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Abstractof Dissertation

The Incorporation of Lithium Alloying Metal& Carbon Matrices for Lithiunion Battery Anodes

An increased interest in renewable energies and alternative fuels has led to
recognition of the necessity of wide scale adwpof the electric vehicle. Automotive
manufacturers have striven to produce an electric vehicle that can match the range of
their petroleurdfueled counterparts. However, the statehe-art lithium ion batteries
used to power the current offeringdlsto not come close to theecessary energy
density.The energy and power densities of the lithium ion batteries must be increased
significantly if they are going to make electric vehicles a viable option.

The chemistry of the lithium ion battery, basedlithium cobalt oxide @ahodes
and graphite anodes,limited by the amount of lithium the cathode can provide and the
anode will accept. While these materials have proven themselves in portable electronics
over the past two decades, plausible higherggnalternatives do exist. The focus is of
this study is on anode materials that could achieve a capacity of more than 3 times greater
than that of graphite anodes.

The lithium alloying anode materials investigated and reported herein include tin,
arsefnc, and gallium arsenide. These metals were synthesized with nanoscale dimensions,
improving their electrochemical and mechanical properties. Each exhibits their own
benefits and challenges, but all display opportunities for incorporation in lithium ion
bateries. Tin is incorporated in multilayer graphene nanoshells by introducing small
amounts of metal in the core and, separatedly, on the outside of these spheres.

Electrolyte decomposition on the anode limits cycle life of the tin cores, however, tin

vi



oxides introduced outside of the multilayer graphene nanoshells have greatly improved
long term battery performance.

Arsenic is a lithium alloying metal that has largely been ignored by the research
community to date. One of the first long term battery parémce tests of arsenic is
reported in this thesis. Ades were made from nanoscalsemic particts that were
synthesized on multiwall carbon nanotubes by akalide reduction. The performance of
these anodes proved sensitive to electrolyte compositiichwvas significantly
improved by using fluorinated ethylene carbonate. Additionally, further gains in capacity
retention can be made by limiting the loading voltage.@® V vs lithium metal. The
arsenicand multiwall carbon nanotube composite wasitbto have excellent cycle life
and capacity at high mass loading (80% arsenic) when the nanoparticles were directly
synthesized on the multiwall carbon nanotubes.

Gallium asenide is well known for its semiconducting properties, but its
performance am Li-ion battery anodes is first reported here. Gallium is a metal with a
low melting point that has been touted as a possiblénsaling materiafor lithium ion
anodes. Alone,alium proves to be unstable as a lithium ion battery anode, but when
synthesized as gallium arsenide nanoparticles and mixed with multiwall carbon
nanotubes it can charge and discharge in a battery 100 times with approximately twice
the capacity of graphite anodes. This first study of gallium arsenide shows dramatic

cycle life improvements by using nanoscale rather that micron size gallium arsenide.
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Glossary of Terms
Active material: The electrochemically active portion of the electrode in a battery that
provide the capacity

Binder: A polymer material used to adhere electrode particles together theduorent
collector.

Coin Cell: A circular metal casing used for batteries, which is crimped shut to seal the
system. Often referred to as 2016 or 2032 relating to the thickness of the cell.

Conductive additive: An additive, usually carbon, that is useadctease the electrical
conductivity of the electrode.

Coulombic Efficiency: The ratio of thehargeremoved from the battery relative to the
chargeappliedto the battery.

C Rate: The current required to complete charge/discharge in some fractiomoofran
(i.e. 1C =1 charge per hour, 2C = 1 charge per ¥z hour)

Cycle: A complete charge and discharge of a secondary battery
Cycler: A potentigtat used to charge and discharge batteries under programmed regimes.

Full Cell: A Li-ion batteryconsisting ofa Li-ion cathode (e.g. LiCofpand L+ion anode
(e.g. graphite)

Half Cell: A Li battery consisting of a Ltibn cathode or anode material with a Li metal
anode.

Inactive material: The portions of the electrode that are not part of providing the capacity
(e.g. binder and conductive additives)

Load/Unload: Refers to the load and unload of Li in secondary battery materials.
Analogous with charge/discharge, but is preferred when used in discussion of Li anode
half cells.

Open circuit voltage: Voltage ontbery when no current or voltage control is applied

Pouch cell: A plastic, vacuum sealed pouch with exposed tabs as current collectors, used
for batteries.

Power density: The power output of the battery relative to the volume of the battery
(W I'Y). Often ignores case volume unless specified.
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Practical capacity: The experimental value measured for the capacity of a battery.
Primary battery: A battery designed to only provide a single discharge

Secondary Battery: A rechargeable battery that cavigeg multiple charge and
discharges

Separator: L{4on conductive membrane between cathode and anode that is electrically
insulating

Solid electrolyte interphase (SEI): A decomposition product of the electrolyte that forms
on the electrode surface dugithe charge and discharge of thedn battery. This

product is electrically insulating but ionically conductive.

Stateof-Charge: The relative amount of capacity at a given voltage for a battery.

Specific Capacity: The capacity of a battery electnadigtive to the mass of the active
material (mAh ¢f).

Specific energy density: The energy output of a battery relative to the mass of the battery
(Wh kg?). Often ignores casing mass unless specified.

Specific power: The power output of a battery refato the mass of the battery (W%g
Ignores casing mass unless specified.

Theoretical capacity: The amount of capacity based on complete utilization of batteries
active materials

Voltage Profile: A plot of the voltage vs capacity of an electrochalnsiell, at a constant
applied current.

Volumetric capacity: The capacity of a battery electrode relative to the volume of the
active material (mAh mf).

Volumetric energy density: The energy output of a battery relative to the volume of the
battery (Wh mr?). Often ignores casing volume unless specified
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Foreword
This work is a culmination ofolur research projestall based around nanomaterial alloy
incorporationfor lithium alloying anode$on batteries. Several chapters are arranged in
the form ¢ manuscripts, which are to be submitted for publications in the journals
mentioned at the beginning of the chaptBch chapter contains an introduction,
experimental, results, and discussion pertinent to the individual préjade the
subjects mayary from chapter to chapter they all fall in line with the development of
nanomaterials for lithium ion batterie€hapter2 is an introduction tonultilayer
graphene nanoshell\lthough electrochemical properties of this nanomaterial has been
investigded previously, an in depth report of the synthesis is covered here. Chepter
the inclusion of Sn, a metal that alloys with Li, into thaltilayer graphene nanoshells
The synthesis and electrochemical properties are examiegpterd details the
synthesis and electrochemical properties of As nanoparticles. As, anctikrylig
anode material, is presented as an alternative to P, another high capacity prhcide.
chapter is a manuscript to be submitted to Journal of Power Sources. NatlekraBe
Michael Wagner are eauthors on this workFinally, chapteb investigateshe
synthesis and electrochemical properties of GaAs nanoparticleseasla-alloying
anode materialThis chapter is a manuscript to be submitted to Journal of the
Eledrochemical Society. Nathan Banek and Michael Wagner asaittwrs on this

work.

XVi



1. Introduction: Advanced Li -ion Batteries, A Solution for Next Generation
Energy Storage

1.1 The Demand for Energy Storage

The Industrial Revolution began in the™@ntury Manufacturing, mining,
metallurgy, and infrastructure development all took off in Great Britain and later
significant portions of Europe and the New World. This rise in production demanded a
vast amount of energy. Coal became the primary fuel fomségmines used in factories,
locomotives, and boats to produce and move much of the goods, supplies, and people
around the worldl] Even today coal remains a vital energy source; during 2015, over
200 years later, 800 million tons of coal was consumed in United State§2jlone.

The 19" and 2d" centuries brought the rise of the oil industry with new
techniques for refinement of petroleum. Petroleum proved to provide very useful forms
of fuel for a variety of new means e&nhsportation including automobiles and aircrafts.
While new energy sources have been developed, a large portion of the population still
relies heavily on petroleum to fuel their everyday transportation. The US Department of
Energy states that world fpeleum consumption has increased from 2.3 billion barrels
per year in 1980, to 3.3 billion barrels per year in 2[8l4ANew forms of oil production,
such as hydraulic fracturing has made it easiebtain previously difficult to access oil
and gag4] but as they are only formed on a geological timescale, fossil fuels are
considered nomenewable and thus limited resoes{5]

Fossil fuel use has contributed greatly to maade climate change, resulting in

global temperature rigé] and sea level risg’] CO, and NO are both byproducts of

fossil fuel combustion. The atmospheric concentrationot hes e fAgr eenhouse

1
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increased drastically since the industrial revolution, in large part causing the average
global temperature risg8] In 2015, President Obama announced the Global Climate
Change Action Plan to battle climate olga[9] A major part of this plan was to increase
renewable energy generation 30% by 2030. Renewable energy such as solar (e.g.
photovoltaic, solar thermal), wind, and geothermal have the potential to leave a
dramati@lly reduced carbon footprint on this plafiB®] These forms of electricity
production can be used to fuel electric vehicles and decrease the dependence on fossil
fuels.

In order for large scale electrified transportation to become reality, greatly
improved electrical sirage is needed. Renewable energy has the capacity to produce
large amounts of electricity, but much like a gas tank for petroleum, there is a need for
somewhere to store this energy. Mechanical storage is possible (e.g. pumped
hydroelectric), but geneltg require tremendous amounts of land and is not appropriate
for transportation. Capacitors are more appropriate for mobile applications, but have a
relatively low energy density. Electrochemical cells, in the form of batteries, have the
ability to storelarge amounts of energy in confined spaces and thus are currently the most
popular alternative energy storage devices for transportation.

A major interest in the rechargeable battery lays in the creation ofdong
electric vehicles. In order fohils mode of transportation to be successful, a battery needs
to hold a large amount of energy, while being as small and light as possible. These
needs can be characterized in terms of volume and weight. The volumetric energy and
power densities are maasd in units of Wh 1! and W L%, respectively. The specific

energy and power are measured in units of Whaagd W kg, respectively. Production



of high energy, high power batteries is no easy task, and while there is a wide array of
battery chemistés, not all are suitable for electric vehicles (Figure 1). On top of having
high energy and power, these batteries must be discharged and charged thousands of
times in order last the life time of the vehicle. Other important factors include charge
rate, gerating temperature, and safety. No battery fills all these roles, butitwe Li

battery shows the most promise to be a successful candidate for the electric vehicle.

T T ———

350
300 F

250

200
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100

Volumetric Energy Density Wh L
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Figurel Modified Ragone chart showing volumetric enedgysity versus specific
energy. Lead acid batteries are heavy and large comparedbto hhatteries, which can
put out significantly more energy for the same sized or weight cell. (Adaptedfigm

As of 2016, Tesla, the leading electric vehicle maker in the USA, claimed an EPA
range of 270 miles on a single overnight charge for their premier model, the Model S
P90D[12] With its 90 kWh battery, this 532 hp vehicle can achieve speeds of 155 mph.
The EPA range of the Model S is well over the mean commute distance in the USA, 18.8

miles[13] but the EPA tests are performed under very controlled cond[tidh3.hese



EPA tests do not take into account factors such as passenger weightatareper

elevation change, and additional interior electronics, all of which can reduce the vehicle
range. The 2016 Chevrolet Malibu Premier, a sedan of equivalent size that is fueled by
petroleum, has an EPA highway range of 521 njilé$. While the range of petroleum
fueled vehicles will also be negatively affected by the same external factors as battery
electric vehicles, a petroleum vehicle can be refueled in a matter of minutes, where a
battery electric vehicle takem® less than 75 minutes to get to a fully charged fiéfe.

