observed with Ni

and Co.
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Figure 3.9 TEM micrograph of a typical agglomerate of
MGNS-Ni showing spheroidal structure.
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Figure 3.10- HR-TEM micrographof MGNS-Ni showing
the layered graphene structure.
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Figure3.117 TEM micrograph of MGNS-e showing coe
existence of multilayer graphene sheets and shells.
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Figure 3.12° HR-TEM micrograph of MGNS-e showing
the layeredyraphene structure.
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Synthesis with CoGI(MGNS-Co) results in large hollow shell300 to 1 pum in
diameter (Fig.3.13). The shells, with the metal centers removed, appear to be able to
flatten or distort | ike pi lrdtherdhanacdignooys of t he
curve, with many of the walls having very little curvature. MGBI& appears much like
MGNS-Ni, however, an order of magnitude larger. The layers are highly ordered,
resembling a graphitic structure when observed at high magroficdig. 3.14) The
larger shell size allows the graphene shells to more closely nest; the interlayer spacing,
determined from the ( 0O0tBeta), X RIB Aprelieakinglow si t i on
turbostratic disorder (93% 3D graphitic order), much lothan found for either MGNS
Ni or MGNS-Fe (Fig.3.8). The crystallite sizes were determined to be 32 nm (Lc) and 31

nm (La) from XRD data, much larger than those of MGNI®Sr MGNS-Fe.

3.2.4 Surface Area and Porosity

The BET surface area was measured\lyadsorption and found to be 155, 70
and 60 n/g for MGNSNi, MGNS-Fe, ail MGNS-Co, respectively (Fig. 3.35The
surface area decreases as the average shell size of each material increases, as one might
expect. Hysteresis between, Mdsorption and desorption is notably present in the
isotherm curve for MGN®i indicating capillary condensation. A small degree of
hysteresis is observed in MGN=® indicating some shells are present, but the presence
of multi-layer graphene also contutes to the adsorption/desorption behavior. The
MGNS-Co has no notable hysteresis; its macroporous morphology (> 100 nm) is too

large for N adsorption/desorption to accurately quantify.
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Figure 3.13 TEM micrograph of MGNSCo agglomerate
after purifcation.
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Figure 3.14F HR-TEM micrograph of MGNSCo showing
the layered graphene structure.
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3.2.5 Raman spectroscopy

Raman spectra shol® (1340 cm') andG (1587 cm') bands due to $mnd sp
bonded carbon, r édang ascatshouldet on ,the & mahd. KGNS 6
displays the highest degree of gonding of the three materials with asil ratio of
1.53 (Fig.3.16). The relatively small size of the MGMN8 shells give them a much
higher curvature than the other MGNS, opbgsible in graphene sheets by additionl sp
character. Thepllg ratio of MGNSFe (0.49, Fig3.16) is much lower as expected, with
a significant fraction of the sample composed of multilayer graphene sheets, while
MGNS-Co has an intermediate/lc ratio (0.73, Fig 3.16) due to the large size (lower

curvature) of its nested shells.
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Figure 3.15 Nitrogen isotherm data for purified graphitic
carbons from CoGl(red crosses), FefClblack squares),
NiClz (blue circles).
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Figure 3.16 Raman spetra of MGNS from (a) NiC}, (b)
FeCbk and (c) CoGl Data (blue dots), peak fits (solid
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3.2.6 Electrochemical

The onsteitalofl olandii ng (-Ni t hrcaethihdh)ocafur MBNS
1.0 V VsithihaLigradual decrease in electroc
potenti al 081720 nmA\V d(iRifge.renti al pl ot of t he
l oading pehksamd 485mV and unloading peaks 1

to the staging potenti@ll7s ionfsegtr)a.phi te interc

After electrochemically loading an equivalent MGINGcell with Li, the cell was
disassembled and examined by TEM. Thaded MGN&Ni showsan average layer
spacing of 3.5, much larger than unloaded MGMNS8 at 3.4 A. The layer spacing is
consistent with stage (LiC12) formation, while any stagé loading could have been-de
intercalateddueto the necessity of brief expore of the electrode to air or the instability
in the electron beam of the TEM (Fig.18)° It is clear from the TEM images and the
differential capacity curves that MGNSores Li ion by intercalation between its

graphene layers.

The reversible capacity was found to be 212 mAh/g with a first cycle Coulombic
efficiency (CE) of 28.9%. The high irreversible capacity can be explained the formation

of SEI to passivate the largarface area of the MGNSi.

The initial charge transfer to MGNSe occurred around 1.2 V, which is
characteristic of carbonate solvent reduction to form the SEI 84§). The potential
progressively decreased until forming a plateau between 20@nmd\the 20 mV cutoff

voltage. The differential capacity plot of the galvanostatic loading shows peaks at 180,
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Figure 3.17- Galvanostatic first cycle MGNSIi capacity
and differential capacity (inset) plots.
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Figure 3.187 TEM micrograph ofMGNS-Ni removed
from a cell that was loaded to 0.02 V with (inset)-AIRM
of the lattice.
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120, 90 and 60 mV. Two distinct charge transfer peaks at 100 mV and 120 mV and two
smaller peaks at 180 mV and 240 mV are evident during unloading. The reversible
capacity was found to be 250 mAh/g with a first cycle CE of 46.3%.

The onset of MGNCo T cycle loading occurs at ~ 1 V and gradually decreases
during the SEI formation process. Li intercalation peaks in the differential capacity plot
can be observed 480, 120, 95 and 60 mV and-tigercalated at 105, 150, 180 and 240
mV (Fig. 3.20). Reversible capacity was found to be 287 mAh/g witi aytle CE of
66.7%.

