Abstract

LOEBL, ANDREW JAMES. Surface Chemistry and Precur8taterial Effects on the
Performance of Pyrolyzed Nanofibers as Anodes fibhikm-ion Batteries. (Under the
direction of Dr. Peter S. Fedkiw).

Next-generation lithium-ion batteries to meet coneu demands and new
applications require the development of new eleranaterials. Electrospinning of
polymers is a simple and effective method to creae-dimensional, self-supporting
materials, with no inactive components after pys@y Composites of these nanofibers and
high-capacity lithium materials have been demotetrato possess superior reversible
capacity than state-of-the-art commercial anodes.

Despite impressive reversible discharge capagidgacrylonitrile-based composites
are not ready for adoption in commercial applicaio These materials suffer from
irreversible losses of Li to formation on the etede of the solid electrolyte interphase
during the first charge of the cell. This thesisrkvhas taken two approaches to engineer
high-performing nanofiber-based electrodes.

First, the chemistry at the interface of the eled#r and the electrolyte has been
changed by depositing new surfaces. Attemptseatera graphitic fiber surface via plasma
enhanced chemical vapor deposition did not resulan improvement of the irreversible
losses. However, the experiments did demonsthateytowth of large surface area carbon
nanowalls on the pyrolyzed electrospun fibers, tangaa material which could serve as a
substrate in catalysis or as an electrode for caitgaultra-capacitors. Additionally,
passivation surfaces were deposited by atomic lajgposition and molecular layer

deposition. These new surfaces were employeddoceethe irreversible consumption of



lithium by moving the charge transfer reaction he interface of the carbon and the new
material. The removal the lithium from the solveator to charge transfer limits the
irreversible reduction of solvent by metallic liin.

Alumina films grown by atomic layer deposition reed lithium losses to the solid
electrolyte interphase by up to 42% for twenty dsfoan cycles. This large improvement in
irreversible capacity resulted in a nearly 50% otidm in reversible lithium storage.
Thinner coatings of alumina had a less dramatecedn both the irreversible capacity losses
and the reversible discharge capacity. A coatingm cycles of alumina at a temperature of
150 °C resulted in a 17% reduction in irreversibépacity with negligible impact on the
reversible capacity.

Hybrid aluminum-organic films grown by molecularyéa deposition also reduced
irreversible lithium losses. The largest reductwwas 23% for electrodes coated with 40
cycles of the alucone material. For all thicknesstidied these hybrid films delivered less
improvement than the alumina grown by atomic lagleposition, with poor reversible
lithium storage capacity available at high chargand discharging currents.

Second, polyacrylonitrile has served as the precufer electrospun composite
electrodes because of its ease of processing ardkmwesvn carbonization process.
Polyimides represent a family of polymers for whtble material properties can be tailored
by careful monomer selection. These polymers weesl as the non-woven matrix to create
materials capable of delivering a larger percent#geeir maximum reversible capacities at
high currents when compared to polyacrylonitrilesdxh electrodes. These materials had a

more graphitic structure based on Raman spectrgs@m resulted in lower irreversible



capacity losses than polyacrylonitrile-based fibdos fibers based on pyromellitic

dianhydride ang-phenylene diamine.
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Chapter 1

Introduction



Since their development in 1991, lithium-ion (LRjo secondary batteries have
become the dominant power supply for high-valuggime communication and computing
devices. Forecasts predict continued market growth ammibatteries find use in power
tools, hybrid-electric cars, and fully electric W&bs™ * These new devices and applications
require higher power batteries than are currentigilable. In mobile computing and
communication applications, consumer preferenceuires| batteries that last longer.
Engineering these more valuable lithium-ion baterdepends on creating new and better
materials.

Engineering composite materials of carbon anduithialloying metals is a way to
boost energy densfty Composites have been made using pyrolyzed casbatings™”, ball
milling®, sol-gel chemistry *° carbon nanotub&s™ and graphert&® with materials such
as silicon, tin and titanium dioxide. Recentlyeatospinning has been used to create
pyrolyzed polyacrylonitrile nanofibers containingetallic nanoparticléS. When used as
anodes in Li-ion batteries, these fibers have bl capacities more than twice that of
commercial Li-ion materiafd?*24

The irreversible capacity loss of pyrolyzed naneiff) significantly larger than state-
of-art materials, is a barrier to commercializatfonEvery mAh lost at the anode during the
first charge of the battery creates dead weighhecathode where the lithium originated,
lowering the energy and power density of the cdlb date there have been no attempts to
reduce these losses in electrospun compositestinGahe surface of pyrolyzed hard carbons
such as sugar and viscose with furnace deposiféedaton has reduced the capacity losses

in micron-sized materiad%?”. Atomic layer deposition, a process widely usedhie semi-



conductor industry, has been employed to createfoomal coatings on electrospun
nanofiber§® % and to stabilize traditional micron-scale elecaadaterial®*2. Molecular
layer deposition builds on the principles of atomaiger deposition to deposit well-controlled
thicknesses of polymers and metal-organic hybridemdes®*”. Using these techniques to
modify pyrolyzed nanofiber materials and charazteg benefits of changes in surface
chemistry can improve the commercial value of pygetl nanofibers as Li-ion anodes.

Polyacrylonitrile is not the only polymer that daa both pyrolyzed and electrosptin
3 Polyimides are a family of aromatic polymers wdomaterial properties can be
specifically tailored to an application based oa thonomers chosé&h*2 When pyrolyzed
the electronic conductivity of the material canywhased on the monomer composifith.
One polyimide, commercially known as Kapton, hasrbelectrospufi from solution as a
poly(amic acid). No reports have yet documentedude of pyrolyzed polyimides as battery
materials. Moreover, the solvents used to creatgimide (Pl) nanofibers are the same
solvents used to create composite polyacrylonifilers containing tiff, mangane<é and
cobalf’. This is an opportunity to investigate the impaatthe precursor material choice on
the performance of pyrolyzed nanofiber anodes.

This dissertation opens by presenting a revievhefpeer reviewed literature relevant
to the use and modification of pyrolyzed nanofibass composite anodes. The topics
covered include lithium-ion battery electrode maierand electrolytes, the solid electrolyte
interphase layer, the polymers employed throughitngt course of research, surface
deposition techniques, and material characterizatieethods. Four chapters presenting

results follow. Three of these contain materiatalbing attempts to use chemical vapor



deposition, atomic layer deposition, and molecidger deposition to change the electrode
surface chemistry and improve electrode performanthe following chapter reports the
processing required to create polyimide derivedolyzed nanofibers and the resulting
electrochemical performance. The next chapter samaes the results and presents
important conclusions. The document closes wierges of recommendations for future

work that builds upon the results of this dissevtat
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Literature Review



2.1 Lithium-ion Battery Technology

Lithium-ion (Li-ion) secondary (rechargeable) leats currently power the majority
of personal portable electronic devices. Theiraadi®ges over previous technologies include
the low mass of Li, high and flat discharge voltagek of a memory effect, and low rate of
self discharge Only batteries that use metallic Li as anodeseha higher volumetric and
gravimetric capacity although Li cells are not widesed due to safety conceths

Lithium-ion cells, first commercialized by Sony 1991, rely on the intercalation of
Li atoms into insertion compounds for both the anaed cathode. The most commonly
used material for the anode is graphite. Lithium-secondary cells are significantly safer
and more durable than lithium secondary cells beedhe insertion compounds replace the
lithium electrode. Lithium ions undergo the chatgsfer reaction at the electrode surface
and then intercalate into the insertion materialidwg the deposition of metallic Li onto the
anode surface. Without proper voltage control miyrcharging it is possible to drive the
potential of the anode sufficiently negative andt@llithium unto the surface to create an
unsafe condition.

The active cathode materials for both Li and Li-iocells are typically lithiated
transition metal oxides such as LiCH® spinels as in LiMsO,*°, or the recently
commercialized LiFeP§’. The high mass of the metal and oxygen means @oiah
cathodes have theoretical gravimetric capacitiess lhan 200 mAh/g. Some cathode
materials cannot be fully de-lithiated or they wile irreversibly damagélj a further

limitation of their capacity.



Current state-of-art anodes are based on graphitinesosphere carbons, naturally
occurring?, but often synthetié. The lithium inserts between the layers of graphp to a
maximum stoichiometry of Lig; which correlates to a theoretical capacity of 37&h/g.
Shown below are examples of the half-cell reactiocsurring during cell charging, as well

as the overall reaction.

Cy+xLi" +x ® Li,C, Equation 1
LiFePO, ® Li_,FePQ+ x Li+ xe Equation 2
C, + LiFePQ, ® Li FePQ+ Lj G Equation 3

Both the anode and cathode have some common desiimes. The materials are
typically prepared as slurries of micron-sized ipbes of active material in solution with
polymeric and conductive additives, cast onto apragriate current collectdt The
conductive additives both ensure continuous elsdticontact between active particles and
the current collector and raise electrical condityi* >* °> The polymeric binder, often
polyvinylidine fluoride, holds the mixture togethamd to the collectd?.

The final components of a Li-ion cell are electtelyo conduct Li ions and a thin
porous polymer separator to prevent siRartd ithium hexafluorophosphate (LigFis the
most commonly used salt today, although it reprissarcompromise between performance,
safety, and the environméht The most common solvent is ethylene carbonafd tecause

59

of its high dielectric consta Ethylene carbonate is solid at room temperatame, is

commonly dissolved in dimethyl carbonate, ethylrgetiarbonate or diethyl carbon&te®:



A subset of Li-ion batteries is polymer Li-ion k&tes using an ionically conductive polymer
layer as both the electrolyte and sp&tevhich simplifies processing and improves safety.
2.2 Graphitic Anodes

The development of graphite-based anodes wasahaokthe commercialization of
Li-ion batteried. Developments since have focused on the propesfi@ifferent types of
graphite. Studies have covered both natural amdhstic graphite — manufactured by
heating a carbon source above 2808’ °Mifferent morphologies produced include fit5&rs
flakes, and bea8s The maximum theoretical reversible capacity @fphite is 372 mAh/g
corresponding to a value of 1 farin Equation 1, but manufactured anodes have less
capacity> **

Graphitic carbon, such as mesosphere fiftcshows clear voltage plateaus during
charging and discharging. The charge plateausgpond to the formation of different
phases of Li¢with x taking the value of 36, 12, and 6 as the battearges. The different
compounds can also be clearly seen as anodic &nddi@ peaks in a cyclic voltamagr&n
Another benefit of graphite is its small hysteresispolarization,i.e., Li insertion and
removal occur at similar voltages for low currentsimiting polarization is important to
improving the energy efficiency of a c¥ll