The battery powered electric vehicle is at an inherent disadvantage to petroleum
based travel. An infrastructure built around travel distances easily achieved by petroleum
fueled vehicles hassthe bar for market entry high for electric vehicles. Significant
improvements in the capabilities of the batteries that power these electric vehicles must
be made in order for them to perform in a fashion that is acceptable to the average person.
Severanew battery chemistries are in development, but at this time and for the near

future, Liion is the most likely to meet the needs for electric vehicles.

1.2 Background: The Lkion Battery

The Li-ion battery as we know it today is the culmination c#rod0 years of
research and development from both academic, government and industrial laboratories
from all around the world. Its forerunner, the Li battery, was first developed as a primary
battery (noAr e c har ge ab | ¢lYy]butinsoon heeamé &idehtGhsit,with the
correct electrolyte system, the Li battery could be discharged and charged multiple times.
Comprised of a Li anode and a Ti&thodg18] this design showed promiséthin the
laboratory, but ultimtely had very little commercial success. Over multiple

charge/discharge cycles, dendritic Li buildup on the surface of the Li metal resulting in



internal shorts, which caused the cells to be compromised by thermal runaways leading to
fires[19]

It became evident that Li metal could not safely be used for secondary batteries
without a dramatic breakthrobg Li insertion type materials, primarily LiCeQwere
developed as cathodes and as the source @fris, allowing the removal of Li metal
from the battery20] In 1990, Sony commercialized a-idn battery with a LiCo®@
cathode and petroleum coke anode, to power their handheld camdaidetse last
major improvement in this time period was the introduction of the graphite anode to
replace cok¢22] This change greatly improved the operating voltage and cycling
lifetime of theLi-ion battery.

Small modifications and incremental improvements have been madecio Li
battery chemistry, but they have largely remained unchanged over the past 20 years. A
schematic of the Hion battery can be seen in Figure 2. The cathodestsrsfia LIMQ
(M = Co, Mn, Ni, or some combination of the three) framework on an aluminum current
collector. The anode is a synthetic graphite on a copper current collector. These metal
current collectors are chosen so they will not be oxidized dumimgharge/discharge
process. The electrolyte utilizes Lig$alt in noraqueous carbonate solvent, usually a
combination of ethylene carbonate (EC), dimethyl carbonate (DMC), ethylmethyl
carbonate (EMC), propylene carbonate (PC), vinylene carbonate d@yr fluoro
ethylene carbonate(FEC), because water is not electrochemically stable over the entire
anode and cathode potential ranges. A porous polypropylene separator is placed between

the cathode and anode, which allowsdn transport while prevemtg electron transport.
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Figure2 Schematic of a conventional-lon battery. During discharge-ions

deintercalate from graphite, move through the electrolyte and separator and reinsert in the

metal oxide. As a result, eleotrs move from the anode, through the current collector,
through the load, and back into the cathode. (adapted[&8hand[24])

The Li-ion battery is assembled in a discharged state. Upon chargingidrate

from the cathode into the elealyte and Li to intercalate from the electrolyte into the

graphite anode. The reverse occurs on discharge. This cell potential is as high as ~ 4.2V

in the fully charged state and ~ 3.0 V when discharged. The variation of the cell potential

asthest#8 of <charge chang

Generally, the plot is read from left to right, with charge and discharge curved both on the
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same plot. The discharge and charge curves can be distinguished by the todtady& v

Charge curves increase in voltage as capacity increase, while discharge curves decrease

in voltage as capacity increases. On occasion the charge or discharge curve may be

plotted in reverse, allowing for easy comparison of any hysteresis in tagedetween

the two curves. Out of convenience, the voltage is referenced againstihstieiad of the
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standard hydrogen electrode, which displaces the voltage @y V vs SHE. Capacity is

in terms of mAh ¢ (specific or gravemetric capacity), providi an easy means of

defining the capacity of a material per unit mass. Volumetric capacity can also be given
(mAh mr), but measuring the volume of an electrode material proves more difficult than
weight. Plotting the potential against the fractionadél capacity, as is done in Figure 3,
makes it possible to easily compare the charge and/or discharge curves of materials with

different capacities.
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Figure3 Voltage profile of LiICoQi graphite Lt ion battery.



Ideally, reclargeable batteries should be capable of being charged and discharged
many times with little loss in capacity. Each charge/discharge regime is defined as a
single cycle. The capacity after each discharge is collected and plotted versus cycle
number (Figue 4), allowing one to see the capacity fade of the battery; battery
manufacturers generally refer to the number of cycles it takes to fade to 80% of the
original capacity as the cycle life. In a perfect system, 100% of the electrons put into the
battery wauld be retrieved each cycle, but there are a variety of side reactions that can
take place lowering the overall efficiency. The amount of capacity discharged divided by
the charge capacity is defined as the Coulombic efficiency, generally given as a
percatage. Electrolyte decomposition is one of the primary causes of less than 100%
Coulombic efficiency and capacity fade. Similar to aqueous electrolyte systems, non
aqueous systems are thermodynamically unstable, particularly susceptible to reduction at
Li-ion anodes which are very near Lifldotential when fully charged. However, Ron
aqueous solvents used inibn batteries all decompose to form passivation films on the
electrode surfaces, called the solid electrolyte interphase [E#[yhe SEI is ionically
conductive and electronically insulating, slowing or preventing further electrolyte
decomposition. The exact composition of the SEI is a topic of active debate, but has both

organic and inorganic components.
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Figure4 Cycling performance of TIMREX® SFG44 with 10% PVDF vs Li metal, in 1 M
LiPFe in EC/DMC (1:1 w:w), cycling rate C/7. (Adopted from [37]).

A Li-ion battery relies on diffusion of Lions through both liquid electrolyte and
solid dectrode materials. Solistate diffusion is notoriously slow, relative to liquid
diffusion, so the rate which these batteries can be charged and discharged rely heavily on
how quickly the Li ions can pass into and out of the electrodes. AdditionhHy, t
material must have good electrical conductivity in order to pass electrons at the same rate
as the Liions. The rate of charge and discharge can be measured in terms of current per
mass, using units of A'g Alternatively, the rate can be definedénms of Grate, using
the current required to complete charge/discharge in some fraction of an hour (i.e. 1C =1

charge per hour, 2C = 1 charge per %2 hour). Both terms provide much of the same



information, but Grate is easier to translate into thedino charge or discharge, although
one must know the cell 6s total capacity
Figure 5 shows how €ate can affect the capacity of a LiFeRfathode, a material
considered to perform at higher rates than mtstraLi cathode materia[6, 27] As

the rate increased the material capacity decreases, a trend that is true for all known
cathode and anode materials. Additionally, LiFeB&formance is limited by its

electical conductivity. This is evident by differences in the potentials of the charge and
discharge curves (indicated by the arrows in Figure 5). When the rate is increased, an
internal resistance within the cell shifts the potentials away from equilibhutarn, the
material is discharged at lower potentials and charged at higher potentials as the rate

increases.
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Figure5 Voltage profiles of LiFeP@cathode at various rates.

The electrodes are comprised of active materialspounds that readily react
with Li) and conductive carbons reinforced with polymer binders and supported by
current collectors. The conductive carbons are crucial to ensuring the active electrode
material maintains electrical conductivity with the curresitector. The binder keeps the
active material and conductive carbon adhered together and to the current collector.
Depending on the active material, electrochemical addition of Li can cause expansion of
10 to 300% of the original sid@8] thus the binder plays an importanle in the long
term cycling of these batteries. These inactive components (binders and conductive
carbons) must be added at a sufficient concentration to perform their role, but also

minimized in order to optimize the energy density of the electrode.

11



It quickly becomes clear that theseitn batteries are very complex systems. A
change to one component of the cell or electrode can play a major role on how the entire
battery functions. One experimental approach to find improved materials is to @sange
few variables at once in order to gain better knowledge of a single process. While
commercial batteries cannot risk usingrhetal, due to dendrite formation, laboratory
studies will switch out the cathode or anode with Li metal in order to more sasily
the electrochemical processes of the individual electrodes (Figure 6), commonly referred
to as haHcells. Lithium metal is a readily prepared, highly reproducible standard
electrode with excellent performance. As such, it does not limit therperize of the
electrode under study and allows direct comparison of performance to other similar
studies reported in literature. In addition, the Li metal electrode is generally in large
excess and as such does not contribute to capacity fade or sighiftcaCoulombic
efficiency, allowing both to be characterized for the electrode under study throughout its
cycle life. One must exercise caution, however, when extrapolatingdibtfata to
potential full cell performance. For instance, the cathedke only source of Li for
reversible electrochemical reaction in a commercialdell. Any Coulombic losses
result in decreased cell capacity, an effect that would go unnoticed inr@haltie to its
effectively inexhaustible Li metal electrode o@ombic efficiency of even 99% could
lead to a shortened cycle life of the cell, because 1% of the Li is consumed every cycle

( E, E A).
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Figure6 Voltage profiles of a LiCo@graphite fultcell (black line) and hal€ells with a
commercial anode (blue line) and cathode (red line)

1.3 Anodes for Liion Batteries

Quality cathodes and anodes aecessary for higanergy Ltion batteries.
Continuous efforts are made to increase the potential and capacity of cathodes for these
batteries. Advances tend to be small due to voltage restrictions based on the oxidation of
nonaqueous electrolytes anelatively low capacities due to the need for ternary
transition metal materials that allow for charge balance and structural integrity during Li
insertion/deinsertion, making them relatively heavy. On the other hand, there are wide
arrays of materialt can reversible store Li at appropriate pbés that are suitable

for Li-ion battery anodes.
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1.3.1 Carbon based Anode Materials
Since the introduction of the commercialibn battery by Sony in 1990,

carbonaceous materials have filled the prinratg as the active anode material to
replace the less safe Li metal. Carbon can be used in its natural form as found in the
earth as graphite, but it only performs well after considerable processing, so generally,
synthetic graphites made from petrole(most often coke) are used. Heating of these
petroleum precursors in inert atmosphere results in high purity carbon with varying
degrees of orddR2] When heated, these organic compounds lead to two general
categoies of carbon; hard or soft. Carbons fall into one category or another by their
ability to reorder at high temperatures. Hard carbons have structures with sufficient
crosslinking that does not allow sufficient flow and reordering for graphite formation,
instead having Apinnedo features that | eads
heated, which is often describes as a fihouse
sheets. Soft carbons form precursors that can flow and reorder when heatedjnatad ali
form graphitic structures, becoming progressively less defective as the heating
temperature is increased.
The structures of these carbons play an important role in how Li reacts under
electrochemical conditions. Figure 7 compares porous hardrcasb® graphite
synthesized from soft carbon. Hard carbons have a theoretical capacity of up to ~740
mAh g, based on the formation of:0s[29] Li is absorbed on either side of the carbon
sheets in a wide array of sites, leading to a sloping potential in the voltage profile. The
sloping potenal leads to a lower cutoff potential when hard carbons are used as anode

active materials in fultells. Hard carbons were initially used in commercial cells but
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were ultimately abandoned for graphite anodes because of the flatter voltage profile at

lower potentials.
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Figure7 Voltage profiles of carbon Li half-cells with 1M LiAsFks in 1:1 EC:PC

electrolyte. The top plot show Li loading and unloading into graphite synthesized from
soft carbon while the bottom plot is fromrbacarbon. These voltage profiles show the
differences of how the ordering of the carbon plays important roles in the potential and
capacity for these materials as anodd® insets are representations of the ordering in
the sp carbon layers of each mective structur@dopted from[22, 76])

Graphite, which has a theoretical capacity roughly half that of hard carbons (372

mAh g?), has a voltage profile with wetlefined steps, referred to as staging, upon
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loadingand unloading of Li. Unlike hard carbon, graphite can only lithiate teg, LiC
because the relatively small spacing between the graphite layers and limited gallery space
for Li. In highly crystalline graphite, Lienters only through the edge pld86]
loading at potentials very close to that of Li m¢8&dl] First cycle Coulombicféiciency
is improved over hard carbons because electrolyte decomposition (SEI formation)
primarily takes place over this edge plane, opposed to hard carbons were SEI forms from
all directions. However, using graphite limits the use of a number of ingixpetow
melting electrolytes in which hard carbons cycle well. For instance, early workion Li
cells were primarily completed using propylene carbonate (PC) based electrolytes, but
was later realized to be cause of graphite exfoliation bptewcahtion of the solvent
molecule[32] Once this was determined, electrolytes were changed to use solvent
combination of ethylene carbonate (EC), dimethyl carbofi%C), and diethylene
carbonate (DEC).