The increase in reversible capacity with the change of the metal catalyst from Ni
to Fe and © could in part be due to the change in layer spacing observed, or
equivalently, the decrease in turbostratic disorder. Reversible capacity of graphitic
materials is strongly influenced by the crystallinity, decreasing as the degree of
turbostratic disorer increases. An identical trend is seen in the MGNS materials.

It is interesting to note that the initial CE of the MGNS materials improves as the
surface area declines, but not in a proportional fashion. Decreasing the surface area from
155 nf/g (MGNSNi) to 70 nf/lg (MGNSFe) increases the CE from 28.9 to 46.3%,
decreasing the irreversible capacity from 521 to 290 mAh/g. A much smaller further
decrease to 60 #fy (MGNS-Co) results in a proportionally much larger increase in CE,
from 46.3 to 66.7%, anddecrease in irreversible capacity from 290 to 143 mAh/g. One
possible explanation is that the interior of the MGGBI& might be more effectively
blocked from electrolyte access. It has been proposed that the removal of the metal

catalyst from the interioof the graphene shells occurs though a hole in the shediseTh
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holes are likely to be blocked by SEI formation, limiting access to the interior. MGNS
are by far the larger of the materials, and thus may have a much larger shell area to hole
area ratio, and thus a much smaftaction of their interior space could be accessible to
the electrolyte for SEI formation.

No capacity fade was observed in any MGNS during 100 cycles. The reversible
capacity of MGNSFe and MGNSCo the capacity increased to 260 and 305 mAh/g after
10 cydes, respectively, while MGNSIi remained stable at 206 mAh/g for 100 cycles

(Fig. 3.21).

3.2.7Electrochemical Cycling in Propylene Carbonate

Cells of each MGNS material were assembled and tested in fresh PC with 1 M
LiPFe supporting electrolyte Galvanostatic load curves of MGNZ electrodes
displayed a plateau at 800 mV, PC decomposition and active material destruction in
graphite (Fig3.22)1? The reversible capacity was found to ber@Bh/g, far less than
obtained in in EC:DMC (260 mAh/g). The low reversible capacity in PC is consistent
with TEM observations that the material is primarily composed of multilayer graphene
sheets with only a small fraction of closed shells, the formethafhwwould be expected
to exfoliate, like graphite, in PC. It is tempting to estimate the fraction of closed shells to
be ~10% from the ratio of the reversible capacities observed in PC and EC:DMC,
however, the fraction of closed shells may be signiflgahtgher as some may be
electrically isolated by the physical disruption of the electrode caused by exfoliation.

A plateau at 800 mV was also observed during theodd of MGNSNi in PC,

however, it was followed by another plateau ~770 mV and ealyneached the cut off
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potential (Fig. 3.23). Intercalation and diatercalation peaks can be seen in the
differential capacity, however theyeamuch less well defined that those that occur in
EC:DMC. The reversible capacity was found to be 150 mAh/g which is much larger than
the MGNSFe sample, but significantly lower than 200 mAh/g obtained in the ethylene
carbonate based solvent. The nesteplgene shells of MGNSI should be difficult to
exfoliate. However, while multilayer graphene sheets such as those of ME&M&re

not observed in TEM, some portion of the material may have been incomplete shells that
would allow exfoliation, thus decreagi the reversible capacity in PC.

In contrast to the other materials, only a small plateau occurs at 770 mV during
the F'load of MGNSCo. Sharp insertion and removal peaks indicative of lithium staging
are readily observed in the galvanostatic differential (Big4). The initial reversible
capacity was 292 mAh/g, slightly, but not significantly, larger than obtainedein th
EC:DMC. A slight decrease in capacity was observed over the first few cycles (288
mAh/g after 20 cycles), however the cell remained exceptionally stable for 510 cycles,
having lost only 2.6 % of its initial capacity when it was removed for low temperatur
testing (Fig.3.25).

Constant current (C/5) cycling at lewe mper at ur es was perforn
loading and subsequent unloading@t eIC5 {6, eC35ame@€ for a tota
cycles (Fig.3.26). The RT galvanostatic loading plots are essentidéiytical, as one
might expect since they were all performed at RT, and cell cyclinRate C was very
similar to that at RT, but with a modest 15 to 20 mV increase in unload potential (Fig.

3.24 and3.26). The unload potential progressively increasedndsad temperature was

decreased (Fig.26 and3.27). It should be noted @hthe load potential increased
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Figure 3.24i Galvanostatic load and unload of MGN®
cycled in PC for (black/solid) first cycle and (red/dash)
second cycle with (inset) their respective differential
capacity plots.
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loading at 25 °C.
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exponentially, as would be expected given the functional form of the solvent viscosity
temperature dependence (FBR8)1’ However, the cell was able to obtain 95% of the
RT reversible capacity aB 5 e C, ' imiting the overall decr
than ~15 %.
A constant current followed by constant voltage (CC/CV) cycling regime was
used to test Linsertion capabilities at low temperature. This eliminates premature load
cutoff caused by overpotential and better exemplifies real worldrLbattery charging.
A CC load (C/5) was performed with a 0.02 V cutoff and then a CV (0.02V) was applied
until 12% of thke original current was obtained. The subsequent CC (C/5) unload was
performed at the same temperature as loading. The total insertion times, in the absence on
external heating, aB35,-25,-15,and-5 e C were 12. 8, 9. 3, 6. 4, a
whichar e acceptable for Afovernighto charging
percent of the total loading time spent at CC for each temperature was 5.9, 18.8, 62.5, and
85.5 %, respectively. A5 e C, the cell obtained t,he same
while at-15,-25,and35 eC it obtained 98, 93329and 66 %
After testing at lowtemperatures, the cell was returned to the cycling regime at
RT. No capacity fade was observed after the LT tests and the cell continmaghtain

its stability with a total capacity lost of 3.8% over 900 cycles.