Electrical conductivity of graphite anodes is alsoportant. For example, by
segregating graphitized coke particles into thrategories, Satet al. investigated how the
ratio between particle size and the relative foactof particles affected anode capa€ity
When the difference between particle sizes (25.81\% um) was largest the capacity of the

cell was largest, usually peaking around a largdigba weight fraction of 0.7. More



important is the demonstration that the electrresistance of the electrode was minimized
when the ratio of large particles was at that s@mewt%, indicating the importance of
conductive paths to maximize capacity. Takingabecept a bit further, Ahret al. added
30 m stainless steel needles to an anode based orcanesn microbeads (MCMB) The
resulting anodes showed higher capacities at allents, but significantly (1.5x) higher
capacity at charging rates of 1 or 2C. A rate Gf tepresents a current of sufficient
magnitude to exhaust the theoretical capacity i loour and higher values of C represent a
higher multiple of current.
2.3 Non-Graphitic Carbon Anodes

Exceeding 372 mAh/g requires higher capacity malethan graphite. One option is
the use of non-graphitic carbons. These are nadgerieated by methods similar to synthetic
graphite — pyrolysis under inert gas — but at tawampees well below the graphitization
point’®. Typically, these materials are small crystadlief graphite arranged in a highly
disordered way. Some disordered carbons are capable of grapfiitiz with further
heating these are classified as soft carbons. €lbagons which cannot be graphitized at
any temperature are known as hard carfon3he source of carbon can vary widely and
examples include simple table sugarcondensed aromatic molecufésbiomasé’, and
petroleum pitcf’. Some reversible capacities exceed 600 m&h/g

The use of materials like common sugar as a cadmarce has the additional
advantage of low material costs. Its carbonizahas been well documented and a wide
range of processing conditions is available by given process gas and/or process

temperature’ ' "2 The reversible capacity of a pyrolyzed sugare&ses with increasing



temperature. Unfortunately, the high capacity @wdr temperatures comes with two
penalties. First, there is a large increase initheversible capacity. Additionally the
hysteresis of the materials is larger for lower pemature carbonization. Processing with
high argon flow rate and slow heating rates redutedamount of C@liberated during
carbonization and reduced irreversible capacitgdesand hysteresis. Condensed aromatics
pyrolyzed under nitrogen showed lower reversiblgac#ties than the sugars discussed above
at similar carbonization temperatute§’’ The materials also showed a reduction in
capacity as the carbonization temperature increased

Waste biomass represents another inexpensive sofircarbon for use in Li-ion
batteries. In one study banana fibers pyrolyze80& °C under nitrogen were made into
anode&’. Some of the samples were treated with ZreBid KOH, known porogens, to
enhance the surface area. The samples treatedeithigr porogen had higher reversible
capacities (~500 mAh/g) than the untreated fibeus,this again came at the cost of much
greater irreversible capacity — nearly 2500 mAh/g.

The reasons for the higher reversible and irrebbrscapacities, as well as the
hysteresis observed with pyrolyzed carbon, ardgeelto the structure of the material. The
size of graphitic crystallites has been investigatepyrolyzed pitch’. A linear correlation
existed between the reversible discharge capacoitythe surface area of the crystallites.
This result indicates that the additional capalgyond the theoretical capacity of graphite is
due to the insertion of Li in excess of ki@t the surfaces or interfaces between crystallites
The use of Li-NMR (nuclear magnetic resonance) on pyrolyzeittphas also shown that

there exists some Li with a different binding stitan typically associated with grapHite
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2.4  Non-Carbon Anodes

Many materials exist that possess capacities etpualr greater than disordered
carbons. These materials can be divided into three diaasions: lithium alloying
material$®®° lithium insertion materiaf$, and lithium converting materidfs Historically
lithium alloying materials have received the m@stearch attention. Most of these materials
are in Group 14 of the periodic table, the carbeoug, and these include silicn
germanium, tin, and even |€8d Outside of Group 14, intermetallics of some s$ition
metals can deliver large reversible capacities éuernsible alloying of 1% #5 The most
commonly studied non-carbon insertion material forion batteries are the various
morphologies of titanium dioxide and lithium titag®s. There are many non-carbon anode
materials that undergo a conversion reaction ducimgrging. Most of these are based on
transition metal phosphid€€® or oxide€®® which form a LiP or LbO phase in
combination with nanocrystals of the pure metalirdyicharging. The possibility of using
hydrides has been demonstrated rec€ntlyDuring discharge the Li is removed and the
original phosphide or oxide is recovered. Thusdaly the insertion compound fIiisO;2
has found any commercial use, and all of thesecaoben materials, including TiOhave
significant deficits when compared to graphite hiwill require creative engineering
solutions to effectively implement. Deficits indel low material conductivity, low operating
voltages, and poor mechanical durability.

The material with the largest theoretical capastatystore Li is silicon, which can
alloy with lithium up to a stoichiometry of 4iSis> corresponding to a capacity in excess of

4200 mAh/g. Making use of this high capacity mialehas proven very difficult. The
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volume of a Si particle changes by 300% when aligyand de-alloying with '¥* **to the
maximum stoichiometry. The mechanical stress enparticle leads to pulverization and
portions of the active material become electricalylated and no longer participate in the
electrochemistry)’ # Attempts to overcome these and other problemallysrely on at least
one of the following four concepts: conductive aiteés and coatings*® * mechanical
buffers™ % voltage limits, and nanoscale mateftal§®® though it is very common to see
several of these approaches used simultaneousiitage limits prevent full lithiation of the
silicon, limiting the volume expansion, but alsmiling the energy density of the resulting
battery. Conductive materials like carbon addfiver coatings are used to maintain
electrical contact between active materials. Mawda buffers are used to restrain the
movement of active materials and maintain eledtrmantact even after pulverization.
Finally nanoscale materials are typically moreli@si to mechanical stress.

Pyrolyzed carbons are a common theme in Si codfin§imple mixing of nanosized
Si particles with carbon black was shown to imprayelability when compared to micron
sized silicon particles with a capacity > 1500 ngpbfter 20 cycles, although capacity was
continuously decreasindy. By limiting either the capacity or the anode tagke, good
cyclability has been se&f ° A very common method of combining Si and carlmn
through high-energy mechanical millth§ *°***°° Composites made in this manner routinely
exhibit initial capacities near or exceeding 1008hfiy, but rarely maintain a level above
500 mAh/g for more than 20 cycfesOne notable exception was with the inclusiomofti-
walled carbon nanotube (MWCN) in the ball mill. aAtratio of 1:1 S:tMWCN (w:w) the

capacity was still > 1200 mAh/g after 50 cycfes Some groups have grown carbon

12



nanotubes on the surface of silicon particles tontam conductivity between active particles
or between the particles and surrounding conduactiagix* 2

Carbon nanotubes on the surface of silicon ae gé®d examples of a mechanical
buffer. Another technique used is to surround ssildon particles with inactive matrix via
sol-gel chemistr¥ 1% 1% which produces composite structures with capexith excess of
1000 mAh/g after 50 cycles. Mechanical millingaisother way to create buffét&*** This
technique creates very fine active particles unifgrdispersed in a non-active material,
though these results have yielded lower capacitiaa the sol-gel techniques. With the
recent development of cost efficient graphene prtda this carbon nanomaterial has also
found use as a mechanical buffer and conductivéiaeldn combination with silicon and
other materials.

Shrinking the active material to nanoscale dimamsiis a third technique used to
engineer silicon anodes. Some of the exampleadilreited have created nanosized
materials or nanocrystaline structife$'. Several studies have adapted techniques from the
microelectronics industry to control the structofesilicon on a collector making pillats
thin films''?, and nanowiréS. The example of Si clearly illustrates the vathat can be
added by using nanomaterials: The wires are aoiesit 1D electrical path, have a high
surface area for contact with the electrolyte, hade room to expand when lithiatféd The
reversible capacity of the first cells assembleanfithis kind of material is ~3000 mAh/g at
C/20 and remained ~2000 mAh/g for a 1C charging. rdtbe chemical vapor deposition
(CVD) of polycrystalline silicon onto commercialfyvailable carbon fibers was able to create

materials with nearly 2000 mAh/g at low curréhts Similarly CVD deposition of Si has
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been used on high surface area annealed carbok faticles, with subsequent CVD of
carbon to bind individual particles into larger sphal particles suitable for standard slurry
casting anode production methdds These hierarchical structures again delivered
reversible performance in the neighborhood of 1®H@Mh/g.

Silicon nanowires made via novel solution chemistgre evaluated by researchers
recognizing the importance of the cost of processonditions on the commercial utility of a
materiat’®>. These materials mixed with multiwall carbon niames were still able to deliver
reversible capacities of approximately 1500 mAh&jmilar high surface to volume silicon
nanotubes were created via solution templating wgomina or silicd. This was followed
by substrate removal and subsequent carbon caatingprove interfacial properties and the
resulting material delivered over 3000 mAh/g a@ércycles at 1C and nearly 2500 mAh/g at
a discharge current of 5C. A significant challengmaining in all of these high-surface area
alloying materials is poor first cycle coulombidieiency from well-known interfacial side

reactions at insertion anode materials.

14



Table 2.1 — Examples of recent structures and compites utilizing silicon and the
resulting performance as Li-ion anodes.

Reversible
Capacity Year
Silicon Structure Other Materials (mAh/qQ) C-rate Published
: In pyrolyzed 4
Nanoparticles PAN nanofibers 700 3C 2012
Coated on nanotubes Porous JiO 1600 0.5C 2016¢
Silicon nanowires Carbon 1500 Variable 2010%°
nanotubes current
CVD silicon Deposited on 1400 1c 20184
carbon black
Nanoparticles Mixed with 1200 C/12 20108
graphene
CVD silicon On commercial 800 1c 2008
nanofibers
: In pyrolyzed 17
Nanoparticles AN T ehafibors 800 C/8 2009
Nanotubes Carbon coating 3000 5C 2009
Nanowires N/A 200 1C 2008"
Porous particles Carbon coating 2800 1C 28608

While silicon is capable of storing large quansti& Li, other Group 14 metals such
as germanium and tin are also viable alloying ntgrthough they have lower theoretical
maximum capacities than silicdh When considering tin, it is common for the tin bie
oxidized as SnO or SnQluring electrode processig*?t Subsequent reduction of the
SnQ, to pure Sn is accomplished chemickify electrochemicalfy *” or thermally* 23
before lithium can actively alloy with the materialvhen fully alloyed as Li,Sn the specific
capacity of the material approaches 1000 m&h/és with silicon, tin undergoes significant
volume expansion upon alloying with lithium. Whilee expansion is less than with Si the
materials still experience capacity fade withouoparly engineered structufés Thus

similar techniques and structures to silicon baseddes are seen in studies of tin-based
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anodes with a recent focus on nanoscale comptéiteExamples of the structures explored
to improve cycle life and power density for tin d&ibased anodes include carbon coated
nanoparticles 2 tin decorated carbon nanotutfsor graphen® '’ tin oxide
nanosheet® tin oxide nanorodé" *#’ and carbon/tin oxide composite nanofiBérs® and
calcined tin oxide nanofibers. Each of the nanleso#orphologies have delivered reduced
capacity fade when compared to micron scale tinerreds and, when reported, capacity
retention of up to 50% for charging rates as high®@CG*. The first-cycle efficiency of these

materials is quite low, as a significant quantity_bis consumed in the reduction of Sn®

Sn prior to alloying, as seenbguations 4and>.