While loading of Li through only the edge plane of graphite prevents excess SElI,
it also limits the rate that Li can be loaded and unloaded. Li can be inserted and extracted
in between graphite layers only as qujciik the previous Li can
diffuse (~10* cn? s).[30, 33] The limited diffusivity of Li in graphite leads to certain
fundamental drawbacks. First, charge times faohibatteriesare extended. These
batteries must be charged over multiple hours in order to fully intercalate the graphite. If
they are charged too fast Li can plate on the graphite rather than intercalate in the
graphite[34] At low temperaturg85] after multiple cycles, this plating can lead to

dendritic Li growth and battery failuf86] Second, the power of the battery is limited by
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relatively slow Li deintercalation[37] High power applications, such as electric

vehicles, require more cells connected in parallel in order to actipgrneeded current.

1.3.2 Lithium Alloying Anode Materials

Graphite h-8e @ 0 b ma h eitnibatéryiapaaes sihce soon after
its introduction over 20 years ago. It provides reliable cycling at a modest capacity, and a
low potentialnear Li metal. That being said, if the capacity ofdn batteries is to be
greatly increased, anode materials with greater capacity must be developed.

There are a variety of elements that electrochemically alloy with Li. Dey first
illustrated this iNL971[38]lnami ng t he phenomenon, Aspont anec
all oyi ng. 0 hlioywtaSs, Pk, AlpAw,Pt, ZnoCd, Ag, and Mg in 1M
LICIOsPC el ectrol yte. However, it ®Wamndt wunt il
cell, which used a LiCog£xathode and amorphous tin oxide anode, from Fuji Photo Film
Cellttec Co. in 1996, tit research in this field gained momentii]

Alloying anode mateails are of interest because they can form intermetallics that
store much larger quantities of Li than graphitic carbon an@@3sOf the elements that
alloy with Li, Si has the greatest theoretical gravimetric capacity. Upon full lithiation of
Si, Li2:Sis is formed with a theoretical capacity of 4200 mAh glthough it is thought
that only the LisSis phase can be aeved at room temperatuf4l] Sn, which haslao
been extensively studigd9] lithiates to form LizSry,[42] but only has a theoretical
capacity of 960 mAh gbecause of its higher atomic mass. The theoretical volumetric
capacities of these alloys are much closer at 8500 mAhaztd 7400 mAh cmfor Si

and Sn respective[#0]
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Of course these are not the onlydlioying elements, there is a broad range of
elements that form alloys (Figure [@8] Similar to Sn, Pb forms the 44Vl (M = Sn, or
Pb) alloy[39] while Ge has the same lithiated stoichiometry as Sizagli P, As, Sb,
and Bi all form the Ll4M alloy,[44] Ga and Ag forms 1M, [45, 46]and In is slightly less

at Li1 sM.[46] Finally, Al and Zn alloy in a 1:1 molar rat[d7, 48]
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Figure8 Specific (blue bars mAh g*) and volumetric (red baismAh mit) capacity
of various examples of talloying anode elements. (Adopted fr¢4d])

Li-alloying anodes demonstrate enormoapacities, but are not used extensively
in commercial batteries. This is because of a sizeable volumetric expansion that must
occur in order to accommodate the large amount of Li added during the alloying reaction.
Volume changes upwards of 300% upah fithiation have been documented fof43i]
and Sif50]. Such an expansion is dramatic, especially when compared to graphitic
carbon, which only experiences a 10% chaaiger lithiation[51] The chage in volume
becomes a problem in secondaryidm batteries over multiple cycles. The alloying and

de-alloying of the material leads to mechanical degradation of the electrode, resulting in
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loss of electrical and ionic conductivity (Figure[92] Essentially, the electrode falls

apart under the force of the material expamsiod shrinking.

Figure9 SEM by Beaulieu et. al., showing formation of cracks in a Sn thin film electrode
after Li alloying/dealloying28]

1.3.2.1 Restriction of the Size Domain

It was recognized early on that if-kiloying anode materials Hdany chance of
moving from laboratory experiments to commercialization, the particle size would have
to decrease from micron to nanometer scale in order to mitigate volume cf#gjges.
Smaller particle sizes reduce the mecbhalnstresses experienced in the larger
morphologies, as the overall dimension changes are still very small.

Smaller particle size alone does not greatly improve the cycle lifealfdys.

Particles that are too close together will agglomerate duringllingng process because
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of the resulting expansion. This agglomeration leads to particles that are larger in size,
thus more susceptible to the mechanical stresses, which in turn leads to the pulverization
of the electrod¢53] To prevent agglomeration, a number of strategase been

employed involving the synthesis of intermetallics or the mixing of the particles in

inactive matrixes (components that do not react with lithium).

1.3.2.2 Intermetallic Alloying Anode Materials

Intermetallic anodes are materials composed ofoormeore noralloying metals with
a Li-alloying element. Conceptually, these materials allow one component to alloy with
Li while the other component(s) creates a strong backbone to prevent the overall
expansion of the particl[®4] An example of this is G&b[55] Li inserts itself into the
CwSbh lattice at 0.7 volts and displaces 50% of the Cu, yieldis@uSb (Equation 1).
Upon further lithiation at 0.61 volts additional Cu is displacedlagsb is formed

(Equation 2).

1. 2Li+ CwSb © Lio,CuSb + Cu

2. Li+ Li2CuSb + Cu® 2Cu + LsSb

While this CuSb showed stable cycling performance over 25 cycles, the inactive Cu
lattice leads to low specific capacity (250 mAH.g The SnSb anode is siar to this
concept, but it uses two active materials in the intermefalic. The Sb first reacts with

Li at 800 mV (Equation 3), while the Sn provides a matrix to buffer the expansion of the
alloying. When further lithium is loaded into theode, the roles are reversed; th&Shi

acts as the matrix asitBrsis formed (Equation 4).
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3. Li+SnSbO LisSb + Sn

4. Li+ LisSb + Sn© LisSb + Li7Srs

SnSb anodes were shown to cycle 200 times with little capacity fade. However, in order
to achievehis cycle life the cell capacity was restricted to 360 mAhrgughly the

capacity of graphite.

1.3.2.3 Conductive Carbon Matrixes

The intermetallic anodeds fundamental dra
in the composite, drastically limitingpe possible specific capacity of the material.
Conductive carbons can also be used to form a matrix that prevents agglomeration from
particle expansion. These carbons are considerably lighter and act as a good electrically
conductive backbone for the-giloying nanoparticles. For example, when Si
nanoparticles were mixed with multiwall carbon nanotubes in a 1:1 (w:w) ratio, the
electrodes were able maintain 64% of the original capacity (2013 myfigr 50
cycles|[57]

In order for these anodes to be practical there must be a high enough loading of
the active alloying material iftné conductive matrix. Too much conductive carbon will
lead to an electrode with an energy density no greater than the commercial graphite
electrodg58] An amorphous P/ carbon black electrode with a 7:3 P:C mass loading was
reported to maintain a capacity of 2170 mAhaj the active P for 100 cyclg§9] The
increase mass loading surely is an improvement, but still is far from commercial graphite

cells, which have no less than 90% active material.
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1.3.2.4 Complex Architectures

Thematerials reviewed up to this point in this chapter could all be applied by
traditional slurry and doctor blade methods. Advances in materials science have led to
some unique architectures to mitigate the expansion-afidying materials. Uniform,
vertically-aligned pillars of various elemental compositions can be deposited on
substrates by sputtering techniques. Theoretically, such pillars should be able to expand
without agglomeration of the neighboring pillars, while maintaining electrical contact
with the current collector. An example ofthisis®#C fAnanoscoops, 0 which
with C bases, Si tops, and an Al component connecting the two sdéjrishe Al was
intended to act as an intermediate between the large expansion Si and small expansion C.
The resulting anodes had a aajty not much larger than graphite, 412 mAh ghe
volumetric and areal (per electrode unit area) energy densities of this material was in fact
lower that that of graphite due to the vacant space between the pillars and the limited
pillar height.

Novd architectures such as the Ai-C nanoscoops show the extremes of what
can be designed and chemically engineered based on the challenges presented. These
materials are academically interesting, but would prove difficult to translate tedeate
prodwction. Such industrial plants use hoppers and mixers to apply slurries of electrode
materials to ribbons of current collector (usually thin Cu foil for anodes). Material that
require little change to the traditional production methods, keeping costsrithe
manufacturers, have a significantly lower barrier to market entry and thus are more likely

to succeed commercially.
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1.3.2.5 Tin as a Lithium Alloying Anode Material
Sn and its oxides have been thoroughly explored and the most widely

commercialzed of the Lialloying anodes. MatsushiRanasonic was the first to utilize
Sn in button cells produced in 19[38] Fuji Photo Celltec Co. released the Stafion
1996, followed most recently by the Nexeliofi battery by Sony in 200561]
However, these products are no longer sold, as they fell out of favor, losing their
market share to more traditional graphite anode with a more reliable cycle life.

Sn electrachemically lithiates to the LizSrsphase. There are multiple other

LixSny phases before complete lithiation, as seen in Equations-3.1.

5. 2Li+58Sn0 LisSrs

6. 3 Li+ Li2Sns© 5LiSn

7. 4Li+3LSnO Li7Srs

8. Li+2LizSrs© 3 LisSre

9. 11 Li+5LisSn© 2 Li1zSrs
10. 9 Li+ 2 Li1sSns© 5 LizSnp

11. 3 Li+ LizSre© Li17Sre

Each of these phase changes occur at plateaus in the voltage profilesSuf halicell.
Figure 10 shows the loading and unloading of Li into a Sn anode (adapte[88.062).
This is in contrast to the Si and Ge anodes, which undergoes amorphization during

lithiation before sudden crystallizatido form their respective end products. This
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di fference can be explained by Sndés | ow mel't

for greater mobility of the Sn atoms which resultphases that crystalizaore easilyat
room temperaturt3] At high temperature, distinct plateaus are visible in the Si voltage

profile.[63]
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Figure10 Voltage profiles of Sn and Si{half cells. (Adapted from [5] and [29]).

SnG and SnO also electrochemically react with Li in fa@ueous electrolytes. Li
storage with these akés was demonstrated first by Fuji Filé#] and very soon after
confirmed by Dahn et. §b65] They follow a alloying mechanism similar to that of Sn
metal, but first must undergo a conversion reaction, formig@ &t 0.8V v4.i

(Equations 12 13), before Li alloys with Sn.