3.2.8High Rate Loading/Unloading

Commercial graphite is incapable of rapid loading due to long soliddtatsion
distances, typically 5 15 microns, required for complete-ion intercalation. The total

intercalation distance of MGNRI is less than 100 nm, the outer circumference of the
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temperatures. Solid line is fit to an exponential function.
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shells, three orders of magnitude shorter than graphite potentially allowing much more
rapid Li-ion loading and unloading. Cells of SHAG (commercial synthetic graphite) and
MGNS-Ni were prepared and cycled using a constant current regime, with idéogidal

and unload rates, at progressively higher rates.-8Gells were unable to intercalate
meaningful capacities of lithium beyond a 2 C rate (Big0). In comparison, MGN8Ii

is able to load more than 55 % of its full (C/4) capacity at 20 C rate; &veates as high

as 136 C it was still able to load 15% of its capacity. At a 100 C rate, MBNEN load

and unload 47 mAh/g in < 8 s, a power density of ~ 60 kW/kg (3.7 V cell, materials
basis), similar to electrochemical capacitors but with muchehnighergy density. These
charging rates demonstrate that MGNBcan withstand the current densities required

for high performance Lion capacitors and hybrid battery/capacitors, batcaps.

3.3 Conclusion

In summary, multwall graphene nanoshells wepgepared from cellulose, a
sustainable biopolymer. Different sizes/morphologies were obtained by simply changing
the metal catalyst salt in the synthesis. The MGNS were shown to reversibly cycle Li
ions by an intercalation mechanism similar to graphitee fleversible capacity of each
MGNS prepared from different metal salts correlates well to its degredographitic
order. The unique spherical structure limits the amount of exfoliation that can occur when
cycling in propylene carbonate. This enablegling in a PC only solvent based
electrolyte, with stable cycling and high capacities at temperatures as l@bas ¢ C. At
this very low temperature, 95 % of the RT reversible capacity is retained, with only a

modest charge potential increase due toritbeease in viscosity of the solvent. Finally,
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MGNS is a carbon negative material produced from inexpensive biomass that obtains
long-cycle life in low cost electrolyte solvents, potentially reducing the cost -adrLi

cells.
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Chapter 4: A High-yield, RoomTemperature Solution Synthesis of Ge
Nanoparticles by Alkalide Reduction br High Performance Li-ion Anodes

This chapter is presented as a manuscript to be submitted to -eeyiegred

journal, the ceauthors are Kevin A. Hays and Michael J. Wagner.

4 1 Introduction

Li-ion batteries have become ubiquitous for powering portaldetronics and
more recently, electric vehicles. However, the low capacity of the graphite anode (372
mAh/g and 818 mAh/cA) is limits the capabilities of commercial-ldn cells. Much
research has been devoted the development of Si anodes becausavehéye highest
theoretical gravimetric and volumetric capacities (3579 mAh/g and 8000 mAh/mL) of
any Li alloying material. In contrast, much less effort has been expended investigating
Ge as an anode material despite its nearly equal volumetric caf@8H mAh/ml), an
extremely important performance metric due to size constraints in practical cells, and its
very high gravimetric capacity (1385 mAh/g). This relative neglect may in part be due to
the high cost of Ge compared to Si, however, potentiedlggating it to niche
applications that are less cost sensitive. Ge has a number of advantages oveiid@i as Li
battery anode materials including®if¥eater electrical conductivity, 4x4@reater Liion
diffusivity, and isotropic Li alloying/dealloyingexpansion/contraction, properties that
promise better cycling stability and faster charging ratéa/hile bulk Ge does not cycle
well, it performance can be significantly improved by reducing its physical dimension to
the nanecale®® Anchoring Ge onto porous carbon supports has been reported to

minimize the impact that alloying expansiohas on electrode integrity and
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performancé:’® However, the synthesis methods to date generally result in poor product
yield of pure Ge (when reportetij;® 141° a critically important parameter for Ge anode
adoption, and many rely on inert atmosphere reduction of,@eQelt 2 14 20while

GeQ is slightly less expensive than some Ge halides (per g of Ge), this methods can
significantly impede reaction scalability, increasing costs, @oduces global warming

gases as byproducts. Here we report the synthesis of very small & rim) Ge
nanoparticl espdtyo scall wathil en AoLyret hesi s at roor
than 90% vyield, free of surfactants or templates, with highduymo yield directly
deposited on high surface area conductive carbon supports and exceltantcicling
performance. In addition, it is shown that sustainable biomass can be used as a net
negative carbon source for the conductive support and solvahtsttear reagents can be
recovered and rased to greatly reduce the environmental impact and offset the costs of
Li-ion battery materials. Specifically, herein is the detailed electrochemical
characterization of Ge nanoparticles synthesized by alkalidetied of Ge halides on
cellulose derived graphitic carbon material (multilayer graphene nanoshells, MGNS) by

the following scheme:

2 K*(15-crown5):Na + GeXs + MGNSA Ge/MGNS +2 K*(15-crown5),X"+ 2 NaX

X =Cl, Br, |

followed by purified by a simple/ater wash.