SnQ, + 4Li" + 4e ® Li,O+Sr Equation 4

Sn+xLi"+xe ® LiSn(E x£ 4.4 Equation 5
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Table 2.2 — Examples of recent structures and compibes utilizing tin and the resulting
performance as Li-ion anodes.

Reversible
Capacity Year
Tin Structure Other Materials (mAh/qQ) C-rate Published
On pyrrole _ 129
SnQ, nanocrystals derived fibers 600 C/8 2011
Sn nanoparticles :‘ir]bSréN derived 750 C/10 201%°
. Supported on 16
SnQ, nanoparticles graphene 900 C/15 20171
Supported on
SnQ, nanoparticles reduced graphene 600 C/20 201¥
oxide
Porous Sn@nanotubes N/A 700 C/ 2010
Carbon black, 6
SnQG nanosheets PVDE binder <400 C/10 2018
SnQ, nanoparticles Carbon coated 800 Cl2 2009
Sn nanoparticles In PAN derived  ¢35/400 2C/10C 2066

fibers

Safety concerns associated with the developmelargé Li-ion battery systems for
transportation applications, not energy densitg,tae major factor behind interest in anodes
based upon lithium titanates and polymorphs ohiita dioxide (TiQ)*® . These materials
operate at a voltage between 1.5 and 2.0 V vs.i'li/sufficiently positive to prevent
electrodeposition of lithium onto the electrodeface, and thus avoid the safety hazards
associated with this condition. The different stanes of TiQ, and the related, already
commercialized lithium titanate ({TisO15) each store slightly different amounts of %%
but all are less than the theoretical capacityraphite. The insertion of Li does very little to

change the volume or structure of the materiatjifeato low capacity fade and long cell life

even at high currents. The anatase phase of i@ been the most widely studied, but the
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polymorph known as bronze (TiB) possesses the highest theoretical capacity (355
mAh/g). The implementation of the TiOpolymorphs in commercial cells requires
improvements in electronic conductivity and lithiudiffusion, and as with previously
discussed materials nanotechnology has found &rbi&**® Some of the most promising
methods used solution chemistry to create selfralsiksel TiQ nanoparticles (<10nm
diameter) on graphene shédls The anatase version of this material delivenednitial
reversible capacity of 200 mAh/g at low currenesa{C/5), ~160 mAh/g at 1C, and more
than 100 mAh/g at 30C. But these materials alse Isuperior capacity retention at high
currents when compared to carbonaceous or alloyizgrials, with a report of 50% capacity
retention at charging rates as high as 60C for sopmous form of Ti@B*% The high
potential of Li intercalation/deintercalation palrevith cathodes that operate around 4 V
results in cells with lower power density for agivcurrent, and is the primary limitation to
the widespread commercial adoption of these méderia

The final category of non-carbon anode materiatease which undergo a reversible

conversion reaction when storing Li. A wide ramdenaterials have been studied, including

é)O, 142—144’1 é 145, 146

various sulfide¥”, oxide and phosphidé of iron, cobalt, nickel, and
copper. These materials can show very high speciipacities as they convert to a
nanocrystaline metal phase embedded in a lithiemamorphous matrix. For example, nine

lithium ions are required in the conversion reactio

NiP, +9Li" +9¢ ® Ni+ 3Li,P Equation 6
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and this material could theoretically store 1475hmger g of NiB**". Similar very large
capacities are possible for other members of tlasscof material. The large theoretical
capacities are insufficient to result in commeization though, as these conversion
electrodes commonly suffer from the following barsi low operating voltag&s **2 poor
capacity retention due to pulverization and inccet®l re-converstidi” *® large
polarization resulting in low energy efficie’éy and unstable interfaces with the

%?,150—152

electrolyté*’. Similar strategies of carbon coating® graphen or carbon nanotube

142, 150, 151, 153

composite$™ >%and nanoscale material production?®® 15418

are being used to
address the issues with pulverization, re-convarstficiency, and interfacial stability.
Possible resolution of the large polarization maypbssible by using metal hydrides as the
conversion material, as these have shown the lgpadatization differential between charge
and dischardé.
2.5 Electrolytes and the Solid Electrolyte Interphae

Electrochemistry is an interfacial science, whisho say charge transfer reactions
occur at the interface between two distinct phasés.the case of Li-ion batteries the
interfaces are where the solid phase electrode® d¢ota contact with the liquid electrolyte
phase. In the early days of Li-ion battery devaiept it was recognized the developments
for Li cells, themselves impractical due to safisgues, were very applicable to electrolytes
in Li-ion cells® > This has led to the widespread use of salts aadhiPF and LiBF in Li-
ion research and commercializatidh as well as the less safe or environmentally ign

LiClO4 and LiAsR®L
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The majority of cells sold today use the mixturédireear and cyclic carbonates as
the solvent. The most common solvent componerthglene carbonate (EC) for it has a
high dielectric constant and a potential window avidhan that of the functioning cell.
Unfortunately, EC cannot be used alone as the sblbecause it is a solid at room
temperature with a melting point of 36.4°C, andstbhuasuitable for any application where the
cell will be used or stored below this temperattfre To compensate EC is mixed in
approximately equal parts with one or more linearbonates such as dimethylcarbonate
(DMC), diethylcarbonate (DEC), and most commonlyy&nethylcarbonate (EMEY®* %
While these components have dielectric constantiscader of magnitude lower than EC,
they are low viscosity liquids over the full rangieoperating temperatures under with Li-ion
batteries are expected to function and result irbait conductivity approaching 10 mS/cm.
Propylene carbonate (PC) would be the most desirstillvent; it is a liquid between -48.8
and 242 °C and possesses a dielectric constantstightly below EC, and as such less
solvent mixing would be requiréd. Though the use of PC in commercial cells is
problematic as during charging PC will intercal&igtween the graphite layers in most
anodes, decompose, and exfoliate the layers. ne &xtreme cases the cell never completes
the initial charge before the active anode matésigompletely destroyetf. Even in cases
where the cell does complete the first cycle, capaetention is poor over the life of the
battery, but there is a constant stream of researmled at making PC based electrolytes a
reality and thus improving the low temperature pemfance of Li-ion batteries.

This behavior of PC electrolytes primarily indicatthey do not form a proper solid

electrolyte interphase (SEI). The formation of 8t&l is an important part of the first charge

20



of a Li-ion cell, and this is another benefit ofngssolvent mixtures of EC, DMC, DEC, and
EMC'.  When stable, the SEI layer “coats” the anode praVents the interaction of
metallic Li with the components of the electrolytesubsequent cycles. It is important that
the SEI permits diffusion of Li to the active elkexte surface where the charge transfer
occurs. The SEI film has been studied by speatmsdechniques such as Fourier transform
infrared spectroscopy (FTIR) and X-ray photoelettspectroscopy (XPEf*2 Those
results show the SEI is composed of decompositioduzts of LY, the organic solvents, and
the electrolyte salt. This consumption of Li atomisich have already participated in the
charge transfer process at the anode results imemersible loss of capacity during the first
charge. The specific salt used in the electroigtalso a factor, with the most commonly
used electrolyte LiPFbeing more reactive to the solvents than otheeng@ls salts, and
forming a somewhat thicker and more resistive S&dditionally the formation of HF from
LiPFs and solvent decomposition or water contaminardagph role in reducing cell life by
promoting dissolution of the cathode.

Researchers have demonstrated that the formatitre SEI occurs in two phases on
graphité®®  The first at high voltages, before the intertataof Li, is more inorganic in
nature, and more resistive. The second phase ©etmultaneous to Li intercalation and
tends to be composed of more organic products,isaadbetter ionic conductor. After the
first full cycle of the cell a good SEI is predorainily composed of the later products, and it
will have a negligible resistive impact on futungles, though the specific resistance of the
SEI changes throughout the charging and dischargimgesses as the anode swells and

shrinks with intercalation and deintercalation off.
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The relationship between the SEI layer and firsieyrreversible capacity (¢ has
been studied on many forms of car6n'®*® The general trend is that carbons with a
greater disorder, such has hard carbons resultorg the pyrolysis of natural or synthetic
organic species, show larger capacity losses tretoral and synthetic graphite. The
capacity loss due to SEI is a surface effect andies$ often compare it to the surface area of
the active material as determined by methods sacBEAI and results have shown linear
correlations betweenCand BET surface area on grapHite When considering graphite
and its layered structure, there are two surfacesnsider, the basal surface of the graphene
sheets and the edge faces corresponding to this ofathe unit cell. In the case of graphite
or nearly graphitic carbons, the SEI formation igsincritical on the edge surfaces where
possible solvent intercalation and exfoliation ascuReactions to protect the basal surfaces
are less critical, but this surface still irrevetgiconsumes lithium. The contribution of each
to G, was tested by Chungt al. by mixing propylene carbonate (PC) into EC-based
electrolyte. The PC made it possible to sepalseapacity losses from both edge and basal
surfaces and showed the edge sites have, &h@t is seven times larger than the basal
surface$®®>. When non-graphitic carbons are studied, thef@ the material is typically a
factor of 2 to 5 larger than graphite (~400 mAh/gjl @ attributed to the greater disorder of
exposed surfaéé

Since the formation of the SEI is so critical bbe tirreversible losses of Li are
undesirable, many researchers have worked to maeingood SEI formation while
minimizing the G, losses and improve the overall energy densityhefdell. For example,

reduction of the first-cycle i from 500 to 350 mAh in an 18650-type cell with .2 Ah
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capacity would save approximately 1 g of LiGo€thode material. One gram saves 6% of
the cathode from becoming dead weight after trst fiycle. Table 2.3 presents the mass of
additional cathode needed for the recently comrakzed LiFePQ in addition to the more
common LiCoQ.

Table 2.3 — Mass of cathode material required to ecopensate for G,. The capacity of
LiCoO» and LiFePO, are assumed to be 140 mAhigand 170 mAh/g®, respectively.

Additional LiCoO , Additional LiFePO 4

First Cycle Ciy (mAh) Required (g) Required (g)
100 0.714 0.588
200 1.429 1.176
300 2.143 1.765
400 2.857 2.353
500 3.571 2.941
600 4.286 3.529

One method used to improve SEI formation and rediic®nsumption has been the
direct modification of the anode surface. Examptetude a mild oxidation of the edge sites
of graphite, which was proposed to produce an ingmtochemical adhesion of the SEI at
these location$®. The resulting cells demonstrated an improvedetegf lithiation and an
up to 20% reduction inewith a complex mixed solvent of EC, DEC, DMC, afidxolane.
Other researchers have transferred polymers irtisolto graphite, similar to the binder in
conventional electrodes, and created encapsulaggyhite. Polydimethylsiloxane improved
the first cycle coulombic efficiency — the ratio discharged amps to charged amps — of
natural graphite cells by 40% in an 1 M LPEC:DMC electrolyté’®. The resulting cells
showed equivalent reversible capacities in thet fiesv cycles, and improved capacity

retention over the Ilimited number of cycles studied Similarly when

23



poly{[oligo(oxyethylene) = methaylacrylatele-(methylacrylic  acid lithium)}  was
polymerized in a suspension of natural graphitemiethanol the encapsulated graphite
suffered over 50% less;Cand again showed improved reversible capacity Gamghcity
retention in a EC:DEC:PC mixed solv&nt The polymer coatings are acting as an artificial
SEI that separates the active material from thetreligte while permitting Li diffusion. This
work did show that there was an ideal of approxetyal% polymer mass to graphite mass
that resulted in the best performance.