12. @ y E3T P, E t& u E31P | E |, B3I

13. g y E37 O, E 184y E31P | E , B 31
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The formation of 41O from SnO and S, requires the presence of additional Li,

resultirg in a greatly diminished first cycle columbic efficiency. First cycle efficiencies
for these oxides are regularly reported in a range from 30 to®&%%0] The reaction of

Li with SnO, to form Li.O and Sn is neersible[70] but kinetically unfavorable. Low
intensity, broad peaks, at 1.3 V vs Li in cyclic voltammograms of,ShGw the

conversion backrom Li>O,[69] but an overpotential up to 3V vs Li is necessary to
complete the reaction. Unloading the anode to such a high potential leads to an overall

reduced cell potential and increases the rate of cagadiy71]

1.3.3 Conversion Anode Materials

As seen with Sng)it is possible to electrochemically react Li with a metal oxide
in order toform Li>O. This reaction is not limited to the oxides of alloying materials. A
large array of metal compounds undergo conversion rea¢@i@hslhis reaction can be

generalized as:

14. - 8 0% , B O o, B
where M = metal, X = anion, antd= oxidation state. Conversion reactions fordn
batteries have been identified for the transition metals Ti, V, Cr, Mn, Fe, Co, Ni, Cu, Mo,
W, and Ru, with the anions O, S, N, P, anldZ. The oxides have been the most
thoroughly studied because of their ease of synthesis. Of these,Hda@he highest
theoretical capacity (1233 mAhYy A capacity of ~600 mAh Y at 0.4V vs Li, was
achieved after 100ycles using a thin film of Mn@nanowires on a Ni substrdté3]

Theoretically, nitrides can have an even higher specific capacity due to their

lower mass. CrN thin films were reported to have a specific capacity of ~1200
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mAh g1.[74] This capacity faded rapidly and could only be obtained when the Li
unloading potenél was extended to 3.5 V, even though Li was loaded at 0.02 V. This
exemplifies one of the largest drawbacks of these conversion materil$rameworks

with metal nanoparticles are formed upon reacting Li (Figure 11). Micron scale particles
(e.g. FeOFigure 11A) first undergo a certain amount of Li insertion (FigureB)1

before bonding between the anion and metal is broken to fodnand the metal
nanoparticle (Fe and 10, Figure 11C). As the potential is further decreased electrolyte
decomposibn takes place (Figure 4d), contributing to a poor first cycle Coulombic
efficiency. The available surface area between th¥¢ particles formed and the metal
nanoparticles causes excessive SEI formation. Tféddampounds formed also have

very poa electrical conductivity and because of this, large overpotentials must be applied
in order to insert and remove Li from these compounds. The large hysteresis between
charge and discharge greatly reduces the roundtrip efficiency (the energy outpu relativ
to the energy input) of these materials. Upon unloading Li, the deconversion reaction
results in the formation of nanosized particles of the FeO (Figurd &) , r at her t han
reforming micron scale particles. This causes a significant increase irathego

potential of Li between theand 29cycle, and consequently a decrease in hysteresis.
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Figure11 Generalized $load/unload (solid lines) and is th& ®ad (dashed line)

voltage profiles for the conversion proces$eO with Li. Various notable points of the

reaction are labeled as A) micron FeO particles, B) insertion of Li into FeO resulting in

Li-Fe-O, C) conversion of LFe-O to LiO and Fe, D) formation of SEI on20/Fe

matrix, A®d) nano RdOuafbadidgcohversi B6)ains
nano FeO, CO0)-FeeOdoLgCe rasnido nFeo fnalnio, and DO6) for
Li>O/Fe matrix (Adopted frori’5]).

Binary compounds that undergo conversion reactions hold promise as anodes for
Li-ion batteries. That said, these materials are the least researched of the possible anodes
avalable, probably because of their large hysteresis and less favorable voltage plateaus
relative to carbons and alloying compounds. Considerable effort in this area of research

could lead to gains that may make conversion materials practical alternatgraphite.
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2. Multilayer Graphene Nanoshells Synthesis Modifications and Analysis

2.1 Carbon Nanomaterials: A Background

This section is intended to provide a bhackground discussion of various
carbon nanomaterials. Because of the broad array of carbon allotropes, this will not be an
all-inclusive review, but instead a primer to help understand multilayer graphene

nanoshells.

2.1.1 Fullerenes

Fullerenes are aacbon allotrope that consist completely of lsgbridized 5 and 6
member rings in the form of spherical carbon nanoparticles. The most common forms of
fullerenes are 6 and Go, each consisting of 12 pentagonal rings and 20 or 25 hexagonal
rings respectiely. A Cso molecule is approximately 1 nm in diameft&y.

Richard Smalley and Harold Kroto first discoveregd, @lso known as
Buckminsterfullerene, in 1982] Laser evaporation of graphite created a plume of
molecular species, and using mass spectrometry they were able to idesdsytiae

primary product. Five years later, macroscopic amountg@oéfd Go were synthesized

by resistive heating of graphite in inert atmospH@&leT he pr oduct | abel ed

~

fi 1

soot, 0 was further purified by chdf omat ogr aph

The physical properties and chemistry of fullerenes have been well characterized.
Csogradually oxidizes at 20C and decomposes at 4@)5] The solubility of Gocan

be varied widely by functionalization it with various groups, and is generally found to be
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increased byluorination[6] A wide variety of reactions including, but not limited to,
halogenation, organometaland polymerization have been studiép.

In addition to these reactions, fullerenes have been investigated as anode materials
for Li-ion batteries. LibCso Wwas shown to form using cyclic voltammetry, but due to a
lack of large scale production ptire fullerene at reasonable prices and showing little or
no advantage over graphite, further testing has been lif@fedhile showing poor
reversible capacity as an active material foiidn batterieg9] fullerene soot showed
improvements as an additive to graphite electrodes. Addition of 10% mass fullerene

soot to graphite electrodes extedccycle life in half cell configuration versus[LiQ]

2.1.2 Graphene

Since the realization that i1 tos[lpotenti al
graphene has been a hot topic in the world of chemistry and material Jdi2ii6.
Because of the electronity] thermal[18] and mechanic§l9] properties graphene
displays, it has been explored for use in energy stqdsy@0] electronic devicef21]
and catalysi$22, 23] It has even been manufactured into carbon fiber bicycle race
wheels with claims of increased stiffness, reduced weight, and reduced temperature
build-up on the brake tradR4]

Graphene was first isolated using the Scotch tape mé¢tib¥ery small
guantities of graphene were obtained by pealing back Scotch tape multiple times of a
piece of pyrolytic graphite, for which Novoselov and Geim later received the Nobel Prize
in physcs. In practice, this method and most other methods of production actually
produce a mix of graphene and few layer graphene, which are essentially graphite

crystals that are only a few layers thi@8 Fundamentally, the structure of graphene is
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a two-dimensional, single layer of $hybridized carbon atoms., but both single and few
layer graphe@ ar e commonly called fAgrapheneodo, alth
rigorously true.

The most popular synthesis for graphene is mechanical exfoliation of graphite
oxide by sonicatiof26) Hu mmer s6 met hod can be used to oxi
oxide[27] Graphite oxide disperses well in®l because of its polar groups. Sonication
of the dispersion overcomes the van der Waals interactions holding the graphite oxide
sheets togther, resulting in graphene oxide sh¢28. Graphene oxide has low
electrical conductivity comgred to graphene so further modification is necessary.
Chemical reduction using hydrazine hydrate reduces the graphene oxide and improves
the electrical conductivity of the resulting product to 2420’ 26] While reduced
graphene oxide has improved conductivity, it is still lower than what is expected for
graphene, because of defects ia $tructure. To produce graphene with fewer defects,
graphite can be dirdgtexfoliated by sonication in Methyl2-pyrrolidone (NMP).29]
Conductivity of this product is near 6500 Snbut yield is only 1 wt%.

Graphene has been proposed as a fAhigh per
because of its superb electrical conductivity andireddow production codtl2] Its use
for electrochemical storage in-lon batterief30] and supercapacito[81] as well as
chemical storage of molecular hydrogen have been expl8gdAs an anode material
for Li-ion batteries, graphene has a theoretical capacity of 744 mAlmder the
assumption it forms Lie This capacity is tvae that of graphite and is based on the
assumption that Li can be adsorbed on both sides of the graphene sheet. An experimental

reversible capacity of 848 mAh'gvas reported, higher than what is expected in the LiC
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model[33] Such high capacity could be due to Li storage in defects of the graphene.
Additionally, these anodes were unloaded up to 3.5V vs Li. Unlike graphite, which
intercalates and deintercalates at one potential, grapp 6 s adsor pti on of
large range of potential84] leading to a €lping voltage profile. Also, like many carbon
nanomaterial§34] graphene anodesféer from poor first cycle columbic efficiency

because of their high surface af8§]

2.1.3 Carbon Nanotubes

Carbon nanotubeseclassified as either single wall carbon nanotubes
(SWCNTs) and multiwall carbon nanotubes (MWCNTSs). SWCNTs can be envisioned as
seamless cylindrical graphene sheets and can be terminated by fullerene caps on one or
both ends. Typically, they are 1 towB in diameter and can vary in length up to several
mm.[36] Physical and electronic propesief these nanotubes are greatly affected by
their chirality[37] This determines the exadatheter of the SWCNT along with its
metallic or semiconducting nature. MWCNTSs have a larger diameter as they are made of
multiple concentric graphene sheets. Sheet spacing is similar to graphite at 0.34 nm and
wall thickness can vary greafl$3]

Common synthesis techniques for carbon nanotubes include chemical vapor
deposition,38] laser vaporizatiofi39] and aredischarg [40] the last being the preferred
method for bulk ppduction. These methods start with a carbon source and catalyzing
metal. After formation, purification is necessary to remove unreacted amorphous carbon
and catalyzing metalgl1] Nitric acid oxidation is one common method of purification,
which oxidizes the amorphous carboralissolves the metal catalyf4&] As a result

of this process, defects on the surface of the carbon nanotubes are converted to carboxylic
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acid groups. The carboxylic acid groups can be used as a starting point for various
functionalzation routeg43] Much like fullerenes, functionalization of carbon nanotubes
is well studied44]

The electronic propeds of SWCNTSs are of particular interest to researchers.
SWCNTs with the Aar mchai r 0[45 SWONDsrthatashiow on  ar e
some form of chirality can be either metallic or semiaantishg based how they are rolled
up[45 Most reactions produce multiple different types of carbon nanotubes so it is
important to separate them to obtain material with uniform properties. é&epatan be
carried out by physical methods such as electrophoresis and centrifugation or chemical
methods such as chromatography, selective solubility, and selective reg&fjons.

Carbon nanotubes are of interest foiidm anode materials because of their high
electrical conductivity and Liuptake in the form of surface reactions in SWCNid a
intercalation in MWCNTSs. Reversible capacity of 625 and 340 mAfogSWCNTs and
MWCNTSs, respectively, have been reported when unloaded at voltage of 3YAG} Li.
SWCNTs and MWCNTSs can be fabricated as freestanding electrodes reducing the overall
weight of the anode. While this might increasedterall energy density, these carbon
nanotube electrodes suffer from poor first cycle columbic efficiency, greatly reducing the

real world practicality of this material as an anode alternative.

2.1.4 Carbon Nano Onions

Carbon nan@nions is a term for broad range of carbon nanostructures, which
are spherical in shape with multiple layers of concentric carbon shells up to 100 nm in
diameteff47] The name derives from the similarity to an onion. These-parens

were discovered in 1980 by transmission electron microscopy, five years before the
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fullerene, as a byproduct of carbon black synthigdsIt was found that graphitization
of amorphous carbon intbese small onion like particles occurred due to the high
intensity of the electron beam.

Larger quantities of carbon nano onions can be synthesized by vacuum annealing
nano diamond precursor at 14@0) resulting in 5 to 10 nm particl$9] Onion like
carbons with a size closer to 50 nm were synthesized using metals as catalysts under a
varietyof conditions. Examples of this include catalytic decomposition of methane on
NiO,[50] calcination of a resorcindbrmaldehyderon polymeric complex51] and
chemical vapor deposition of ethane gas and liquid iron carlpsgyl.