Li-ion anodes prepared with the Ge/MGNS composite demonstrate exceptionally
good cycle life maintaining 85% of the original capacity after 600 cycles. The charge rate

capability of the composite is also excellent, exceeding the theoreticatityaf
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graphite even at 4C charging rate. To our knowledge this is the fist time a room
temperature solution synthesisf Ge nanoparticles has been reported with such

outstanding performance as aitn battery anode.

4.2 Experimental

MGNS were synthesizeds previously reported. Ge/MGNS (50 wt. %Ge)
composite was prepared by alkalide reduction of a germanium halide in the presence of
MGNS. Gel was used because it is a solid at room temperature and thus more
convenient for laboratory handling. Reactions were carried out indayNoox with less
than 1 ppm HO and Q content. All materials were used without further purification
unless otherwisaoted. Alkalide soltion was prepared by mixing 70.0gnil.13 mmol)

NaK aloy with 466 mg (2.12 mmol}5-crown5 crown ether (98% Acros Organic) in 30

mL of Tetrahydrofuran (99.9+ %HPLC grade, inhibitor free, Fisher Scientific,
previously stirred over N& alloy at ambient temperature until a persistent blue color
appeared and then vacuum distilled). The solution turned dark blue immediately and was
vigorously stirred for 30 min to ensure completion of the complexation to form the
alkalide, K'(15-crown5);Na. A 30 mL solution containing 0.279(§.48 mmol)of Gek
(99.99% anhydrous, Sigma Aldrich) and 0.035 g of MGNS was prepared by ultrasonic
agitation for 5 min. The alkalide solution was filtered through glass wool to remove
excess NaK then poured intbet stirring Ge//MGNS suspension where a dark brown
precipitate immediately formed. After stirring for 5 additional min the products were
transferred to a vacuum tight vessel and the THF was removed by vacuum distillation.

The salt byproducts were removeth a nitrogerfilled dry-bag by washing with
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deoxygenated water followed by centrifugation then dried overnight under vacuum. The

product yield by mass recovered was 97%.

4.2.1 Electrochemical Studies

Electrodes were prepared by mixing 160 mg of the Ge/HG)&er with 20 mg of
Super C45 carbon black, 400 microliters of 5%phbly(acrylic acid) aqueous solution
and 40 microliters of ethanol (200 proof) in a Fritsch Pulverisette 23 for 15 min. The
slurry was cast onto a copper sheet and dried under dynamiamaat 150 C for two
hours. Electrodes were punched out as 2 discs and assembled as a 2016 coin cells
with polypropylene separator (Celgard 3401) and Li metal as the counter electrode. The
areal mass of the electrode was 1.38 mg/c@ells were testedith 1M LiPFs (Sigma
Aldrich) in both 1:1 w/w monofluorinated ethylene carbonate (Solvay) and diethyl
carbonate (Ferrocorp) and 1:1 w/w ethylene carbonate and dimethyl carbonate with
(Sigma Aldrich, battery grade). The cells were loaded and unloadedstticbcurrent,
C/5, from 0.02 to 1.5 V vs. Li. For rate performance testing, the cell was first cycled 10
times at C/4, then 3 times at C/2 1C, 2C, and 4C. The areal mass of the electrode for rate

performance testing was 1.1 mgfcm

4 .3Results and discussio

The dried product was a free flowing black powder. The reaction is stoichiometric
due to the powerful alkalide reducing agent, however, a small amount of the products are

lost while washing resulting in a slightly less than 100% yield. It is importardtethat
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15-crown5 and tetrahydrofuran ethers are not consumed in the reaction process and can

be reused after distillation. PowderrXy diffraction patterns for Ge and Ge/MGNS

composite were collected in a dry box undervthout ever exposing the satago air

(Fig. 4.1). The MGNS have ~50 nm graphene walls with a dillmorphology, 400 to

500 nm in diameter (Figd.1l). The hollow core is the result of the synthesis of the

multilayer graphene around a nanoparticulate metal catalyst which is rerdoriad

subsequent purification. The XRD pattern of MGNS shows peaks at 25.6, 43.4, 44.5, and

5 4 . SBheta that closely match graphite (002), (100), (101), and (004) reflections,
respectively (Figd.2a) . Two br oad peaks,-thaginditaivedf degr ee
an amorphous material or extremely small nanocrystallites, are present in the XRD

pattern ofGe synthesized in the absence of MGNS. The Ge sample was sealed in a
borosilicate tube equipped with two valves and annealed under flowinga® (00

mL/ min) at 400 eC for 30 min. The XRD patter
27 . 2, 4 5 . 3-thetaa matching 8ubi@ €e (211), (220), and (311) reflections,
respectively, with no other observable phases, demonstrating that the Ge Iszonjitée

or no oxide content prior to anneali(igg 4.3).

Assembly of commercial Lion batteries is preformed in a dnyom, thereby
exposing the materials to oxygen. The Ge/MGNS composite was exposed to ambient
atmosphere for 10 min and then testethwiGA in air to measure the degree of Ge
oxidation that takes place upon air exposure. A sample was loaded into the TGA pan and
heated at 20 °C/min to 800 °C and then held at that temperature under flowing air (20
mL/min) (Fig. 44). The onset of Ge oxilai on occurred at ~ 370 e

remarkably stable surface passivation. The mass of the sample increased by 12% due to
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Figure 4.1 TEM micrograph of MGNS
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the oxidation of Ge as the temperature approached 600 °C, after which the mass
decreases with the oxidation of MGNS to £®he final relative mass after oxidation
was 68.7 %, shown by XRD to be present as 3&@. 4.5), and thus the amount of Ge
in the composite was 47.7%. Examination of the thermogram makes it clear that Ge and
MGNS oxidation overlap, however, even if all of the elemental Ge was oxidized at prior
to the onset of MGNS oxidation and its consequent mass loss (masking the mass gain due
to Ge oxidation), the oxide content prior to heating is less than 8.5% of théh@s, the
relative mass fraction of Ge and MGNS in the Ge/MGNS composite was 47.7% Ge and
49.77 52.3 % MGNS, in good agreement with the synthesis stoichiometry.