Alternatively, the surface of a non-graphitic carbman be pre-coated with a layer of
soft graphitic carbon to reduce,£% " Pyrolysis of ethylene onto carbonized sucrose
decreased the irreversible capacity from 149 mA®GO mAh/g’. The irreversible capacity
of carbonized viscose felt was reduced from 264 fgAb 97 mAh/g with a carbon coating
formed by vapor decomposition of propyléffavithout negatively impacting the reversible
capacity. In the same paper Begieh,al. showed a linear correlation between the active
surface area (ASA) and the irreversible capacityitied graphite. The ASA of carbon was
measured by di-oxygen adsorption and is a functibrsurface impurities, basal surface
defects, crystallite size and crystallite orieratl>. Finally sputter deposited LiPON — a
known solid electrolyte — reduced irreversible adyaon mesosphere artificial graphitic
carbon from 120 mAh/g to 90 mAH/§.

A second technique to improve SEI formation armlice Li consumption is selective
use of additives in the electrolyte phase whichl Wélp to form a stable SEl. The
additives commonly fall into two camps: organic ewlles which will undergo a selective

polymerization on the electrode surface and inaggaompounds which promote or enhance
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the natural process. Some examples of the orgarmotecules studied are vinylene
carbonat&’® " vinyl acetat&®, divinyl adipaté™®, allyl alkyl carbonate8®, and acrylic acid

nitrile8?,

Results with vinylene carbonate are mixed, wsttme studies showing;C
reduction, while others have shown a negative effad in both of those cases the presence
of the VC additive improved capacity retention bé tgraphitic material under study. In a
study of several additives with PC based electeslyised to test their ability to protect the
graphite surface, 1% of vinyl acetate was the la¢sétabilizing the performance of one
natural and two synthetic forms of graphite for evhithe first cycle failed to complete
without the additivE€®. In a similar situation 1% of acrylic acid nitilalso permitted the
successful use of PC based electrolytes with stintlyeaphite active materidfs. And
finally another small unsaturated molecule, allyiye carbonate, as 2% of a PC:DEC based
electrolyte allowed for the successful formatioranfSEI layer and subsequent cycling of the
cell, when none was possible without the addffiVe

The organic molecules acted by inducing a cathaatlital polymerization upon the
surface of the electrodes, inorganic additives témdsimply promote or improve the
formation of the natural SEI film. The incorpomatiof small molecules such as £0l,0,
CO and some small polysulfides in a LiGl@nd PC electrolyte did improve the initial
cyclability and reduce total irreversible of pitbhsed carbon fibers, but still resulted in
significant capacity decay and subsequent irrebkrsolvent decomposition with less than
50% of the reversible capacity remaining after gfles®® Lithium carbonate (LCOs) and

derivative compounds have been shown to be tha basnany naturally formed SEI films,

and as such the addition of,CiOs in various electrolytes has been widely studiéithis
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additive has been shown to significantly reduce @aheunt of volatile flammable gasses
formed during the cycling of full Li-ion cells witlEC based electrolyte mixtures, which
improves battery safefy’. Lithium carbonate added to an electrolyte basead mixture of
EC and DEC also reduced,Gon mesosphere pitch carbon fibers from 80 mAh/%Qo
mAh/g ', Similar studies have introduced limited quaesitof other alkali salts into the
electrolyte. Small quantities of sodium perchlerdNaCIlQ) in electrolytes based on
LiClO4, EC, and DEC created a 60% reduction in @d showed significant capacity
improvement and retention at low (C/20) and hig8)(tharge rates for natural graphite
And three different potassium based salts also dstrated ¢; reductions of 50 to 75%
while delivering larger reversible capaciti&s Additionally, the US Army Research Lab has
demonstrated that salts such as lithium bis(oxplateate (LIBOB) and the related lithium
oxalyldifluoroborate (LIODFB) promote SEI formatioand allow for the use of PC in
electrolytes with common commercial electrode nialgf’ 2

Other reasons for introducing additives into Li-iefectrolytes are performance
improvement and overcharge safety. Anion recephange been added to electrolytes to
improve the dissolution of the Li salts, the ioemnductivity of the electrolyte, and the Li
transference number — a measure of the amounhmf fiansport due to Li in the electrolyte.
For example, small amounts of boron based fluoroghedditives have boosted the power a
Li-ion cell delivered without interfering with thehemistry of a carbon anode, delivered 33%
better capacity, and excellent capacity retentiora ifull cell using a mixed Ni/Co based

cathodé®, and improved the high temperature performandehaf ,0, based cathod&s
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Finally a significant means of improving the safefyLi-ion batteries is the inclusion
of redox shuttles into the electrolj#& In an overcharge state the cell can exist aniitls
capable of oxidizing the solvents, creating dangenaressure increases in the cell. At high
temperatures these overcharged cells can catastafiphfail and burn. At potentials
reached during the overcharge, but before a dangeamndition exists, small molecules used
as redox couples undergo an oxidation at the cathwidh subsequent reduction of the new

species to back to the original molecule at thedano

Cathodic reaction: R® O+ ne Equation 7

Anodic reaction: O+ne ® R Equation 8

The continual diffusion of these redox couples leetw the electrodes prevents other
electrochemical processes from altering the stetalg condition of the active materials in
the Li-ion cell. A wide range of aromatic composrithve been studied as potential redox
shuttles in standard Li-ion electrolyte systéths®® And in one particularly interesting case
lithium fluorododecaborates (iBi1,FHi2.) were used as both the electrolyte salt and the
redox couple, and demonstrated the ability to sasva stable redox shuttle at up to 4.5 V for
over 100 hours and some overcharge protection & 862
2.6 Electrospinning

The first patents for electrospinning date back362*>. Recently, the technique has
been revived because it is a simple and inexpemsgthod to create one-dimensional (1D)
nanoscale materials. A wide variety of polymersehdeen electrospun from polymer

solutions or polymer meft¥?% A complex interplay of experimental factors, suah
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polymer molecular weight (MW), solvent, solutionseosity, flow rate, electric field

strength, and collector geometry, determines teeipe morphology and arrangement of the

fiberst®’-292

Table 2.4 — Hypothetical surface area of a smoottibler of density 1 g/cni for various
diameters

Fiber Diameter Surface Area

(nm) (m?g)
100,000 0.04
10,000 0.4

1,000 4

100 40
10 400

Because surface area is inversely related to theneter of a fiber, electrospun
nanofibers have very high surface-to-volume (orsshaatios Table 2.4. The nonwoven
mats also have void fractions of 65 to 75%, resglin an easily accessed large interfacial
area. Groups have been electrospinning fibersyfplication to tissue engineerfitgy 24
drug delivery®® ?*® membrane creatié¥' >°® and energy storage®®

A typical set-up for creating electrospun fibersiwown inFigure 2.1 A viscous
polymer solution is pumped through a small condectneedle that is fixed several
centimeters from a grounded conductive colleciidie needle is connected to a high-voltage

power supply and an electric field exists betwédmnrteedle and collector.
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Figure 2.1 — Diagram depicting the typical experimetal setup for electrospinning
polymer solutions.

Electrospinning occurs because of the physics exdftedstatic repulsion and surface tension
in a droplet formed at the end of the ne&tile Charge builds in the droplet driving an
increase in the surface area. Under the exterlsionze of the electric field, a conical

distortion forms of the surface of the droplet kmoas a Taylor cof&’. When the charge

density on the surface exceeds a maximum for thengsolution, known as the Rayleigh
limit, a spray of very small droplets or a jet @igion is released at the tip of the Taylor
cone. The charged droplets or jet travel towatds grounded collector because of the
electric field. The transition from eIe(:trospmw&11 to electrospinning in polymer systems

occurs when the amount of polymer in solution ishi& dilute entanglement regime. At this
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point the concentration of polymer molecules idisignt that individual molecules begin to
interact (entangle) with each other, rather thaisteas distinct elements in solution. The
entanglements prevent the droplet from explodinig an spray of smaller droplets when in
excess of the Rayleigh limit. In the case of etsginning small deviations in the jet are
unstable. The electrostatic force acting upondhastabilities begins to stretch the fiber.
This is commonly referred to as the whipping insiigh because when viewed by the eye it
appears the fiber is whipping back and forth. Whiemved by a high speed camera it can be
seen that all the points along the fiber are bemgfinually stretched away from each other,
and this stretching thins the fi68t Depending on the experimental conditions therfib
diameter can range from tens of nanometers to mitto Reduction of fiber diameter can
typically be accomplished by using less concerdraselutions, lower MW polymer,
increased electric field strength, decreased flate,rand a smaller needle diameter. The
intermediate case between electrospinning andrefguaying of beads strung along fibers is
also possibf&?

Changing the geometry of the current collector isimple modification of the
electrospinning process. In efforts to createaropic fiber mats, groups have used rotating
drum$*? and separated magnetic Bafsto produce fibers aligned in one direction.
Additionally composite materials of nanoparticles nanofibers have been made using
electrospinning. Two methods exist to accomplisis,tex situandin situ. Theex situ
process relies on solution mixing of pre-made pkesi*” >3 If the particles are stable in
solution, they should be in the fiber after elespioning* though sometimes the particles

form aggregatés”. Thein situ technique relies on creating the nanoparticles froetallic
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salts or organometallic complexes added to thetisolthat later coalesce into nanoparticles
in a different processing stgfy #1724 218-220

One area where electrospun fibers have been sttatieddirect application in Li-ion
batteries is the formation of a polymer electrolgeact as both the transport medium of the
Li ions and as the separator. The most commonblighed polymers for this use are
polyvinylidene fluoride (PVDFEY*??*and polyacrylonitrile (PANY> ??® The electrospun
materials are more attractive than cast polymensfibecause of the micro porous nature
inherent to the non-woven structure. The pore maluwhen wetted by an electrolyte can
provide a diffusion pathway for Li ions, resultimgan ionic conductivity significantly higher
than possible for Li diffusion through a solid polgr. Additional Li conducting solid
particles can be included in the polymer matrikoost ion transpoft™.
2.7 Polyacrylonitrile

Polyacrylonitrile is the preferred polymer whenogucing high-strength carbon
fiber®’. The production of carbon fiber is a two-stepgess. First the PAN is drawn or
spun into a fiber. This is followed by the carlxation process itself composed of two steps:

stabilization and carbonizatiofigure 2.2*".

During stabilization the polymer fibers are
heated to temperatures between 250 and 300 °Q foraa few hours. This step partially
oxidizes the fibers and then initiates cyclizatwith outgassing of hydrogen and nitrogen
compound¥®  The second half occurs under inert or reducitrgosphere (N Ar, or

forming gas) with typical heating to between 70@ &000 °C. During this step the

remaining hydrogen and nitrogen are driven off lmge aromatic structures remain.
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Figure 2.2 — Chemical structure of a) the acryloniile monomer and b)
polyacrylonitrile.