Carbon onions have been studied as catalytic supports and supercapacitors. As a
supercapacitor, charge storage on carbon onions increase as their diameter dé8teases.
Certain carbon onions showed to have 10 times the power of the more conventional
activated carbons, but ultimately a lower energy density due to their low available surface
areal54]

Carbon onions have been largely ignored for use-nrLbatteries, while other
carbon materia have been extensively explored for use as anode materials and
conductive additiveg34, 55] Publications on this subject are rare, but one paper reported
that 30 nm carbon onions have a reversible specific capacity of 391thvwhan cycled
between 0.02 and 3Ma6] While stable out to 60 cycles, much of the capacity is
discharged between 2 and 3V. This potential range is nattredbr practical Liion
batteries as it is too close to potential at whichidioaded and unloaded from the

cathode.
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2.2 Multilayer Graphene Nanoshells: A Description

Multilayer graphene nanoshells (MGNS) is a term employed by this lab to
describe anoscale graphitic like spheres that have a void space in the ifiddle.
Average size is 50 nm and wall thickness is ~10nm, as seen in the TEM in Figure 1A,
although these parameseappear to be dependent on synthetic details. Graphitic layering
is confirmed by the presence of the 002 reflection at Z&4in the powder XRD
(Figure 2). Furthermore, graphitic layering, at 34 visible in HRTEM (Figure 1B)
and polycrystalline ring SAD matches the 002 reflection for graphite (Figure 1C).
Defects in the graphitic layers allowing curling, leading toithe p He rkee 0 s hape.
Major defects in the form of a hole in one side of the particle are formed during synthesis

or purification.
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-~

Figure12A) TEM micrograph of MGNS particle at 150kX magnification B) HRTEM of
interlayer spacig of MGNS particle C)SAED of MGNS particles at camera length of
50cm.
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Figure13 Powder XRD of MGNS

2.3 Multilayer graphene nanoshells: Synthesis

The starting materials for MGNS were ground cellulose (AvicellRBl) and
NiClJ6H,O0 ( Al drich, 098 %) . These materials wer
(w:w). The cellulose:NiGl6H20 mixture was pressed into pellets, 25.4 mm in diameter,
at 20,000 PSI. A hole was drilled into the center of each pellet so that they could later be
skewered with a 6 mm stainless steel rod. They were then charred in a tube furnace
under a 13 mL'$ argon flow at 375C for % h. This was followed up by skewering the

pellets and placing them in a custorsréss vacuum chamber (Figure 3). The reaction
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chamber consisted of a 10. wultratorr inlet
to pass through, a beam stop and a vacuum port. The chamber was then evacuated and a
very low flow of He allowed to leak in, bringing the pressure up to betweeari®@000

mTorr, preventing accumulation of soot on the ZnSe window. The pellets were rotated at

0.0125 rotations/s with an Applied Motion Products STM 23S stepping motor while the

pell etds outer edge wiansCOdagar (Gyniad FestartéD),t h a 6 4

operating at 95% power. Pellets were collected and their edges were scraped off with a
razor blade. The pyrolized edge material from the pellets was ground in a 250 mL
stainless steel bowl using 4 stainless steel balls (1.27 cm in diamdteg Rritsch

Pulverisette 6 planetary bhanill at 5000 rpm for 10 min.
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Figure14 Schematics of Laser Pyrolization table arcrdss reaction chamber.

43



At this point in the synthesis, the sample consisted of Ni encapsuldi#@NS
(NI@MGNS) and amorphous carbon (Figure 4A). The sample was mixed with
concentrated HNgat a ratio of 1 g:10 mL (w:V) in a round bottom flask. The mixture
was refluxed for 4 hours, cooled, and quenched with equal volume distilled water. The
MGNS/water mixture was then collected and washed with water and separated by
centrifuged multiple times until the supernate was clear. Initially, the supernate is dark
green or brown as a result of the dissolved Ni and carbon. Finally, the MGNS was

allowed toair-dry overnight resulting in the final product (Figure 4B).
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MGNS after HNQ reflux.
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2.3.1 Physical Characterization

Powder xray diffraction (XRD) patterns were obtained with a Rikagu
Miniflex+ diffractometer (Cu Kyradiation) maintained in the air-free environment of
a N\ filled glovebox (< 1 ppm HO and Q). Samples were scanned on a zero
AAAECOT OT A NOAOOU bil AOA -¥BEadrphologywas O  wmJ
examined using a 100 kV JEOL 1200EX TEM. Raman speefere collected on a
Horiba LabRam HR Raman microscope, with a 532 nm source. After baseline
corrections, the intensities at 1330 and 1560 wavenumbers were measured to

acquired Io/l gratio. Thermogravemetric analysis was performed on a Perkin

Elmer Pyris 1 with air or Nz flow of 20 ml min-1 and a ramp rate of 20°C min.

2.3.2 Mixing of Salt and Cellulose

Two methods were explored for making metal halide/ cellulose mixtures. For
Method 1, the salt and cellulose were mixed by planetary ball mill, asirf@p mL
stainless steel cup with 4, 10 mm, stainless steel balls at 200 RPM for 10 minutes.
Method 2 differed in that NiGl2H20 was dissolved in 250 mL of deionized water, and
cellulose was then soaked in the solution for 1h, followed by drying usoiguy
evaporator. Both methods produced good distributions of thef2i€IO in the
cellulose. No differences were found in the final MGNS product by changing between

these methods.
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2.3.3 Effects of Charring

The second step in MGNS production is clmayiof the cellulose/NiClpellets
under argon at 37& for a half hour. Herring et. al. states that the purpose of this step is
to decompose the cellulose to a network of polycyclic aromatic hydrocarbons (PAHS)
around NiC} crystallites|57] They continued by writing that this method has been used
to produce carbon nanoparticles and is not
by the presences of the templated species.

To sudy the influence charring has on the production MGNS, we synthesized
MGNS with and without the charring step. Even without charring, Ni@MGNS was
produced after pyrolization of the cellulose/Ni@ellet. Based on this observation, it is
possible that lax pyrolization sequentially forms the PAH networks, reduces theNiCl
and forms MGNS. Both powder XRD diffractograms and TEM image show no
discernable difference in the pgstrolysis product. The peaks in the powder XRD
(Figure 5) pattern are good mhes to the 002 reflection of graphite and 111 reflection of
Ni, while TEM images showed agglomeration of roughly 50nm Ni@MGNS particles

(Figure 4A).
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Figure16 Powder XRD diffractogram of Ni@MGNS without charring acquired stan
speed of at Imin.

Following pyrolysis, the NI@MGNS made without charring was refluxed in
HNO:s for 4 hours. Raman spectra were collected on a Horiba LabRam HR Raman
microscope, with a 532 source, of the final MGNS product analyzed to confirm any
changes in the spto spf carbon ratio. A comparison of the/lis band ratio of charred
and norcharred showed no change (Figure 6A&B). Both samples had agil@#adnd
ratio, showing the graphitic nature of MGNS was not affected by the elimination of the

charring step.
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Figurel7 Raman spectra of A) MGNS made with charring and B) MGNS made without
charring.

Finally, a comparison in the yields of charred and-coearred MGNS showed
little change. The yield of the product aftéNOs reflux, based on preefluxed mass of
Ni@MGNS, was ~25% whether charred or not, indicating no further cellulose was
converted to MGNS as a result of the charring step.

The biggest difference in charred vs rdrarred pellets was the mass of thiepe
prior to being laser pyrolized. The mass of a charred pellet was 42% that of a non
charred cellulose/NiGlpellet. The majority of this mass loss is due to water angitso
According to Herring, the tar is made up of levoglucosan and other ishiglzer
molecular weight specig88] This is important because these byproducts are removed

either during the charring step or the pyrolysis step. When the cellulose pellets are not
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charred these byproduct cool and contaminate the vacuum line of the pyrolysis reaction
chamber, which proves to be more of an engineering issue than a chemistry one.
Additionally, when collected properly, these Hoits have potential to be alternative,

green energy sourcgs9] With these factors in mind it may be worth having further

investigation of charring and collection of its byproducts.

2.3.4 Pellet Rotation Speed for Laser Pyrolization

The effect of cellulose/NiGlpellet rotation speed on MGNS synthesis in the
reaction chamber was studied. By changing the rotation speed we controlled how long
the pellet was under laser beam irradiation. The beam had a spot size of 2.2 mm and the
pell etds ci r cumifhe pelletwaspywliaes at 4 diffei@nt rotation
speeds (Table 1). The time any one portion of the pellet was under the beam (irradiation
time) was calculated using the pellet circumference, spot size, and rotation speed. The
pellets were scraped and pratiwas collected and weighed. A portion (0.04g) of that
product was refluxed in HNgJor 4 hours and the final MGNS was weighed. TEM was
used to analyze the Ni@MGNS and MGNS to verify any morphological changes. Raman

spectroscopy was used to determiresrtitio of sp carbon to spcarbon.

Table 1i The effect of rotation speed for pyrolysis on MGNS

Rotation Full Irradiation | Scraping | Reflux | Reflux | Raman
Speed (RPS| Rotation | Time (sec)| Yield (g) Yield (g) | % Yield | Ip/lc
Time (sec) Ratio
0.05 20 0.55 0.0409 0.0011 | 2.59 0.41
0.0208 50 1.38 0.1088 0.0192 |17.37 |0.32
0.0125 80 2.21 0.1629 0.0283 |17.65 |0.29
0.0083 120 3.32 0.2654 0.0852 |32.10 |0.19
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As the rotation speed decreased and the irradiation time increased, the penetration
depth of the laser alsocreased. This was determined by the amount of product that
flaked easily off the cellulose pellet with light scraping. This yield followed a linear
trend with the irradiation time (Figure 7). Each sample was refluxed to determine the
amount of the ggahitic MGNS produced in the pyrolysis based on the percent yield. The
percent yield nearly doubled between 80 and 120 second rotation times from 17.65 to
32.10%. The product also seemed to get more graphitic as irradiation time increased.
The b/lc bandratio of the Raman spectra decreased from 0.41 to 0.19 with increasing
irradiation time. The decrease in this ratio would indicate lessaspon, which could be
due to a larger number of graphene layers per nanoshell (less curvature) or fewer defect
in the MGNS structure. TEM images showed no apparent difference in the morphology
of the MGNS. Agglomerations of multiple aspherical particles are readily visible

regardless of pyrolysis time (Figure 8).
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Figure18 Scraping yieldf NiI@MGNS (circles) vs rotation time and linear least squares
fit of the data (line).
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Figure19 TEM micrograph obtained at 200 kV of MGNS agglomerates made with
pyrolysis full rotation times of A) 20 seconds and B) 120 seconds

2.4 Purification of Ni@MGNS

As previously mentioned in section 2.3, the resulting product of the laser
pyrolysis is NI@MGNS and amorphous carbon. In order to isolate the MGNS, we must
remove the amorphous carbon and Ni cores. Purification of MGN&ilausto that of
MWCNTSs. Most techniques employ a route in which competitive oxidation between the
amorphous carbon and graphitic carbon takes place. The key to such methods is that the
oxidation of amorphous carbon is kinetically much quicker than graglrbon due to
the excess of available dangling bonds. Additionally, these techniques dissolve the Ni
cores. The following sections discuss four routes for purifying MGNS. While we are not

limited to these methods, they are the ones that showedogtesoccess for MGNS.
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2.4.1 Air Oxidation
Ni@MGNS/amorphous carbon was heated in a tube furnace & 5@th a 20 ml
mint air flow for 300 min. The sample was collected and washed in concentrated HCI to

remove the now oxidized NiO cores. The procelevi@d reactions 1 through 3.