TEM images of the &MGNS composite revedVIGNS, 4007 600 nm in
diameter, and agglomeratef small Ge particles (Fi¢.6). Elemental maps reveals that
the MGNS are evenly coated with Ge nanopatrticles, and very little O is presedt Tlig.
Higher magnification of the composite shows that the Ge agglomerates are composed of
2 - 5 nm nanopdicles in close contact with MGNS (Fig.8). The MGNS lattice fringes
were easily observed at this magnification; however, no observable lattice spacings are

present on the Ge, indicating that it is amorphous in agreement with the XRD data.

4.3.1 Electrochental

Electrochemical cells of Ge and MGNS were prepared so that the materials could
be cycled separately to differentiate the electrochemical performance of Ge from that of
MGNS, which is also electrochemically active. The first cycle galvanostatic load

(lithiation) of MGNS is shown in Figuré.9a. The charge transfer potential gradually
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Figure 4.6/ TEM micrographof Ge/MGNS composite
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Figure 4.77 HAADF image of Ge/MGNS and EDS
HyperMap of (Ge), (C), and (O)
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Figure 4.8 R-T micrograph of MGS
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Figure 4.9 - First cycle galvanostatic (a) load and unload
profiles for MGNS and (b) a differential capacity plot of
the data.
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decreased from the open circuit voltage to a plateau from ~ 0.2 V to 0.02 V. The
differential capacity plot has charge transfer with petaled are very similar to those
associated with Lion staging in graphitic materials (Fig. 4.9b). The unload capacity of
this MGNS cell was 270 mAh/g, while the load capacity was 560 mAh/g for an initial
Coulombic efficiency (CE) of 48.5 %. The majority tbfe irreversible charge transfer
occurred above 0.2 V; this is commonly associated with SEI formation due to carbonate
solvent instability at potentials close to Li/Li

The Ge/MGNS cell displayed a similar gradual potential decrease on the first
cycle lbad but with two additional broad charge transfer plateaus between 0.6 V and 0.02
V due to the lithiation of Ge and 40 formation from the Ge surface oxide (Fid.0a).
The differential capacity plot (Figt.10b) in the low potential region is essentially
identical to that of MGNS in cells prepared without Ge, showing that it is associated with
Li-ion intercalation into MGNS. MGNS andxGe delithiation occurs from 0.1 to 0.3 V
and 0.3 V to 0.6 V, respectively. In addition, there are broad features différential
capacity plot above 0.6 V that is the result of the some of #i@ tgacting with Ge to
reform GeQ?® The lower potential portiorfeaturesa peakthat broadenediuring
subsequent cycles, becoming undetectable in the differential capacity after 10 cycles
(Fig. 4.11). However, the capacity at potentials lower (0.6 V) and higher (1.0 V) than this
feature are invariant over 100 cycletear evidence that of its reversibility. In fact,
nearly all of the capacity fade observed over the first 50 cycles occurs at potentials
greater than 1.0 V, typical of the fade reported for &28@ is important to note that the
low potential capacity is far more important to the energy density than the high potential

capacity.
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Figure4.11- Galvanostatic load/unlogalotsfor Ge/MGNS
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blue line), and 100th cycle (green dots and dashes) showing
a gradual increase in the plateau potential to 0.5 V.
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The unload profiles of subsequent to th& t9cle are characteristic the voltage
profile of LiisGey delithation, gradually increasing in potential to form a plateau at 0.5 V
(Fig 4.12)2 This gradual shift in the unload potential of Ge nanomaterials was
previously reported by other investigatérs.

The reversible capacity, 779 mAh/g after 10 cydkes, combination of Li storage
in MGNS (270 mAh/g) and Ge (1385 mAh/g theoretical), comprising #%2.3 % and
47.7 % of the composite mass, respectively. Subtracting the MGNS contribution (134
141 mAh/g) yields a capacity of 13381352 mAh/g Ge, 0196.6 1 97.6 % of its
theoretical capacity. The extremely high reversible capacity of the Ge indicates it has
good electrical contact throughout the cell.

No difference in capacity fade was observed over the first 45 cycles in either
FEC:DEC to EC:DMC, dér which the cell cycled in EC:DMC began fade more rapidly
(Fig 4.13. The FEC solvent has been shown previously to improve long term cycling by
building a more stable SEI, and while the performance in both solvent systems was
identical for 45 cycles, teidata shows that it improves SEI integrity even with these very
small nanoparticle$

The reversible capacity of Ge/MGNS is remarkably stable even after 600 cycles
of galvanostatic cyclingn FEC:DEC (Fig 4.14. After an initial decline to 750 mAh/g
after 25cycles, the average capacity fade was only 0.014% per cycle. The first cycle CE
of the cell was 66%, which is a result of the carbonate solvent reduction on the high
surface area materials in the cell, long term Coulombic efficiency was 99.9%
demonstratingthe high efficiency of the composite anode (FdlH. Longterm

efficiency is arguably more important for a Ge based anode, where cost is a critical issue;
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first cycle efficiency can be improved by using4iteiation agents. The combination of
small nanoparticles homogenously precipitated on MGNS, a flexible porous carbon,
appears to have a positive influersethe longterm cycling stability.