There are many studies of electrospun FAN?%! A particularly comprehensive
look at the electrospinning of 100,000 MW poly(danytrile-co-methyl acrylate) (4%
PMMA) was published in 206%. Wang and Kumar explored the impact of electietdf
(2.3 to 2.7 kV/cm), flow rate from the syringe purftp5 to 6 mL/h), solution concentration
(5.1 to 20.3 wt%) and MW on the resulting PAN naoefs. Fibers ranging from 50 nm to 2

m were spun, although when fiber diameter was b&6® nm the solution formed mixes

of beads and fibers. A 2007 paper by Borhanial. reinforces the sensitivity of the
electrospinning process to experimental setupJsing the same molecular weight, but pure
PAN at a much lower flow rate (0.17 mL/h), diffetereedle diameter (0.7 vs. 0.84 mm) and
a lower electric field (0.667 kV/cm), they foundbdr diameters of ~400 nm for a 14 wit%,
compared to <200 nm for all cases of a 13.8 wt%tgwi in the previous paper.

PAN fiber surface area has been increased byre$pihning a solution containing
both PAN and polyethylene oxide (PEO). Washingyatii® PEO left irregular PAN fibers

with an enhanced surface &®a Hollow PAN nanofibers were created by vapor
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polymerization onto a polystyrene electrospun stdff Removal of the polystyrene after
carbonization created tubes with 100 nm outer diaraend a 14 nm wall thicknéds

The in situ nanoparticle technique has successfully producgdnanoparticles in
small diameter (50 nm) PAN fibér§ Yanget al. used 80,000 MW PAN and silver nitrate
as the salt and the nanoparticles were visible umé&. An ex situtechnique has been
demonstrated for electrospinning carbon nanotubi@sPAN nanofiberS® 220 235 236 The
carbon nanotubes were functionalized with eitheb@aylic groups® 2> 23> % Triton X-
100° so they would be stable in DMF. The nanotubegpezdominantly aligned in the axial
direction of the resulting fibers.

There are already several examples of carboniza&tl Manofibers used in
electrochemical energy storagen situ addition of cobalt acetate created metallic’ Co
nanoparticles. Nanoparticles were not imaged, but X-ray diffia@e (XRD) indicated the
presence of Coin the nanofibers. The cycle performance of tbenposite fibers was
impressive, maintaining 800 mAh/g (71%) of initcapacity after 50 cycles at 100 mA/g and
retaining 600 mAh/g of capacity at 1C charging raReduced cobalt is not an active anode
material so the authors theorize this improvemsrtinectly attributable to the conductivity
improvement of the fibers, though effective condutt was not directly measured. Ji et al.
investigated the effect of enhanced nanofiber saerfarea on anode performahice
Relatively large pores were created by éxesituspinning of aggregated Si@anoparticles
later removed by hydrofluoric acid. Much smallergs were created by electrospinning
PAN with in solution ZnC followed by a thermal activation step. The Zn@chnique

created a higher portion of pores smaller than 2amth showed better high-rate capacity
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retention and slightly smaller irreversible capatitsses than standard PAN fibers. Kim and
Yang have also investigated the utility of activhtearbon nanofibers as supercapacitor
electrode®’. Ji et al have also usétsitutechniques to create MpQ@articles, a conversion
material, from manganese acefate The resulting fibers showed capacities of ~60ChfgA
upon conversion to Mn, larger than PAN alone, axxkkent capacity retention at high rates.
The most impressive result used a single nozzlgrekpinning setup to create fibers with a
PAN core and a PMMA/tin octoate core from an enush DMF. During the stabilization
step in air tin oxide nanoparticles were formeche pyrolysis was conducted in a As/H
atmosphere to produce carbon fibers and reducérthexide nanoparticles to metallic tin.
The resulting electrodes produced a stable reversdpacity of around 700 mAh/g over 140
cycles at 0.5C, and capacity retention of nearl§ dtAh/g at 10&". There are significant
first-cycle irreversible capacity losses for of thlese electrospun carbonized fibers owing to
the formation of the SEI layer over such a sigaificsurface area.

2.8 Polyimide (PI)

Polyimides are class of chemically and thermadgistant, flexible, strong, low
dielectric polymer¥ #%2%°  These polymers find uses in adhesives, thermsistant
coatings, composites, moldings, membranes, ang'fiidt" 2*> They are commonly formed
from the reaction of an aromatic dianhydride withagomatic diamine to produce poly(amic
acid) (PAAY** 2% with each reaction resulting in a carboxylic agiup, making PAA a

polyelectrolyté** 2**(Figure 2.3).
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Figure 2.3 — The reactions to form poly(amic acidand subsequent thermal imidization
by dehydration between a) pyromellitic dianhydride and 4,4’-oxydianiline and b)
pyromellitic dianhydride and p-phenylene diamine.

This is a reversible reaction, and some equilibrigoantity of unreacted amine and
dianhydride groups will always exist in solutféh ?*® The step-growth polymerization is
commonly carried out in aprotic solvents such as 1 DMAcC®**, NMP®,
THF:MeOH solution&’ and in a controlled inert atmosphere to preveactiens with
watef**., The molecular weight of the polymer obtainedeswidely based on the order of
addition of the components, with higher moleculagight products resulting from the
addition of the dianhydride to diamine already digsd in solutio®®®. That process would
be considered a heterogeneous polymerization. mr@mer is already dissolved into the
liquid phase, and when added the other existssadia The polymerization proceeds at the
interface between these two phases. The impgmblgierization condition on the resulting

product is best understood by two mechanisms. t Fiexe is a competition between the
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desired aminolysis reaction resulting in poly(ameid), and an undesired hydrolysis reaction
opening the anhydride ring and producing two cayboxgroups. The aminolysis reaction is
kinetically favored by a factor of 5 over the hylysis, and excess diamine will drive the
process down that pathwdy Second, in the case of a heterogeneous regudidgitles of
dianhydride added to the solution will undergo teexs at their surface faster than
dissolution occurS®. Thus the polymerization is occurring at a stitigiid interface where
the local concentration of reactive sites is sigaiftly greater than would be present in bulk
solution, resulting in weight average moleculargis (M,) in excess of predictions based
on the stoichiometric equilibrium. Differing reéadty’s of diamine monomers can also have
an impact on the molecular weight distribution #melresin viscosity*.

The stability of various PAA resins also variesdxh on the constituent monomers,
and the equilibrium of poly(amic acid) forming réan. The viscosity of a resin produced
from the combination of pyromellitic dianhydride MIPA) and oxydianiline (4,4'-
aminophenyl ether, ODA) will often decrease oveedod of days or weeks in a degradation
process that is highly temperature and environrdependerit?. This process results from
equilibration of the length of the polymer chaingag from the very high M formed under
heterogeneous polymerization, as well as somedrséde hydrolysis of anhydride groups.
Alternatively the combinations of PMDA armphenylene diamine (PPD) onphenylene
diamine are known to gel over tiff€ When two resins formed from different monomer
combinations are mixed, the equilibrium of the areed bond will lead to the formation of

random co-polymers, which can be observed by augtachange in the miscibility of the
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respective resins, or from the elimination of phagparation in solid films of the condensed
poly(amic acids¥’ %>

Much of the work in understanding the solution dgbr and properties of the
poly(amic acid) resins comes from size exclusiometatography (SEC), also referred to as
gel permeation chromatography (GBX)?*> The technique became a powerful analytical
tool with the development of highly stable and waghtrolled pumps and in-line detectors
for light scattering and refractive index measuretsfé> 2°% 2°¢ 257 gGjze exclusion
chromatography separates the constituent moleaifl@ssolution based on their residence
time within a highly porous media, known as theistery phas€® #° |t is important that
the residence time of the components be based oglypsteric factors rather than any
chemical affinity between the stationary phase #red analyte. Polystyrene is the most
commonly used material for the stationary phaseve#dy dilute solution of the sample is
injected into the system and is then carried bery precisely controlled flow of the mobile
phase through a series of columns containing pablkadls of the stationary phase with a
well-known porosity and pore size distributf8h Any components in the solution larger
than the largest pores will be unable to accespdhe volume, and thus will be carried elute
from the system first. As the size of componerdgsrélases, a greater fraction of the pore
volume will be accessible, and the analyte willetdénger to elute from the column. Upon
elution the solution passes through the in-linéyaimal tools and results in a change in the
refractive index or light scattering behavior whesmpared to a reference sample of the
mobile phase alone, and this difference is recoeded function of the residence time of the

solution. Calibration of a given column with thesidence time of known standards of
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narrow molecular weight is necessary to then cdntlex data into a molecular weight
distributiort®.

The use of SEC on poly(amic acids) is more corapdid than for simple polymers
like polyethylene oxide or polystyrene becauseRA& is a polyelectrolyt&”. As a result in
dilute solution the equilibrium dissociation of tlwarboxylic acid groups will cause the
polymer to interact with itself and with the staigoy phase. Most studies of the molecular
weight of PAA by SEC then use additives to the rephase to suppress these interactions.
A typical mobile phase thus will consist of lesarnl0.1 M each of LiBr and4R0, in a good
solvent for PAA such as DMF, DMAc, THF, or NN 2% 22

The high chemical resistance of Pl means resingféega cast as PAA then and then
imidized?*" #°* 23 though there is a continual stream of publicatidrased upon the
formation of polyimides that can be processed i ithidized state. In either case the
imidization is accomplished by chemical or thermatlodehydration to form B,

Similar to PAN, polyimides are carbonized at terapenes between 600 and 1100 °C
under inert atmosphef®?®® TGA, TVA, °C NMR, and XPS have been used to examine
the process and the products released during dadimm for rigid, semi-flexible, and
flexible PI from various monomers. Benzimide deposition between 500 and 550 °C
releases CO, COH,O, HCN, and H?*". The main loss of mass is typically completed by
650 °C, with final carbonization between 800 an@ 90. The vyield of the process at 800 °C
was dependent on sample morphology with films ygJd’5 to 80% and fibers yielding 60
to 65%. Conductivity of a carbonized polyimidenfiincreases with increasing temperature

and varies over an order of magnitude for differemmbinations of monomérs For the
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purposes of pyrolysis polyimides are considered safbons, and will go through a
mesosphere and graphitize when heated above 2500TH& approach has been used to
convert polyimide coatings into high quality graghiilms™ ** 2®® Finally changes in inert
carbonization atmosphere were studied for Kaptoopramercially available Pl formed by
polymerization of pyromellitic dianhydride (PMDA)d 4,4’-oxydianiline (ODA). The use
of He resulted in the highest porosity under BE@lgsi<°®, compared to Nand Ar.

Electrospinning of Pl is also done from the PAAquisor followed by imidization
treatmenit” *® 22 published fiber diameters of pure Pl have beesraall as 120 nff.
Those fibers were subsequently carbonized anddhductivity was shown to increase with
decreasing diameter as measured by four-point pwdien carbonization was carried out
under high mechanical pressure (22 kPa). AddtigrPAA has been blended with PAN
and then electrospun and turned into carbon fiberdhe subsequent imidization of PI and
stabilization of PAN occur at the same time. Kitmat showed a similar relationship
between decreasing diameter and increasing condycheasured via four-point probe.