(1) C+0Q- CO
(2) 2C+Q- 2CO

(3) NiO + 2 HCI- NiCly(aq) +HO

TGA was used to determine the optimal time of oxidation. Temperature was ramped at
20 C mint to 500C and held for 300 minutes. Two distinct slopes in the lerofithe

TGA curve can are apparent (Figure 9). There is a quick descending slope to 75% mass
in the first 27 minutes. This portion of the curve is due to amorphous carbon oxidation.
Nickel oxidation causes a hump in the profile due additional oxyges.n¥sfter 27

minutes the slope changes rapidly to a much shallower loss in mass due to MGNS
graphitic carbon oxidation. Powder XRD was collected following HCI wash (Figure 10).
As expected, there is a reflection at 26& the graphitic MGNS along witsmall broad
peaks for some leftover NiO. As/lc Raman band ratio of 0.71 indicates the sample has
an increased level of defects from this high temperature oxidation. TEM showed
definitive evidence of additional unoxidized amorphous carbon (Figureltli)possible

that oxidation does not occur homogenously and sections of the sample that are not in

contact with gas flow oxidize at a slower rate leading to excess amorphous carbon. In
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order for this method to be effective, the time must be incremsgddveroxidation must

take place, which in turn may lead to a more defective MGNS structure.
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Figure20 TGA thermogram of Ni@MGNS heated under air at a ramp rate &f @0n™.
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Figure21 Powder XRDpattern of MGNS purified by air oxidation and HCI wash
collected at a scan rate 0G/min.
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——— 100 nm
Figure22 TEM micrograph obtained at 200 kV of MGNS oxidized by air then washed
by HCI. Excess amorphous carbon is visible intermixgtin the MGNS patrticles.

2.4.2 Potassium Permanganate Oxidation

526.3 mg KMnQ was dissolved in 50 mL of 0.5 M.BQsto make a 0.3 M
KMnOg4 solution. 100 mg Ni@MGNS/amorphous carbon was heated in this solution at
80 C for 6 hours until the solution tued from violet to black, at which point it was

allowed to heat for an additional 1 hour. The sample was collected and separated by
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centrifuge at 5000 rpm for 5 minutes. The solid was washed with 50 ml of concentrated
HCI, and then with 50 ml of 0.5 M HChnd separated by centrifuged after each wash.

Finally, the sample was allowed to dry overnight in air.

This purification uses Mnto oxidize carbon to C£as seen in reaction 4.

4 3C+4KMnNQ+4H- 4MNG;+3CO+4K +2H0
The solutiorturned from violet to black once all the KMa@acted to Mn@ The
resulting product was Ni@MGN&d NiO@MGNSoated with small Mn@crystallites

(Figure 12). Concentrated HCI was used to dissolvé\tladNiO cores (reaction 3)

while the dilute HCI renoved the MnQ@(reaction 5)

(5) MnO2+ 4 HCl(ag)- MnClx(aq) + 2 HO + Chk(g)
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Figure23TEM at 100 kV of MnQ coated Ni@MGNS 75kX.

The powder XRD pattern (Figure 13) of the purified MGNS consisted of a broad
(002) graphitc reflection and small peaks consistent with Ni and NiO. Additional
investigation by Raman spectroscopy show a higia band ratio of 0.80, characteristic

of increased defects in the structure.

58



10 20 30 40 50 60 70

Figure24 Powder XRD patternfdMnO oxidized and HCI washed MGNS obtained at
a scan rate 0%Bmin.

2.4.3 Steam Oxidation

The steam purification setup can be seen in Figure 14. A ceramic boat holding
0.2 g Ni@MGNS/amorphous carbon was pthicea 25 mm diameter quartz heating tube
inside a tube furnace. The heating tube was purged with Ar for 0.5 h. Ar gas was
bubbled, via sparger, through distilled water held aC98 he tube furnace was set to
950 C and the water saturated Ar flow at 200 ml/min, for 3 hours. After the sample

cooled, it was washed with concentrated HCI to remove the Ni cores.
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Figure25 Steam purification setup. Ar gas is bubbled through distill water heated to
98 C. Ar/steam then flows through the copper tube into a quartz tubenfttimaceheld
at 950C and vented to a fume hood.

The steam oxidizes the carbon, following reaction 6, to CO and is further oxidized to
CO; (reaction 7).

(6) C+HO- CO+H:

(7) CO+HO- COx+ H
The powder XRD pattern of the MGNS showed it was frediaffter HCl wash (Figure
15). The b/lc band ratio of the Raman spectra, 0.68, was lower than that of both the air
and KMnQ oxidation. The TEM micrograph of the material displayed no abnormalities

in the MGNS morphology, with very little observable aptwus carbon (Figure 16).
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Figure26 Powder XRD pattern of steam purified MGNS after HCI wash obtained at a
scan rate of Imin.

[S—

Figure27 TEM micrograph obtained at 200 kV of MGNS oxidized by ste&r®00°C
followed by HCI washing to remove Ni cores.

61



2.4.4 Nitric Acid Reflux Oxidation

The Ni@MGNS was mixed with concentrated H\N#D a ratio of 1 g:10 mL
(w:V) in a round bottom flask. The mix was refluxed for up to 6 hours, cooled, and
guenched witlkequal volume distilled water. The MGNS/water mix was then collected

and washed with water 3 times followed by separation by centrifuge.

HNOs, a strong oxidizing, easily oxidized amorphous carbon at elevated temperatures,
following reaction 8. Additionajl, because it is a strong acid, it dissolves the Ni cores at

the same time (reaction 9)

(8) C+4HNQ- CO;+2HO +4NO

(9) Ni+HNOs- Ni(NO3)2(aq) + H

Ni@MGNS/amorphous carbaxidation by refluxing HN@was halted after %2, 2, 4, and
6 h. The productaere analyzed for crystal structure with powder XRD, surface area
using BET, andd/lc band ratio with Raman spectroscopy. Results are shown in Table 2.

Table 2i The effect of HNQreflux time on MGNS

Reflux time (Hours) % Yield Io/lc ratio BET Surfae Area
(m?g)
0.5 37 0.80 23
2 34 0.52 56
4 37 0.61 82
6 23 0.66 107

The yield of the samples oxidized for-%4 hours was very similar, between 34

and 37%. Most of the mass is lost very quickly because the Ni is dissolved out rapidly.
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TGA thermogams collected with a 20 ml/min airflow (Figure 17) shows after all the
carbon is removed by oxidation, there is only 3% of the initial mass remaining. This is
consistent for all the samples, independent of the reflux time, and is due to NiO that was
not removed. After 6 hours the yield drops down to 23%. At this point the reflux may
not just be removing amorphous carbon, but a significant portion of the graphitic carbon
of the MGNS as well. The surface area MGM&shed by in refluxing HN&for 6 h was

107 n? g%, much higher than any of the other samples. Hhe band ratio is lowest for

the sample treated for 2 h, 0.52, and largest, 0.80, for the sample treated for the shortest
time (%2 h). This indicates that the brief treatment left a large améudrgaydered

carbon, most likely because of unoxidized amorphous carbon. TEM micrographs (Figure
18 A-D) show a decrease in amorphous carbon around the MGNS as reflux time
increased. Furthermore, HRTEM images of MGNS after a 2 h treatment (Figure 18E)
shav the expected graphitic layering with little evidence of disordered carbon around the
edges. Based on these results, HMHlux time of 2 hours was determined to be the

most appropriate method for purifying the MGNS.
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Figure28 TGA thermogram of HN@oxidized MGNS collected at a flow rate 20 ml
air/min.
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Figure29 TEM micrographs of MGNS refluxed in HNG@or A) 2h B) 1 h C) 2 h and
D) 6 h. E) HRTEM of MGNS after 2 h HN®eflux, showing graphititayering at the
edges.
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2.5 Electrochemical Characterization

Detailed electrochemical characterization was previously reported by Jonathan
Cox[60] MGNS was showed to have a nominal capacity of 220 giAwith little
capacity fade over 200 cycles when cycled from 0.02 to 1.5V vs Li, in half cell
configuration. It has high rate capability, charging/discharging as high as 16C for 200
cycles with ~10% capacity fade. Additionally, MGNS can cycle in lemvgerature
solvents such as PC without anyiotercalation, unlike graphite, which suffers from

exfoliation in these solven{§1]

2.6 Conclusions

Multilayer graphene nanoshells have been developed for usean anodes.
The synthesis was investigated further for optimization. It was determined that while
charring may provide useful byatocts, it is not crucial to the synthesis of the MGNS
nanoparticles. Increased pyrolysis times were found to increase the overall yield.
Several oxidative purification techniques were investigated including oxidation by air,
steam, KMnQ, and HNQ. HNGQ;z proved to be the most successful at removing
amorphous carbon and Ni metal. While HiN®doved excellent at removing amorphous
carbon, it could also destroy the graphitic MGNS during prolonged reflux times. An
HNO:z reflux time of 2 hours was found to bptonal to remove amorphous carbon
without being too detrimental to the MGNS. Several aspects of this synthesis were
investigated in this study to provide a foundation for the carbon backbone needed for

Sn@MGNS studies reported in the subsequent chapter.
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3. Incorporation of Tin into Multiwall Graphene Nanoshells

3.1 Introduction

Intercalation based carbons have been a primary componenioof hattery
anodes si nce thdybkaveesame lfupdarfedtél drawbdcks.t One of the
largest of these is the limitation bifintercalation to 1 Li per 6 C in graphite, the active
material in commercial kion battery anodes. This results in a relatively low theoretical
specific capacitpf 372 mAh/g, and an even lower practical capacity (~340 mAh/g) due
to defects in the graphitic crystal struct{tg. Another drawback is the electrochemical
potential at which Liintercalates into graphite, 0.02 V vs Li, very close to the potential
that Li plates (0 V vs Li). This can become problematic at fast loading rates and low
tempeatures where Li can locally plate on the graphite because of the slow intercalation
kinetics of graphit¢2] Li plating can lead to dendrite formation and consequential
internal short$3] As a result of these issues with graphite, enormous research effort has
been put into alternative neatals, with Lialloying anode materials being chief among
these (Section 1.3.2).

Encapsulation of Lalloying nanoparticles by materials that do not react with Li
has been explored by many research gr¢4433.The most commonly studied systems
consist of a.i alloying metal surrounded by a carbon shell, allowing enough void space
for the expansion that goes along with the alloying reaction (Figure 1). The nanoparticles
inside the shell can undergo a certain degsf pulverization while maintaining good

electrical contact with the walls of the carbon shells. Agglomeration is prevented because

the nanoparticles are confined i-sbebkEotBe

71

s h



nano morphology reportedbyCw6s group that cycled stably

1500 mAh ¢.[8]

00 =0

Figure 1 Schematic of the lithiation process of encapsulatatldy based materials.

Multiwall graphene nanoshells (MGNS) are composed of multilayered curved
graphene with an inner void (chapter 2, Figure[@p)ithium can intercalate between
the graphene layers, akin to the storage mechanism of graphite. However, its storage
capacity, ~220 mAh-§[10] could be greatly improved by making use of the empty
interior space. An approjate loading of Sn nanopatrticles on the inside of MGNS would
allow for expansion without mechanical stress and prevent agglomeration. Using MGNS
as an encapsulating material would differ from other similar carbon coatings, as it would
contribute to Li staage capacityas well as acting as physical confinement.