Ge/MGNS electrodes were cycled at increased current densities to measure their
rate capability. The load and unload potentials decreased and increased, respectively, as
the rate was increased (FidL6. However, the gaacity of Ge/MGNS at as high as 4C
still exceeds the theoretical capacity of graphite.

The galvanostatic charge profiles at cycle 100 and 600 appear similar, thus their
difference in capacities was used to determine which material in the composite
contribted most to capacity fade (F@17). At 0.3 V, prior to LiGe delithiation, a
difference of 20 mAh/g in capacity is observed between cycles 100 and 600. There is a
50 mAh/g total loss in capacity at 1.5 V cutoff potential between the two cycles, therefore
30 mAh/g loss could be assigned to Ge. Using this ratio we conclude 60% (0.0084 % per
cycle) of the fade is coming from Ge, while 40% (0.0056 % per cycle) of the fade is from

MGNS well after the cycling became stable.

4.4 Conclusion

Ge/MGNS compositeprepared by alkalide reduction perform exceptionally well
as active materials in 1ion anodes. The preparation method is a simple and performed at
room temperature in solution and results in extremely small, well dispersed Ge
nanoparticles without usingigactants. The agrepared material can be purified by(H
wash and requires no additional heating steps. The rapid precipitation of Ge on the

MGNS results in individual Ge nanoparticles that are small enough to form a stable SEI
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layer and when cycled iREC:DEC. The uniform dispersion of Ge among the flexible
MGNS results in very high Ge utilization and excellent reversible capacity retention over

600 cycleg?!
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Chapter 5: High Capacity Silicon/Multiwall Graphene Nanoshell Liion Battery
Anodes from a LowTemperature, High-Yield and ScalableGreen Synthesis.

This chapter is presented as a manuscript published in the Journal of

Electrochemical Society with eauthors Kevin A Hays and Michael J. Wagner.

5. 1. l ntroducti on

Silicon nanomaterials are of agrwae ate ivratra re
of applicati othepeinndcelnudi mhyd tediloiecnividd 4 @d dee
ef f ect 3Yprhaontsoi cshttgad syosggesn st or a@@aen dai nbdn gbeantetreartyi c
anodes. Si I's an atitomchadatvteerayctdamnwedersatceud a
hi gh abuntdaxicei,t nwonand high gravimetric and
as much asaBB8783BBEmm@mgpedémlitvredygh Si offers s

energy storage i mprovement Awvd rmLg r & phieiotree t (| &

bul k silicon cycl es poorl vy,; | arge vol ume
el ectrochemical lithiation | eading fo mecha
The use of nanoscale Si with conductive <car

strain caused by friecpaenattleyd icnyccrleiansgi,ngsicgyncl e |

A number of synthetic methods have been

anomaterials, includi*"Ssyohbeascal imaphre ¢de

>

t e mpitdatned c hemi c@dHo veeawvweri,ngal | of these met hort
or more aspects, with disadvantages ranging

with | ower earth abundance or hi gh carbon |
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yi el d, requiring use of hisgghby powmdoctgentht

HF) ansly nptohsett i ¢ ¢®'rbomddbatbng. there have be
nanostructures ofl wadtlheromalp rsoydnutcheeds ibsy, shoo we \
were either performed or annealed at hi gh t
used expensive surfactants and solvent s, or
fade when tiecnedn@Be.ne Live report a simple,

temperatur e ( uhpant oanly5 50 tehGy il eofwdepre ott ¥ pt hie g ma |

me t

ma t

bec

abu

hod resudapaqi tiyn nhaingph Si-t otxh a&at ewmgdsh arbluyn
erials and does not require the use of e
stances. he AS8di prepateéeg, by this method cor
l evel s i n Si nanoparticles have been sho
reasing cytid®imgs pemd oytmammiEes n®ynet hesi s r e
a high performance Si/ C ceomepopaiitee anadkeo

eri ali miaatdi g the need for high temperat

hods.
The method r epaeSit eads htelree suosuersc eMgf or S n a
ause it is readily-cawdi lamkdl eboitrh hvigg ha npdu r!

ndanVhen >Slisiansgy avgSi-i osno ubractet efroyr alniode s, hig

desirable not only for econgmi dirsesad wrd,0

ing purification can cause sil ase-noxi dat.
ductive and as such, should be minimized
be realized. In addition, surface passi v
an increase in irreversida=si rcqalpycimyor taail
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particl e s3i’Eztec hiisngr eSducneadnnomat eri al si owist h HF

effects of silica formation to some extent,
need for this extremely hazardous agent . Het
M@S i oxidation in organic sol venitrs ocranwabtee rw.
oxidation, nor HF use, to produce highly rev

M@S i has no appreciable solubility in any
by temperatur e, particle size, and the oxi
chosenoasdaimte Gbebangbkeyi soluble in hydrocarhb
produce an alloy or intemmetatturesofl!l Al add:i 1
and Br are earth abundant; Al i's the most a
el ement hes Earashit and Br i s readily extractec

water, which are estitaitreal lkgpa rmAflBir m 0o mplidXA
with alkal: and al kaline earth met al sal ts
inhibiting Mg salt pr3%TheidxitdgSni odmi rtghHn gM tBhr e
i n hydrocar bons (whi ch can be-tempeéel §t ureecso

produceSi MgBnd Al by the following reaction

3 Mg + A 3AISBEr + 4 Al + 6 MgBTr

Following the reaction, Al and MgBican be readily and safely removed by
washing with HCI, resulting in crystalline silicon-§) in high yield. This method can be
used to create Si/C composites with high reversible lithium electrochemical storage
capacity by conducting the synthesis in gresence of multiwall graphene nanoshells
(MGNS). MGNS consists of highly graphitic, nested, graphene layers that form the walls

of Aspheroidal 6 shells (they can appear (IS
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spherical), each surrounding a void left iemoval of a nanoparticulate metal catalyst
around which it formed° It is a CQ-negative carbon material synthesized from biomass
char, the waste product of pyrolytic bid synthesi€**? The Si/C composite reported
here is an environmentally friendly anode material with very high capacity for

electrochemical energy storage.