The smallest PI fibers reported in the literature 80 nm and contain ~15 nm silver
nanoparticles prepared via tive situ method’". These were produced from pyromellitic
dianhydride (PMDA) and 4,4’-oxydianiline (ODA) paherized in DMF with silver acetate
as the salt and cured to 300 °C. The inclusiorsibfer salt in the solution raised the
conductivity during the electrospinning processdoices finer fibers which are stretched
more in the electric field. These fibers were subjected to pyrolysis. Carbon fibers of 2 to

3 m have been produced from electrospinning of 12%A R THF:MeOH (80:20%°.
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Despite the large fiber diameters, the paper ier@sting because it showed PAA can be
directly carbonized without imidization, thoughoaver yield of carbon results.
2.9 Chemical Vapor Deposition

The continuous growth of solid materials onto sslitbstrates through the reaction of
precursor gasses is known as chemical vapor depo$@VDY % ?’® The technique is most
widely used in the semiconductor industry wheres ivalued because of the capability of
producing conformal, high purity flms meeting tegingent performance requirements of
ultra large scale integrated devices of th& @dntury’® 2"*2’® During the CVD process one
or more precursor gasses are continually flowed ateaction chamber where they react
with each other and the surface to leave behinolid material. One means of driving the
reaction is to heat the substrate to temperatuses/rhundred degrees above ambientin
the process gaseous by-products are often procdurwkthese are purged out of the reaction
chamber by the continuous flow of feed and waste gde most common examples of CVD
products in microelectronics are silicon dioXid&’® doped silicon dioxid€> and silicon
nitride?®® but the CVD process has been demonstrated fode nange of product& 281283
Many different reaction schemes exist for the noeshmon films and the specific precursors
chosen depend on the thermal constraints of thetsué and the desired purity and
properties of the resulting material.

There are many classifications of CVD processaxstimade distinct by the reaction
conditions within the process chamber. Variatiohe pressure within the chamber during
, 282

deposition results in either atmospheric pressheenical vapor deposition (APCVEH

low-pressure chemical vapor deposition (LPC¥®¥®* or ultrahigh vacuum chemical vapor
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deposition (UHVCVD}** %3 Variation of the pressure is ones means of otiimg the
reaction rate, since lower pressure chambers aehfewer collisions between precursor
gasses at the surfat® Additional benefits of lower operating presstuireside the chamber
include improved control of material propertiesifammity, and conformity of the filrfy> 27

An additional variation of the typical CVD processthe introduction of a radio
frequency coiled power supply to produce plasmae Plasma will enhance the rate of
reactions when there are kinetic limits and allowgrocessing at lower temperatufés’’
280 thus protecting the substrate from exceedingemnthl budget and preventing mechanical
or device failure or chemical decomposition. Imsoapplications the presence of the
plasma also helps to ensure a more uniform confloco®ting is applied to high aspect ratio
structures by performing a simultaneous reactiveeizh.

When considering the growth of carbon materiadsGA/D, a wide range of processes
have produced a wide range of prodtft&® The variation in carbon materials grown by
CVD methods can be explained by factors such agptéeursor species, reactor pressure,
process temperature, substrate material, and tbsempce of catalysts. While the most
common precursor used when producing carbon mktegamethan®’, many different
hydrocarbons have been employed succes$itif?2%> Experimental results indicate the
formation of acetylene and benzene in the vapos@lae important steps in the reaction
pathway leading to carbon deposifith?®’ and for methane to deposit it must first undergo
a homogeneous gas phase reaction to yield unsadubhgtdrocarbons with two or more

carbon atonfs™.
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Pyrolytic carbon is carbon formed by the thermalaheposition of hydrocarbons in
atmospheric or low pressure CVD. Pyrocarbon iglpegaphitic in nature but with some
disorder and covalent bonding between graphiteréayend has been created from a wide
range of precursor materials typically at tempeesuexceeding 1000 & 2*® Some
researchers have used evaporation or sublimatiantygically solid-phase organic molecule
in one region of a tubular furnace. The sublimateterial is then transported by a carrier
gas to the desired substrate in a different regibthe furnace. It is common for the
sublimation region and deposition region to existdéferent temperaturéS. In other
systems, large, but still volatile molecules argaduced into the CVD chamber or tube
along with carrier gases, typical of standard CMDcpssing, where they decompose on the
heated substraft®.

A variant of CVD known as chemical vapor infiltrai (CVI) is associated with the
production of macro-scale composites, with carbamen composites being one common
variatiorr®3%? This is a process in which the precursors flomigh a porous substrate and
then react on the surfaces throughout the volunteoSubstrate with the goal of completely
filling the pores with graphitic pyrocarbon to pra® a composite block reinforced by the
substrate materi&’ *** Graphitic and/or pyrolytic carbons are very coomty produced
during CVI. These depositions typically occur &tnslard pressure or at pressures on the
order of 10 kPa to ensure full densification of toenposité®® **® The competition between
homogeneous gas phase reactions and the heterogesgdace depositions dictates that
operating at too low of a pressure will result org blocking and incomplete densification.

Additionally the presence of small quantities oflfggen in the feed gas results in greater
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inhibition of rapid deposition pyrocarbon at thé¢enface between the substrate and the bulk
processing gas than within pore volurf?és

The controlled production of thin layers of carbavith greater order, and thus more
graphitic, commonly requires the use of smallerrbgdrbon molecules and the introduction
of plasma processifitj or other modifications such as laser-assisted €¥Dntroduction of
various catalyst materials upon the substrate ath&n means of producing highly ordered
graphitic carbons, such as vapor-grown carbon diteeound a small diameter iron wire
core’™,

Silicon is typically used as a model substrate wipenving various carbon films, but
depositions are possible on various forms of cardath many other solid surfaces. When
highly ordered forms of carbon are desired, a gatahetal is commonly introduced upon
the substrate, and nickel is often chosen as #iayst. And the production of the diamond
phase of carbon is often performed in a modifiedDCpfocess, most commonly the hot-
filamenf®” 3! method but PECVD and microwave assisted CVD hals® &een
demonstrated to produce highly ordered sarbori*>. Diamond formation is commonly
carried out at low pressures with low methane tdrbgen ratio. The ideal operating range
for the production of diamond is a substrate teroee near 900 °C, but not exceeding 1100
°C where graphitic carbon formation is preferred.

Carbon nanotubes, highly regarded because of theichanical strengif® and
potential electronic properti€é can be produced by a variety of methods: chenviapbr
depositiori'®, arc discharge®, and laser ablatidf, but catalyzed CVD growth shows the

most promise for the production of nanotubes in mential scal@®. In this method the
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nanotubes grow at catalyst sites, such as nanoleartof NF'’ or FE'® located on a
substrate, typically silicon. Root-growth nanotsila@e formed when the catalyst remains on
the substrate surface. Tip-growth nanotubes folranathe catalyst is pushed away from the
surface by the nanotubes growing in-between. Aaldhlly, nanotubes produced via CVD
can be purified in one step with removal of the ahettalyst and other defects via high
temperature graphitizatiofi. Carbon nanotubes have featured prominently $eah on
Li-ion battery electrodes.

The most recent variant of carbon to be produdgadckiemical vapor deposition is
graphene: a two-dimensional material of a singiefdaof carbon atoms bonded in & sp
structuré®. The theoretical room temperature electronicstisiy of this material is the
lowest known, leading to widespread interest im@gst in electronic and electrochemical
applications. One means of producing graphenebleas made chemical exfoliation of
graphite but there is little control of the proces&l a low percentage of the material is true
single layer graphef€. Low pressure plasma enhanced chemical vaporsitepohas been
shown to produce 1 to 2m wide sheets of graphite of only a few layers khising a
mixture of methane and hydrogen upon a Ni substfat&@he use of copper as a substrate in
LPCVD, without the need for plasma processing, leb to an impressive result of
predominantly single layer graphene on substrabet B0 inches in the diagonal rolled up
within an 8-inch diameter tube furn&®®e The resulting films had superior conductivity to
the indium-tin-oxide films currently used as traasgt electrodes in solar cells and touch

screens, and were easily transferred unto newrstiéstand used in functional touch screens.
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2.10 Raman Spectroscopy

Raman spectroscopy is a useful tool for studyheymyriad forms of carbdft 3%’
The process is quick, non-destructive, and cargbged out at ambient conditioli& It can
be used to determine the degree of disorder inaa gephite materidl®, the chirality of
carbon nanotub&¥, and the number of layers in “graphefi€” A Raman measurement
relies on the shift in frequency of single wavelégnlight that undergoes inelastic scattering
(energy of the photon is changed) upon interaoiith matter. The incident wavelength is
selected so the photons possess only enough ettetigansition to atoms of the sample to a
virtual energy state. Most photons undergo elg&ayleigh) scattering and their energy is
unchanged. The less than 1 ir® pbotons that are inelastically scattered loseraauat of
energy equal to an allowed transition between gnérgels below the virtual state. The
Raman shift reported is the difference betweenggnef the incident light and the scattered
photons, and like many forms of spectroscopy aretmommonly plotted as wavenumber
with units of cnf.

When investigating a solid crystalline materiak thattice structure has certain
allowed vibrational modes, referred to as phon@amsl these vibrational states restrict the
possible transitions which are allowed under Raselaction rule¥®. For example, perfect
crystalline graphite has a 4 atom unit cell, ardkgree of freedom analysis provides for six

€°233 gne at 42 cim and another

possible vibrational modes. Of these, two are Reatdiv
at 1582 crit. In the idealized case of a perfect sample gbhjta, the Raman spectra will be

a very simple plot with two main peaks and subsetjogertones. The peak at 1582 tm
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was assigned a designation of G, for grapfiiduring the initial characterization of graphitic
carbon.

In non-idealized, real samples of graphitic carldbrere exist defects, impurities, and
edges, and these deviations from the 4-atofm bsmded structure allow for additional
phonons and scattering events, producing a moreplexrspectra. The most common
second peak used when characterizing carbons isrkas the D peak, for disord&: The
location of this peak is variable, with its positidictated by the wavelength of light used to

éZ, 333, 335

probe the sampt It has been recently demonstrated that the ti@mian the

location of the D peak occurs because the relaxatiocess is doubly resonit3’

Simple characterization of the degree of disordex carbon sample is possible with
the information from just these two peaks. Thectpeare fit by two Gaussian-Lorentzian
curves, at which point the peak location can batifled, and the curves can be integrated to
get the intensity of both the G and D peak, respelgt denoted 4 and b. The degree of
amorphization, or Spversus spbonding, can be determined using the locatiomefG peak
and the intensity ratiol 1c>*% Additional information about the $pontent can be seen in a
peak at 1100 cthwhen carbon is probed with a ultra-violet (UV) smai?® %3 A study of
the Raman spectra of 29 different forms of carbooluding highly ordered natural and
synthetic graphite, carbonized fibers, carbon Idadokes, activated carbons, and coal,
found good correlation between the ratid( llct+ Ip) and many parameters including the
width and location of the D and G pe&ksThe results of Cuesét al. demonstrated that the

family of carbons could be grouped into populatiblased on these parameters, where the

slope of regression lines would change at key iians of peak locations and the intensity
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ratios of the D and G peaks. The ratig/ () can be correlated to the average in-plane
crystallite size of the graphitic regions of vaisatarbons using the following equation, valid

for any wavelength of light used to probe the sapl

=200 1 (54 10%) /2
: E|:ser D ( )

laser

e Equation 9

I

where L, is the crystallite size in the basal plane (in nis) and I are the measured
intensities of the D and G peaks, dAg.er is the energy oriaser iIs the wavelength of the
incident photons.