In addition to the interior space that MGNS could provide for Sn nanopatrticles,
the spaces between packed MGNS could provide space for additional Sn or other
alloying metal(s). While MGNS might emplistically envisioned as nanospheres,
electron microscopy observations demonstrate that they are more often highly distorted
shells, consistent with considerable wall flexibility. This flexibility may provide stress
relief to allow alloying metal(shi between, rather than or in addition to inside, the
spheres to reversibly expand/contract during lithiation/delithiation while maintaining

electrode mechanical integrity and metal nanoparticle separation.
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In this chapter, separate studies of MGNS anodésSn inside (SNn@MGNS)
and outside (SN/MGNS) the shells are described. While separation of the studies of these
two SrMGNS composite options simplified the research, the final anode material
envisioned would be a combination of the two; MGNS modifiegdoyially filling both
the insides of the shell and the interstices between the shells. This would maximize use of
the vacant space inside and around the electrically conductive, lithium intercalating
MGNS fAscaffol dingo, opt ilumetric energydénsity.h gr av
Furthermore, the SMGNS, may require little or no additional processing in order to be
applied to traditional Lion battery manufacturing techniques.-88&GNS similarities to

graphite should allow it to directly replace graphité.i-ion battery manufacturing lines.

3.2 Experimental

3.2.1 Synthesi§ Sn@VIGNS

The synthesis of Sn@MGNS is accomplished by a simple modification of the
synthesis of MGNS. Various ratios of the NifeiH.O (Aldrich, O 9 8),%nd SnCGi2H.0
(Fisher Scientit, O %) salts were mixed with ground cellulose (Avicel-B6b) in a
ratio of 1:4 (w:w). The salt:cellulose mixtures were pressed into pellets, 25.4 mm in
diameter, at 20,000 PSI. A hole was drilled in the center of each pellet and they were
skewered wh a 6mm stainless steel rod which was placed in a custnms4 vacuum
chamber (Chapter 2, Figure 3). The pellets were rotated at 0.0125 rotations per second
with an Applied Motion Products STM 23S
was pyrolizd with a 64 W, 10.6m CQylaser (Synrad Firestar t60), at 95% power. The

pyrolized material was scraped from the edges by razor blade and gpod@dmin in a

73

i met

st ep



250 mL stainless steel bowl using 4 stainless steel balls (1.27 cm in diameter) with a
Fritsch Pulverisette 6 planetary ball mill operating at 5000 rpm.

The product consisted of a4Sn, intermetallic encapsulated MGNS (mixed metal
MGNS), NiSn, intermetallicexterior to the MGNS, and amorphous carbon. The
exterior intermetallic was first remoddy washing the sample with concentrated HCI
with ultrasonic agitation for 2 hours. The sample was then washed with deionized water
followed by refluxing concentrated HN@r 4 hours (1g:10mL sample:HND
oxidizing and removing the amorphous carbamaddition, the HN®leached the Ni
from the intermetallic cores, leaving Snénhcapsulated by MGNS (SB@MGNS). The
product was dispersed in water with ultrasonic agitation and separated by centrifugation
(5000 RPM, 5 min) multiple times until thegernate appeared clear. The SnQres
were reduced back to Sn by Keduction, using a 5%a95%N> gas mixture at a flow

rate of 20 ml mirt through a tube furnace at 8@ leaving Sn@MGNS.

3.2.2 Synthesi$ SNO/MGNS
A 0.1852 M NaBH solution was prepared by dissolving and slowly diluting 0.70
gNaBHin 100 mlI of 14 M NaOH at 0 eC. The bor
ice/water bath to slow hydrolysi$l] MGNS (0.15 g) was dispersed in a 25 ml solution
of SnCh-2H,0O in deionized water by magnetic stirring. A range of SrE0
concentrations were examined from 12 mM to 56 mM in order to adjust the final SnO
ratio relative to the MGNS. e NaBH solution was slowly added dropwise by pipet to
the MGNS dispersed in Snolution. The reaction occurred quickly, with a few
seconds vigorous bubbling (likely the release pt&is), after which the solution was

stirred for an additional 5 minThe basic solution was neutralized with 6 M HCI to help
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precipitate the product (SAMGNS). The product was washed and separated by
centrifugation 3 times with water and then once with ethanol and then dried in air

overnight.

3.3 Characterization

3.31 Mixed Metal MGNS

After pyrolization, the product consistedNiiSn, particles in the range of 50 to
200 nm, along with the encapsulated mixed metal MGNS. Washing with concentrated
HCI removed the NBn, exterior but not that encapsulated by the MGNEBMTof 90:10
Ni:Sn mixed metal MGNS before and after the HCI| wash shows the loss of the exterior
metal after the wash (Figure 2A&B). A 200 nm intermetallic particle can be seen prior
to HCI wash along with other smaller agglomerates of metal nanoparirckddition to
mixed metal MGNS. After the HCI wash, 50nm metal cores are visible surrounded by
MGNS and amorphous carbon. The metal content was independent of the HCI wash time,
showing a mass loss of ~40% after wash times of 1 and 2 hours. Powder XRD
diffractograms, Figure 3A&B 7A&B, display a decrease in the intensity of theS¥,
reflections, but the peak positions remain the sammyXluorescence was used to
monitor the Ni to Sn mass ratio by relative peak intensities dthpeaks of Ni (748
keV) and Sn (25.27 keV). The mass ratio was not significantly changed by pyrolization
or HCI washing Figure8). HCI washing did result in an increase in the Raman
spectroscopyollc band ratio across all Ni:Sn mass ratios (Figure 9). This suggasts th
HCI washing results in an increase in defects in the MGNS as has been shown to occur in

carbon nanotubes, while having very little effect on the amorphous carbon da@jent.
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Figure 2 TEM micrograph at 75kX, 100kV of 9:1 Ni:Sn mixed metal MGNS A) prior to
HCI wash B) after HCI wash.
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Figure 3 Powder XRD diffractograms collect&tdd.5/min of 9:1 Ni:Sn mixed metal
MGNS A) after pyrolysis B) after HCI wash C) after Hh@flux D) after H reduction.
Reflections are indicated as MGNS (circles), Ni (triangles),>aquares), Sn

(diamonds), unidentified (asterisks).
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Figure 4 Pawder XRD diffractograms collected at @i%in of 8:2 Ni:Sn mixed metal
MGNS A) after pyrolysis B) after HCI wash C) after Hi@flux D) after H reduction.
Reflections are indicated as MGNS (circles), Ni (triangle}SNi(empty triangles) SnO
(Square)Sn (Diamond), unidentified (asterisks).
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Figure 5 Powder XRD diffractograms collected at@rbn of 7:3 Ni:Sn mixed metal
MGNS A) after pyrolysis B) after HCI wash C) after Hh@flux D) after H reduction.
Reflections are indicated as MGNS (circle),(Miangle), NgSn (empty triangle), NSrp
(pentagon), SngXsquare), Sn (diamond), unidentified (asterisks). The subwindow is a
zoomed in area from (D) showing the MGNS peak.
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Figure 6 Powder XRD diffractograms collected atOrin of 6:4 Ni:Sn mixed ratal
MGNS A) after pyrolysis B) after HCI wash C) after Hhi@flux D) after H reduction.
Reflections are indicated as MGNS (circle), Ni (triangle}SXi(empty triangle), NSrp
(pentagon), SngXsquare), Sn (diamond), unidentified (asterisks). The swdow is a
zoomed in area from (D) showing the MGNS peak.
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Figure 7 Powder XRD diffractograms collected at@rbn of 5:5 Ni:Sn mixed metal
MGNS A) after pyrolysis B) after HCI wash C) after Hhi@flux D) after H reduction.
Reflections are indicated &GNS (Circle), Ni (triangle), NiSn (empty triangle), N6ne

(pentagon), SngXsquare), Sn (diamond), unidentified (asterisks). The subwindow is a

zoomed in area from (D) showing the MGNS peak.
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Figure 8 Sn mass percent, as measured by XRF relativema$s$, after each synthesis
step and for each initial Ni:Sn ratiByrolization (red bar), HCI wash (blue bar), HNO
reflux (purple bar), and Heduction (orange bar).
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Figure 9 The Ramamlratio after each synthesis step for each Ni:Sn ratio.
Pyrolization (red bar), HCIl wash (blue bar), Hi@flux (purple bar), and Heduction
(orange bar).
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3.3.2 ShOQ@MGNS

Refluxing the mixed metal MGNS in concentrated HNEsulted in the oxidation
and removal of the amorphous carbon and Ni metal. Howeveintensity XRD
reflections between 42 and 458 2corresponding to Ni (PDF#83850), NaSn
(PDF#351362), or N¢Sre (PDF#060414) indicate that a very small fraction of the Ni
was not removed (Figures7. In addition, hot HN®@readily oxidizesSn toSnQ, an
insoluble species in an acidic environment. This can be seen by the increase in the
intensities othe SnG (110) and (101jeflections at 26.6 and 33.982 Peak analysis
using the Scherrer equation indicates that the.$ng@tallite size is 5 nm.

XRF spectra are consistent with the XRD results, showing up to 52% (m/m) of
the metal remaining (Sn + Ni) in 9:1 Ni:Sn MGNS is Ni, with lower mass ratios showing
much more complete Ni removal. For example, ~20% of the metal remaining in the 7:3,
8:2, and 9:1 Ni:Sn@MGNS samples is Ni. Itis unclear if the Ni remains as partially
oxidizedNixSn/SnG@MGNS particles or as completely unoxidized3\i, cores in
some portion of the MGNS particles. It should be noted that a small fraction of the Ni
coresof MGNS synthesized with only Ni survive HN@eflux, suggesting that the same
protection might be provided to some of tieSn, cores of the mixed metal material.
Refluxing resulted in a decrease in the Ramélia band ratio across all samples, excep
the 50:50 Ni:Sn MGNS sample, consistent with the oxidation and removal of the
amorphous carbon. The/ls band ratio increases with increasing Sn content, suggesting
that the defects present in the MGNS increase with decreasing Ni content during
pyrolysis. This is not particularly surprising considering that MGNS cannot by

synthesized from Sn in the absence of Ni.
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TEM images show SiM@MGNS particles ranging in size from 50 to 150 nm
that do not completely fill MGNS, consistent with Ni removal from tbees (Figure
10A). The Sn@nanopatrticles are far bigger than the XRD peak widths indicate,
suggesting that they are agglomerates of much smaller nanocrystals. In addition, the
images show that amorphous carbon has been nearly completely removed from the
material. The SAD pattern of the partially filled MGNS (Figure 10B) shows point

reflections corresponding to Sp@nd MGNS.
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Figure300 A) TEM image of Sn@Q@MGNS made from 6:4 Ni:Sn mixed metal MGNS
obtained afl00kx magificaton, 100 kV. B) SAD pattern of area in (A) Camera length
50cm. Indices (hkl) are indicated f8nG (white font, PDF#411445) and MGNS (red

font) reflections.
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3.3.3 Sn@MGNS

SnGwas reduced to Sn, according to Equation 1, at 800°C.

1. 31/ ¢ CO931G1 c(/C

The reaction is thermodynamically favorable at temperatures above FE]9aiit

reduction was not observed in XRD patterns of these samples below 750 °C. Following
reduction, the broad Sn@eaks are no longer evident, having been replaced byesharp
peaks that are consistent with Sn. Analysis of the peak widths by the Scherrer equation
yields average crystallite sizes from 20 to 30 nm, in good agreement with the size of the
Sn nanoparticles seen in TEM images (Figure 11).