5.2. Experimental

5.2.1 MGNS Synthesis

MGNS was prepared by mixing 10 g of micrgstalline cellulose (Avicel PH
105 NF, FMC BioPolymer) and 4.5 g of CefdH20 (99.9%, Alfa Aesar) in a hardened
steel cup (80 mL) with six hardened steel balls (1 cm diameter, 10:1 ball to powder mass
ratio) at 300 rpm for 30 min using a Fritsch Pulsetie 6. The resulting powder was
pressed at 10,000 psi (Carver 3851 benchtop laboratory press) into a 25.4 mm diameter
pellet and heated under. §as from room temperature at a T min! ramp rate to 375
“C and held for a total heating time of 30 min. After cooling, the charred pellet was
placed in a chamber with a 0.5 torr He atmosphere and irradiated by a 2 mm diameter
10.4mm laser beam (Firestar t60, Synrad Inc.) while rotating at a linear velocitg®f 1
mm st (1.2 rev mint) for one full rotation. The surface of the pellet exposed to the laser
was removed by gentle abrasion and purified by reflux in kifd©4 h then washed with

deionized water and collected by vacuum filtration (P8 cellulose fgner Scientific).
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5.2.2 Si and Si/ MGNS Synthesi s

M@S i (99.5 %, Al fa Aesar) was mill ed wi
nitrogen atmosphere at 300 rpm for 5 min in
(10: 1 ball to powdaerbbgnadqdD.rbatgi)o)was The nmicloln

mL of cyclohexane or toluene (99.8% HPLC gr
distilled, Acros Qrda8% exsxceansd D96 9@ 966 | AImBr
dry 23 nhl nTeedf Idoingeshzifoh | edmidr yn baxddH.0. 1 ppr
The bomb was sealed and -peated totas8a AmGCfah
for cyclohexane and toluene, respectively.
room temperat ur e amtde notpse nveedr e nadaded tTch ea cceot 0O
Fi scher Scientific) and the product was rec
di spersed in 50% HCI solution (1200 ml, ACS
sonic agitation andvehengmagnébhecablydsprode
vacuum filtration (mmolpyoerset esri znee, mbMaai nnee wMatnhu f
and rinsed with dei oni-lwreadwnvap cewd earn)d( dad#&se t mg e S
recovered after drpraducutn dyirelvd cwaam. 9 T%H ei n

93% in toluene baseX ,onhoiweivteirg!l trhd ss mafs sMa@
surface oxide that may have formed during

prepared in an analogaows |l mbderxemet byt aeldrir egc
MGNS to the reaction vde58s erhg ptratoal tma shse awd :

after purification and drying, a 95% vyiel d.

PowdearayX di ffraction (XRD) patterns were

di ffracttohmeCl@r akdwiat i on. El ectrochemical gal
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performed usi2n0g0 Oan AArlbima sBT measurements wer
Anal ytical Pl us balance (AP250D, 0.01 mg r es
from nitrogenhadmer ppbtanned wittalr @8 0MIOc r dmeet
the three sample me-8tsar emwmast egorppedf wt hk @&
tube with which the osakivabitmeasvapdrcopmnesisue
each measuremeinit i borfi utnhevapor pressure (P) (o
adsorption data was o PcordeantmomsiDolf5ektect
( TEM) mi crographs were obtained on a FEI T
obtained in STEMiIopbern XtsiEBmgplgymdDde per si ve Sp

(EDS) detector.

5.2.3 Electrode Preparation

Anode materi al was formul ated by combini
materi al, 5 mg of carbon bl ackn( Sdpeert h@hDo,l
(20060pr PRhapewc) minaofl4mBl yacryl ate binder sol
by dissolving poly(acrylic aci d) (1000 k Da
neutralizing with*3MixHnNg( 9v%as (Bdarrfearymed wi t
Pulverisette 23 Mini Mi || using a stainless
(5 mm diameter, 30:1 ball to powder mass r at
slurry was cast 7ommo ©O©0ppér MRNoifkh @A@sa?2) and
at 150 AC for 2 h. Round electrodes (16 mm

using a die cU07i Rgepreisen (MSKc Cutter, MT I
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made tested at otadondsf POLFIndmiyihedny brtd 1. 35

(20n ¢ hMekhanically mixed Si with MGNS was

mil |l ihnonyi S MGNS (40% wt . Si) for 30 min wi
Mi ni Mi | | using a st adind estsaisnleed s catpe ¢ |1 Obme.l) |
at 50 Hz. El ectrodes for this active mater.
in an identical manner 2with mass | oading of
5.2.4 Electrochemical Testing