Additional signals are present in carbons thatnaoee disordered, and these are often
studied to determine the bonding structure of #mdans under probe. Near the G peak there
are often found D’ and D” peaks. The D’ is onlyleako be distinctly observed in highly
ordered graphite and is located around 1628.cifhe D” peak located around 1500 tis
important in fitting carbons of greater disordarcls as pyrolyzed solids, where the region
between the G and D peaks has a greater signatémabe fit by only two peaks®*

Finally some additional information is availablg moving to the second-order
spectra between 2200 and 4000 “cmA peak originally labeled as G’ around 2700"tm
because it was found in highly ordered graphitacisially the first overtone of the D peak,
and is now better labeled as D* or 2D. This peakuos because of phonon-phonon

scattering, not defect scattering, and therefores imost pronounced in highly ordered

graphited®. In the most ordered graphite this peak will atijusplit based on the distinction
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between stokes and anti-stokes scattering, andhigkdd peak, this peak is doubly resonant
and will shift with the intensity of the laser waaegth.
2.11 Atomic Layer Deposition

Atomic layer deposition (ALD) is a material depasit technique which provides
greater control of thickness and chemistry thamtbal vapor depositiofi™ 32 A typical
ALD process consists of alternating, self-limitingactions of vapor-phase precursors
(commonly referred to as chemicals A and B) withctional groups on the surface of a
substrate. Precursor A reacts with a particulactionality on the surface of the substrate.
The result is the deposition of one monolayer ofemal upon the surface (reaction A), and a
new surface functionality. The reaction self-lisntecause chemical A cannot react with the
new functionality created during its reaction wilie previous surface chemistry. After the
reaction has completed, precursor A, and any bgymts of the reaction, must be purged
from the system prior to the introduction of presmurB. The subsequent step (reaction B)
uses precursor B, which will readily react with tbarrent surface functionality, deposit
another monolayer of material, and leave behindsthiéace functionality favored in reaction
A. This step is again followed by a purge to rempvecursor B from the system. Through
repetition of the A-B reaction sequence these radiang and self-limiting steps can be used
to precisely control the number of layers of a giveaterial deposited onto the surface. And
while binary reactions are the most commonly piigidsexamples of ALD, it is possible to
employ more elaborate terndt/(A-B-C).

Atomic layer deposition is capable of producinghhy conformal coatings of a well-

controlled thickness. This unique combination texd to widespread use in the semi-
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conductor industry as part of the fabrication otmeélectronic¥* %> Careful selection of
the precursor chemicals and the reaction conditiwess resulted in the creation of ALD
schemes to deposit insulatyfs doped semi-conductdfd and metaf$”. Depositing a film
composed of a single element commonly requires ttiatsecond self-limiting reaction be
one which removes certain functional groups, swashthe use of hydrogen plasma to remove
chlorine atoms in the deposition of tantalum froamtalum pentachlorid®. The ALD
process has also been demonstrated on polymebier, §iubstraté® 3*® to affect surface
properties such as wetabifify.

There are some recent examples of the applicaligsLD to electrode materials for
Li-ion batteries. For example aluminum oxide grofram trimethylaluminum (TMA) and
water (HO) has been used to stabilize the interface betwamventional electrolyte
solvents and both natural grapftte® and metal oxide cathod8sresulting in improved
cyclability. Those depositions were performed raftee slurry of active material had been
cast onto the current collector to avoid placingiasulating barrier between the active
material and the current collector. A group basefinland initially demonstrated the ability
to create lithium-containing films via atomic laygeposition™”. The George group has built
on this with the goal of creating lithium carbonébes, in an effort to mimic the natural SEI
formed on Li-ion anodé8®> Thus far only results for the deposition of tagbonate film are
available, while the electrochemical propertiesasnunder study.
2.12 Molecular Layer Deposition

The concept of molecular layer deposition (MLD)ais extension of atomic layer

depositior®>. While ALD builds a film though the net additiasf single atoms, MLD
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replaces one, or both, precursors with a largereoudé¢ in which the functional groups are
separated by several atothd®? These atoms located between the functional grawe thus
added to the surface during one of the self-limgitsteps, resulting in the addition of a small
molecule to the surface of the film.

The technique was initially used to grow thin canial polymer layers using
traditional organic monomers from step growth padyiratiori>> *** Polymers grown via
MLD include polyamide¥, polyimides®, and polyure¥. The versatility of MLD has
enabled successful polymer film growth on a varadtgubstrates®.

More recently the MLD technique has be used to preda class of metal-organic
hybrid coatings commonly referred to as “metal-a&n@amed as such because of their
structural similarity to various silicon&s**”  Aluminum metal-organic hybrid molecules,
referred to as alucone polymers at the time, wiesereported in the late 1950s. In 1999 a
version of alucone was synthesized utilizing agaltechnique in which ethylene glycol and
tert-butyl aluminum (Al(t-By)) were reacted in hexat’é The first report of alucone
formed by MLD occurs almost a decade later whenather commonly used as the oxidant
in alumina ALD was replaced with ethylene gly€ol The substitution of ethylene glycol for
water in another well-known ALD chemistry has proed films of zincon¥.

In many cases the observed growth rates for thé®ss fire lower than what is
observed for the pure ALD deposition. Using ethglglycol and TMA as an example, the
length of the glycol molecule (> 5 A) is sufficiethat both alcohols could react with
functional groups, leading to a reduction in thenber of available functionalities in

subsequent steP's The use of trinary reaction schemes with hebgfenctional precursors
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can eliminate the possibility of the double reattid Secondly, it is possible that the size of
the MLD precursors produce steric hindrance, prengnaccess to the reactive sites by
available precursots.

Another significant difference between similar ALBnd MLD films is the
thermodynamic stability of the hybrid film. Whemrsidering the reaction of ethylene
glycol and diethyl zinc, the resulting films arestaible in ambient (i.e., humid) air, or under
an annealing treatment. In either case, the Bhudied by infra-red spectroscopy, tended to
revert towards the composition of the comparabl®Adrocess of diethyl zinc and watér
But when the films were maintained in cool, drythe deposited films were unchanged after
3 days. Alucone polymers produced with ethylengedgl are also known to be moisture
sensitive as probed by FTIR, though these filmsnaoee stable than the zincone films, and
do not revert to a simple alumina strucfire The use of an ABC reaction scheme with
TMA, ethanolamine, and maleic anhydride, producdithain which unquenched aluminum
methyl functionalities reacted with ambient moistwithin ten minutes of exposure, but did
not suffer any longer term degradation when lefambient condition8® A film created
from TMA and glycidol showed similar stability anéient condition¥®

There are few reports of applications of these hwtganic hybrid films. Some
preliminary studies of alucone polymers have dermatesd that the hybrid films possess
mechanical and thermal properties more typicalabjper films rather than ceramic ofes
30 One demonstrated application took advantage estisceptibility of an alucone film to
hydrochloric acid etch to create a sacrificial lay® a nano-electrical mechanical system

(NEMS). The removal of the alucone layer produaadair gap beneath a tungsten bridge
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spanning two electrod®. Alucone via MLD has also been proposed as a mé&afoth
passivate the photocatalytic properties of titanidioxide to prevent the pigment from
degrading the polymer in which it is suspended, @sd to prevent agglomeration/improve
dispersion of the particles in the polymer maftix*®® Finally a unique arrangement of
copper oxide nanoparticles on the exterior of ammata fiber support was formed by
creating core-shell fibers of copper surroundedlogone. The subsequent annealing of the

alucone resulted in an alumina film with angstroired pores, which allowed the out-

diffusion of copper atoms, but not the in-diffusiofoxygeri®*
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Chapter 3

Plasma Enhanced Chemical Vapor Deposition of Gtigp@arbon on
Pyrolyzed Nanofiber Li-ion Anodes
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3.1 Introduction

Lithium-ion batteries are the dominant power syppl 21 century portable
communications and computing devices. Li-ion sdeoy cells have high energy densities
and high operating voltages resulting in higher powensities when compared to other
mature rechargeable battery technologieadditionally Li-ion cells have low rates of self
discharge and do not suffer from the memory effeesent in nickel-cadmium cells. While
the adoption of Li-ion technology is widespreadithar improvements in battery capacity,
life, and safety are required to meet the incrgasiemands in mobile technologies and to
deliver affordable performance in transportatioplaations®>3¢’

The majority of commercial cells are based on angized particles of a metal oxide
cathode, such as LiGH, and a graphitic anof. Both electrodes are typically made of at
least 85% active material, with the remainder maglef polymer binder and electronically
conductive additives. Graphite is used as theractiaterial in the anode because of its low,
flat potential when compared to Li/Land its long term capacity retentf8n The theoretical
maximum Li intercalation into graphite is one Lnidor every six carbon atoms, yielding a
potential specific capacity of 372 mAh/g. Many erals are known to possess larger
potential reversible capacitfés’® %

For example, there are extensive literature repootscerning the electrochemical
properties of hard-carbon materfdls™ *’ defined as organic material which cannot form
graphite under any pyrolysis conditiéfls These materials are known to suffer from

significantly larger irreversible capacity lossasidg the first cycle of the céfi”® These

losses are predominantly caused by the formatioth@fsolid electrolyte interphase (SEI)
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upon the electrode surfdé& %*® The SEI formation occurs during the reduction of
electrolyte salts and solvents in the presencéhofim at the electrode/electrolyte interface.
Each Li atom consumed in this process has undergonelectrochemically irreversible
process and is lost to further cycling. The irreude losses of graphitic carbons is known to
be lower than hard carbons, and as a result theere heen attempts to create a graphitic
surface upon hard carbons via chemical vapor dépoesi 1’> 1”3 While these techniques
have been successful in lowering the irreversibésés, some of the other properties of hard
carbons, such as cycle hysteresis, have prevehtd dadoption as commercial electrode
materials.