Taken together, the XRBnd TEM results are consistent with the transformation of the
SnQ nanocrystal agglomerates into Sn nanopatrticles consisting of single or few
crystalline domains in the interior of the MGNS (Sn@MGNS). However, it is clear that
the size distribution of nawoystals in the Sn@MGNS is broad. Some MGNS appear
more filled than others, while some are not filled with metal at all. High resolution TEM
shows the MGNS maintains its graphitic nature around the metal cores (Figure 12). The
Raman b/l generally decrased after kHreduction (Figure 9), indicating a reduction in

the defects in the MGNS caused by H\N®idation The mass percent of the metal in the
Sn@MGNS samples was determined by measuring the mass loss during oxidation by
TGA, assuming complete oxidah to SnQ and NiO (Figure 13). After treduction,

the relative amount of Ni and Sn remained largely unchanged in the Sn@HCNS.
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(Figure 8). Leftover Ni is not immediately evident in the powder XRD patterns ofsthe H
reduced Sn@MGNS particles; howeude (111) reflection for Ni occurs at 44.58 2
overlapped by the (211) reflection of Sn at 428. A detailed investigation of Figures

3D through 7D show a small shoulder on the lower angle side of the Sn (211) reflection

at 44.9, likely the result aksidual Ni.

50 nm

Figure 11 TEM image of Sn@MGNS produced from 7:3 Ni:Sn mixed metal MGNS.
75kX, 100kV.
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Figure 12 HRTEM image of Sn@MGNS made from 7:3 Ni:Sn mixed metal GNS.
400kX, 125KkV.
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Figure 13 TGA thermogram of Sn@MGNS samples oxidized in airatp rate of 20
°Cmin, to 900 ecC°Cdon@5hhel d at 900
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3.4 Results and Discussion

The mass percentages of Sn, Ni and MGNS were calculated from TGA and XRF
results for the Sn@MGNS, which in turn enabled us to calculate the theoretical specific
capacity of each sample (Table 1). Again, it should be noted that not all of the Ni could
be removed. Ni accounts for ~7% of the mass in all the samples, regardless of
composition. Also, Sn content did not increase beyond ~36% for the 7:3, 6:4, and 5:5
samples. This is consistent with the Sn mass percengt@nNafter Ni has been
removed, suggesting that MGNS will not grow around nanoparticles with higher Sn
fraction, leaving nanoparticles with excess Sn without protection from the initial HCI

wash. The theoretical capacities are calculated according to Equation 2:

2. 3DANMEAEEMAEOU— b3lwenb. #E P-'.8mm

The majority of the contribution of the capacity of each of the compositions is a result of
the Sn metal, while Ni d@enot form Li alloys and thus does not add to the capacity. A
portion of the capacity is due to the intercalation of Li into MGNS. The sum of each of
these contributions is the total theoretical capacity of the Sn@MGNS. Based on the
contents of each ohése components, the max specific capacity that can be obtained is

~470 mAh ¢
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Table 1i Capacity of Sn@MGNS based on Ni:Sn ratio

SN@MGNS | Initial % Sn % Ni % C Theoretical | Experimental
Composition | Mass Mass | Mass | Mass Capacity Capacity
Label Ratio (mAh gt (mAh gt
(Ni:Sn) Composie) | Composite)

SN@MGNS 9:1 8.2 7.6 84.3 247 191

A
SN@MGNS 8:2 16.3 7.3 76.4 309 246

B
SN@MGNS 7:3 35.9 7.4 56.7 458 300

C
SN@MGNS 6:4 37.2 6.0 56.7 471 306

D
SN@MGNS 5:5 36.8 6.5 56.7 467 306

E

Anodes with a compositioof 80% SN@MGNS, 10% Timical Super P carbon
black and 10% Kureha 1100 PVDF binder were prepared for electrochemical testing.
Active loading was ~3 mg cion copper foil (0.127 mm thick, 98%, Alfa Aesar). The
electrodes were cycled against Li metal 999, MTI Corp.) with Celguard 2400
separator and 1M LiRE99.999%, Novolyte) in 1:1 EC:DMC (v:v) electrolyte (99.99%,
Novolyte), in 2016 style coin cells(MTI Corp.). The cells were cycled at a rate of C/10
(based on theoretical capacities stated in Taplbetween 0.02 and 1.5V vs Li metal,
unless otherwise noted. The cells were allowed to rest for 1 h at open circuit voltage
between each load and unload step.

Figure 14 shows the voltage profiles of the first cycle of the five compositions of
Sn@MGNS amples. Sn@MGNE, Sn@MGNSD and Sn@MGNSE had nearly
identical load and unload curves resulting in a reversible capacity of 306 hhAh g

Sn@MGNS with lower Sn content (Sn@MGMSand Sn@MGNSB) had reversible
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capacities of 191 and 246 mAH,gespectivly. The dealloying plateaus coordinating

with LizSrg, LiSn, and LiSrs are visible at 0.58, 0.7, and 0.78V vs Li, respectively, for

all Sn@MGNS samples. This can be better seen in the differential capacity plot, making
the unload of lithium at 0.43V s more obvious. This broad hump is at potentials
consistent with the LySre, Li7Srp, Li13Sns, and LESre phases. In addition, the

differential capacity exemplifies the harder to see Li loading plateaus. Sharp anodic
peaks at 0.62 and 0.4 V match logglpotentials for LiSn and t$rs. The anodic peaks

for LioSrs, LisSrp, Li1aSrs, LizSre, and Li7Srs are less apparent. The anodic peak for
Li>Sns sits at ~0.68V, but on the first cycle is overwhelmed by a broad anodic peak
ranging 0.84 V to 0.68 V due SEI formation. The SEI primarily forms on the first

cycle and the anodic peak ob&r is clearly visible on the second cycle. Formation of
the LisSrp, Li1sSrs, LizSrp, and Li;Srs phases produces much smaller anodic peaks due
the considerably less Eidded in each respective phase. Observing their formation in the
load curve is further complicated by Li intercalation into the graphitic layers of MGNS,
which begins to take place at similar potentja] Small anodic peaks at 0.1 and 0.07 V
vs Li occur where the stageand stagd intercalated compounds Lifand LiGs

formation takes place, respectiyelThe unload curves of Sn@MGNS appear to be
superpositions of those of MGNS and Sn. Sn@M&Nss a nearly identical profile to
MGNS below 0.5V vs Li. As the mass percentage of Sn is increased in the following
samples, the unload curves appear modemaore like that of Sn; the deintercalation

from MGNS becomes difficult to discern in the profiles.
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Figure 14 First cycle voltage profile of various Sn@MGNS compositions cycled at C/10.
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Figure 15 Differential capacity of the first (blue line) andse (red line) cycles of
Sn@MGNSD.
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Capacity retention with long term cycling of Sn@MGNS was tested by
performing 100 cycles at C/10 (Figure 16). The capacity faded rapidly over the first 20
cycles for all compositions and became more stable for thaimérg cycles. The
samples with higher loadings, Sn@MGESSN@MGNSD, and Sn@MGNE, lost
the most capacity, fading from ~300 to ~135 mAh $n@MGNSA had considerably
less fade, losing only ~20 mAhg, while Sn@MGBSvas between the other two
compositons losing 80 mAh 4. Sn@MGNSB had a rapid drop off of capacity at the
20" cycle but regained it after 10 more cycles. This was likely an anomaly due to an
inconsistent connection to the potentiostatic cycler. This cell regained capacity that could
be extrapolated from its initial behavior and continued to cycle without fade for the next

70 cycles.
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Figure 16 Long term cycling of various Sn@MGNS compositions at C/10.
The Coulombic efficiencies of these cells are shown in Figure 17. The first cycle
Coulombic efficiency increased with mass percent of Sn in the Sn@MGNS formulations,
from 48 to 66%. Initial Coulombic efficiency is generally inversely proportional to the

surface area of a material; the carbon nanomaterials used in this study haverfacge su
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areas that must be passivated and thus have low initial efficightidhe Coulonbic
efficiencies increase to ~95% on the second cycle, showing that the initial passivation
film was largely effective. However, it is important to maximize the Coulombic
efficiency to restrict Li and electrolyte depletion over multiple cycles. Sn@M&NS
achieved 99% Coulombic efficiency after 13 cycles while SNn@MGNS compositions with

higher Sn content took upwards of 27 cycles.
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Figure 17 Coulombic efficiency of Sn@MGNS composites.

The voltage profiles over 100 cycles of Sn@MGNSwas closely exanmed to
investigate this capacity fade further (Figure 18). The primary loss in the unload
capacity occurred between 0.4 and 0.9 V, seen as a shortening of th&hij
delithiation plateaus. Corresponding decreases in the Sy lithiation plateaus in
the load curves demonstrates that the degree of Sn lithiation decreases with
increasing cycle number. The capacity contribution of Sn continuously decreased
until the ~50t cycle, where little fade occurred afterwards. Even after 50 cycles,

there was stilla small plateau at ~0.6V vs Li indicating further electrochemical
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activity of Sn. Unload capacity contribution below 0.4V vs Li did not change
significantly. The majority of this capacity comes from Li deintercalation from
MGNS. Based on these observattis, it appears the MGNS remained structurally and
electrochemically intact over 100 cycles, while Sn became largely electronically or
ionically inaccessible. The exact reason for this is unclear, but could be due to
passivation of the Sn inside the Sn@M@&\particles by an excessively thick SEI. The
Columbic efficiency data is consistent with this explanation; it reaches its maximum
during the cycle at which the capacity of the Sn@MGNS electrodes stabilizes, when
little of the Sn remains electrochemicallyactive.

Further evidence of excessive SEI formation comes from electrochemical
impedence spectroscopy (EIS). EIS was collected on Sh@M&Nglfcells after the
1st, 10h, 20h, and 50" unload using a Solartron Analytical 1260 impedance/gain
phase analyger and 1287A potentiostat/galvanostat. EIS was collected after the
cells were unloaded and rested for 5 hours. An excitation voltage of 10mv was
applied to the cells and the complex impedance measured as a function of frequency
using a logarithmic swesp from 10 kHz to 5mHz. The data and fits of the data to an
equivalent circuit are shown in a Nyquist plot (Figure 19). The midrequency
semicircle (2nd from left) of these Nyquist plots is due to SEI impedance,
represented by a RC circuit in our equivant circuit. There little change in the
resistance of the SEI between thesland 20" cycle only increasing from 11.13 to
puv8ecmh AOO EO EIT AOAA Gfaid 5@icyclesp Bhs SEI apuldh A O x A Al
block the electron pathways to the Sn making ik portion of the material of the non

conductive, however, as the Sn is in intimate contact with the MGNS, one would also
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expect decreased capacity from the MGNS, which is not seen in our experiments. It
is possible that SEI builds up around the Sn insidee MGNS. Repeated cycles of
expanision/contraction upon loading/unload the Sn could mechanically disrupt the
local SEI, causing further SEI growth, and low Coulombic efficiency until it is
electrically isolated from the MGNS. Alternatively, Sn may maan electrical

contact with the MGNS, but its lithiation may be kinetically inhibited by SEI buildup.
SEI has low Liionic conductivity. Progressive SEI buildup around the Sn
nanoparticles would increase Li+ loading impedance, and eventually the Li+
diffusion rate would be too slow to load at the same rate that tintercalates the
MGNS. Regardless of whether the fade mechanism is electrical or ionic in nature, or
some combination of the two, it is clear that the Sn inside the becomes
electrochemicallyinaccessible after repeated cycling. If the alloying metal is not
electrochemically accessible in the core, it acts as dead weight in the battery only

decreasing the overall specific energy density of the anode.
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Figure 18 Voltage profiles of Sn@MGNS, at C/10, at the}, 10", 20", 50", and 108
cycle.

Figure 19 Nyquist plot of SNn@MGNG/Li halfcell. The EIS spectra was collected after

the unload step of the'110", 20", and 58 cycle. The subwindow shows the equivalent
circuit used to moel the EIS spectra. This circuit includes the resistance due to cell
components and leads (R cell), the resistance of SEI (R SEI), the capacitance of SEI
interphase (C SEI), the resistance of charge transfer (R CT), the capacitance of the double
layer (CDL), and a Warburg component for diffusion (W diff).
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