Coin cells (CR2OLAE|iNMATY SnkMEBNSBdiasnkd, L i m
0.05 g, 99. 9 %, MT I l nc.) el ectrodes separ at
(Cel gard 3401) were assembl edxainmOin Ahef il l
electrolyte wsemdE@abMQ #DLInAV/tvur e (battery
ppmOHcontent, Sigma Aldrich) with 10% FEC (>
cycled at constant current (C/20) for one ¢
potenti al then undervg.eveir Sebsequemt ¢ wclli.
performed at a C/5 or C/ 2 rate, witth cutoff
respectivel y. A higher potential was chosen
at high current dsetnesd tfyor Th® mied | Betweeen raei s
| mpedance testing was performed wusing a Sol
phase analyzer with 1287A potentiostat/ gal v
and a |l ogarithmic swWeenpHzf.r oSpekQ@0G akkzr €0 mac

equival ent ciErsoouditt®ausibmigerZ\Viseswci ates, | nc.)
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5 RBesults and Discussion

5.3.1 XRD Characterization

Prior to rinsing with acetone and HCI , t|
Sianlon hel wd 125 ZAd«€d way moagdedi fX Thet ihomhest
intensity peaks mat ¢ hsAndlols eameSpretstta@fd | Mg re mAg E

in the pbbaucas (Fndicated by the presence o

degreesHowz2Z®) ., this minor impurity is easi/|
( Fi5d b) , and has |little |1 mpadtempn sthe preoduwd
reacti oemr attenhpiegghat ures i n toluene -lriekseul t ed
substance, although crystalline Si coul d st
works in cyclohexane but required a higher t
a heg temperature is somewhat surpirmsing,

cycl oHtdstame.ems | ikely that at inmhesol oawed it gn

MgBrdue to compl ekgamhayoni nwrteha shplr ¢ hentMgdBs a
precidfietdautcé ,ng the MicawpaiMdiBrhuyg okt BMgding t
No peaksSifamr eMgpresent ionndihcaad i mrgo cteheade dt hteo rc
( Fi5ga) . Ot her identifiable phases are Al Wi

(200) .
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Figure5.1- XRD patterns of (a) raw product from reaction

at 125 eC in toluene and (b) after HC
assigned to MgBy (JCPDS #15836), Al (JCPDS #04

0787) and Si (JCPDS#-1402 as indicated.
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Figure5.27 XRD patternsof (a) raw product from reaction

at 180 eC in cyclohexane and (b) afte
can be assigned to MgB(JCPDS #15836), Al (JCPDS

#04-0787) and Si (JCPD2#-1402 as indicated.
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Addition of HCI to the raw product of rec
the sl ow egalsytiporsafmadHly from reaction wit
t hseol ution color changing from black to brow
the addition of HCI to raw productsSicontain
resul ts i n a vi ol ent reactisomor marte snmadn ¢
C o mbtui on. The diffraction pattern for the p
washing is sH5hobwn PenakRki gautr e2 8. 4, 47 . 2, and 5
(111), (220) , and (311) refl ectionsed respec
using &clegumeri on, *PewdBéd&r NXRD S5pantnt.erns of Si /
are essencalaltg t1dHdentsium of t he patterns 0 |
synthesized Si, indicating that the synthe:
MGNSThe powder XRD pattern for t he MGNS mat
materi al apBeal hietn pFioalludcewas 97 % basSéd on in
however, t his mas s al so includes any surfa

purification.

5.3.2 BET Surface Area

The BET surface area was measured bpdsorption and found to be 115 g,
60 n? g! and 70 M g! for the Siana the MGNS and the SiI/MGNS composite
respectively. Each of the materials display type Il isotherms §4y. Hysteresis is
present in those of MGNS and Si/MGNS, indicating capillary condensation by the hollow
MGNS, but akent in the solid &Qdno alone. The surface area of the SiI/MGNS is

somewhat less than the summation of the surface areas ofthya8l MGNS
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Figure 5.3- XRD patterns of (a) the SI/MGNS synthesized
composite and (b) the MGNS material.
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multiplied by their mass fractions (822rgY). This is consistent with the high surface

area Sianobeing in intimate contact with the MGNS, reducingaNailable surface area.

5.3.3 TEM and EDX Characterization

TEM observations showed that the purifiedna®i sample consisted of
agglomerates of spherical and irregularly shaped particles. The size of the particles
ranged mostly from 30 to 60 nm in their largest dimension with some larger (~ 100 nm)
particles present (Figh.5a) Higher magnification reveals ththie particles consisted of
multiple nanocrystallites, 10 to 30 nm in diameter, that appear to be sintere8.§lrig.

The images show lattice fringes with 0.31 nm spacing matching the (111) planes of Si
(Fig. 5b). The composition was determined by EDX&091% Si, 7.5% O and 1.5% Al.

The oxygen content found is an upper limit estimate, as it does not include any correction
for adsorbed species (Fig.7). In fact, the actual O content of the Si nanocrystals seems
highly likely to be much less that 7.5%e lattice fringes of the Si nanocrystals extend
essentially to, or within a fraction of a nm of, the edge of the nanocrystals with no
evidence of significant oxidation (Fi¢gp.5b). Even so, the lower limit of the-Sinano

reaction yield, taking into aocnt EDS oxygen content results, is 90%.
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Figure5.5 - (a) TEM micrograph of purified agglomerates
of Si nanocrystals. (b)HR-TEM micrograph of a
nanocrystal showing lattice spacing characteristic of
crystalline Si. Note that the lattice fringes tend
essentially to the edge of the nanocrystal, with less than 1
nm of disordered material, presumably due to a very thin
oxide coating.
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Figure5.6 7 HR-TEM micrographof a Si particle showing
it to be an agglomerate of sintered nanocrystals.
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Figure 57 - Energy dispersive Xay HyperMap of Sins
HAADF image (a) Si (b), Al (c), O (d).