Some additional potential replacements for graphateodes include titanium
dioxid€®®, Li-alloying metals such as Sn and®Siand conversion materials based on
transition metal oxid&§ % or phosphides. Each of these potential replactsniem the
negative electrode material has properties whickenthem unsuitable to supplant graphitic
carbon as the anode of choice in commercial cells.many cases insertion of Li is a
reversible process, but repeated transformationaiérials between lithiated and de-lithiated
states produces enough mechanical stress to causegs to fracture. As a result a large
amount of research and development activities faugsed on creating composite materials
of carbon and non-carbon lithium storing compoundgjch when used together will
Outperform graphitde& 16, 101, 114, 123, 152, 1:53

One possible avenue towards this goal is the usdectrospinning to create novel
nanoscale one dimensional composftesThe electrospinning process creates a continuous

polymer fiber with a non-woven structdf® The process has been used to create composites
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of nanoparticles embedded within the matrix of poéymer fibers. If the polymer used as
the matrix can be pyrolyzed, such as polyacryldeiPAN)*® 22 and the nanoparticles are
capable of storing Li, a free-standing electrode ba produced with long term reversible
capacities well in excess of grapfité* *?® The high aspect-ratio fibers produced also yield
excellent capacity retention at high currents, @win the large surface area for charge
transfef”.

The polymer most commonly chosen as the precucsde carbon fiber matrix is
PAN. Itis pyrolyzed at temperatures below graphtton, and when combined with the very
large surface area produced in the electrospinpnogess, the irreversible losses incurred
during SEI formation can be in excess of 500 mAdwégseen irfFigure 3.1 Irreversible

losses of this magnitude are larger than the réslergapacities of all common cathode

materials, making the commercialization of the Hd@materials unrealistic.
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Figure 3.1 - First-cycle irreversible capacity forelectrodes made from PAN fibers
pyrolyzed at the indicated temperatures throughout the work leading to this
dissertation. The electrolyte was 1 M LiPEin EC:EMC (1:1).

The significant void fraction present in non-wovetgctrospun materials presents a
means to overcome this undesirable level of irgiér Li losses. Vapor phase reactions
have been used to deposit new material on the csuidé electrospun fibef¥. Previous
attempts to use CVD carbon to change the surfaes lsave operated at either atmospheric
pressure or under moderate vacuum. In these tas@articles were on the order of tens of
microns or more. Tight control of the depositiangess was not necessary, with a micron or
more of graphitic carbon grown quickly being theided outcom&' "> Given the desirable

aspect ratio of non-woven electrospun mats, a fagnitly thinner film is required to

maintain the sub-micron critical dimension, andecaiust be taken not to obstruct the voids.
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To achieve this goal low pressure plasma enhanoehical vapor deposition is proposed to
produce a highly graphitic carbon coating upondbhdace of these carbon nanofibers mats
and potentially reduce the irreversible lossesthium.
3.2  Materials and Methods

The precursor polymer chosen for the nanofiberspedgacrylonitrile (PAN) (Sigma
Aldrich MW 150,000). The polymer was dissolvedammhydrous dimethylformamide (Sigma
Aldrich), heated to 40 °C and stirred for 24 hotwsdissolve the polymer. The vials
containing the final 11% PAN solution were thenlsdaand stored at room temperature.
The viscosity for this weight fraction of 150,000MPAN in DMF is located near the upper
end of the dilute entanglement reginkteglre 3.2), ideal for continuous electrospinning of

nanofiberd®.
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Figure 3.2 - Shear viscosity of 150,000 g/mol weighverage molecular weight (My)
PAN dissolved in DMF between 0.125 and 20 wt% polyen.

The electrospinning setup was arranged horizontaith a 30-cm, flat, metallic,
circular disk serving as the collector. The PANuson was pumped through a 22-gauge
stainless-steel needle at a rate of 1 mL/h.  dik@nce from the tip of the needle to the
collector plate was 15 cm. To maintain a stablgldracone the electric field was varied
between 0.75 and 1 kV/cm, as needed. Three toHours of electrospinning produced a
non-woven mat of about 15-cm diameter and a toadsof between 0.3 and 0.4 g. The
central, thickest portion of the mat was cut ouid aivided into swatches measuring
approximately 3-cm wide by 12-cm length. These Ham were removed from the

aluminum foil prior to thermal treatment.
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Pyrolysis of the fibers was conducted within a 4%rmner diameter quartz tube
mounted in a single zone Lindberg Blue tube furn@eedel 55322-3). The swatches were
loaded unto boats consisting of flat quartz shebeeshe processing gasses flowed over the
samples and down the length of the tube. The psi®lprocess of PAN proceeds in two
steps®?’, stabilization and carbonization. The stabilizatistep was conducted at 250 °C
with a 5 °C/min ramp rate from room temperature arsbak of 2 hours at 250 °C followed
by uncontrolled cooling to ambient conditions. Btabilization a flow of dry air (National
Welders) was maintained through the tube furnddee carbonization step was done under a
flow of high-purity nitrogen (National Welders) @00, 900, or 1100 °C with a 5 °C/min
ramp rate from room temperature and a soak of 2shimliowed by uncontrolled cooling to
ambient conditions. Care was taken to ensuredhgpkes remained flat and smooth during
the thermal processing to attempt to ensure morrom processing during the CVD
process.

The subsequent deposition of carbon was performgdgua radio frequency
inductively coupled PECVD process. Pyrocarbon dgmm of graphite is typically
performed at temperature over 1000 °C, which waxideed the desired thermal budget for
these materials, so the plasma processing is oga@vide the necessary reactivity. A three-
turn planar coil inductively couples 13.56 MHz powarough a quartz window into a
vacuum chamber. The sample stage consists of petature controlled resistive heater

located 10 cm below the quartz windokidure 3.3).
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Figure 3.3 - Schematic of the PECVD chamber used tteposit carbori®.

The non-woven swatch of material was clipped to libating element. Despite the care
taken to ensure the swatches remained flat afteslysys, only a small portion of each
sample was in direct contact with heater. The aarbource was methane diluted in
hydrogen and/or argon. The pressure in the digehelhamber varied between 50 and 350
mTorr and the plasma power was set between 60A 200 kW for the various treatments.
Before igniting the plasma, the temperature ofghlestrate was allowed to equilibrate ip H
gas. The deposition temperatures were 860, 73685@rC. The reaction conditions for the
various experiments are summarizedlable 3.1 The change in mass of the non-woven

was measured on a balance accurate to +0.1 mgxjoeritnents 2, 3, and 4. For each
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experiment one untreated swatch from the samere$pihning and carbonization batch was
reserved as a reference. Imaging of the samples pgaformed by scanning electron

microscopy at 5 kV using a secondary electron detédEOL 6400).

Table 3.1 - Processing conditions during PECVD.

Gas Ratio Plasma Processing  Mass

Temperature CH4H2:Ar  Power Time change
Experiment Sample (°C) (mTorr) (W) (min) measured

1 1 650 50:0:300 600 1 No

2 2 650 10:35:5 600 10 Yes
2 3 730 10:35:5 600 10 Yes
3 4 860 50:100:0 1200 10 Yes
3 5 860 50:100:0 1200 10 Yes
4 6 730 50:100:0 1200 10 Yes
4 7 730 50:100:0 800 10 Yes
4 8 730 50:50:0 1200 10 Yes
4 9 730 50:50:0 800 10 Yes

In later work small pieces of samples from Experts #3 and #4 were subjected to
Raman spectroscopy. The instrument was a HoribaxJévon LabRAM HS VIS high-
resolution confocal Raman microscope using a 6B8&h8aser as the excitation source. The
laser was focused normal to the substrate throud®>a objective lens resulting in an
approximately 1 m spot size. The instrument was calibrated udieg520.7 cnt line of a
silicon wafer. LabSpec software (Horiba Scientifitd.) was used to process all spectra.

After the deposition was completed, 1.3 cm diameisis were die-cut from the non-
woven samples to use as electrodes in 2032 size amis. The electrodes were dried
overnight in a vacuum oven at 80 °C prior to introiion to a high-purity argon filled glove

box (Labconco Protector) for coin-cell assemblyaclt anode had a mass between 1 and 4
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mg. A similarly sized copper disc was used atdineent collector with contact maintained
by the mechanical force of a disc spring. The teuslectrode was lithium metal (Sigma
Aldrich) and the separator was polypropylene (QglgaThe electrolyte was 1M LiRkn a
1:1 (w:w) solvent mixture of ethylene carbonate YB8d ethylmethylcarbonate (EMC). All
electrochemical data was collected in galvanostatcle with an Arbin Instruments (BT-
2000) battery tester. The currents were set aargetric basis between 25 and 200 mA/g.
The cutoff voltages used were 0.025 V on chargeZadd/ on discharge.

3.3 Results and Discussion

3.3.1 CVD Experiments #1 and #Zhe goal of this work was to produce highly gri#iph
conformal carbon that enveloped the PAN fibersreate a surface which would suffer less
irreversible loss of Li during the first chargingote. The material used for Experiment #1
was carbonized at 700 °C prior to deposition inREVD reactor. Under SEM the material
resulting from this deposition experiment was notformal to the fibers, but instead had
nucleated and grown a fluffy, amorphous carbonriisted randomly throughout the non-
woven structureKigure 3.4). Magnification to 50,000x on one particularlyde fiber does

show the growth of small ridges of material perpeuidr to the fiber surfacd=(gure 3.5).
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Figure 3.4 — Scanning electron micrographs of (a)ilders after coating during CVD
Experiment #1 and (b) uncoated reference fibers.
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Figure 3.5 — Scanning electron micrograph at 50,0@0magnification of a single large
fiber showing small platelet growth perpendicular b the fiber surface
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For Experiment #2 the gas mixture was modified.he Tmethane content was
substantially reduced to lower the growth rate.e@png at a lower overall pressure would
also lower the growth rate of the material. Hydnogas was added to potentially scavenge
sp’ bonded carbon. The deposition time was extendld® tminutes to compensate for these
changes. Imaging of the sampl&sg(re 3.6) indicated no noticeable change in the treated
fibers compared to the reference sample, and tivepnecess conditions have eliminated the
fluffy, amorphous carbon seen in CVD Experiment #3iven the inherent conductivity of
the fibers, and the desire for a thin, conformald @onductive coating; if this goal were
accomplished it would be unlikely to be visible endhese conditions. The observed mass

of the samples did not change in any significanbam as shown iffable 3.2

Table 3.2 - Change in mass of samples treated in CMEXperiment #2.

Mass Mass After
Sample Before (mg) (mg)
2 17.8 17.9
3 14.7 14.9
untreated reference 21.1 21.0
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Figure 3.6 - Scanning electron micrographs of fibex from CVD Experiment #2 (a)
Sample 2, (b) Sample 3, and (c) untreated reference
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All of these materials were cycled at a low cleaegd discharge rate of 25 mA/g.
Figure 3.7 shows that the irreversible capacity losses ofRE€VD electrodes were still
very large and not distinguishable from the refeeesamples. Over the course of ten
charge/discharge cycles the plasma treatment ditlan@ a noticeable impact the reversible

discharge capacity shown kigure 3.8

700
B 600- !
< 500 o . o !
= 400 ® ® I
G 300 ® !
200 . . .
a b C
treatment

Figure 3.7 — First-cycle irreversible capacity of @ untreated reference samples, b)
PECVD sample 2, and c) PECVD sample 3.
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Figure 3.8 — Reversible discharge capacity of a) tneated reference samples, b) cells
from PECVD sample 2, and c) cells from PECVD sampl8 cycled at a specific current
of 25 mA/qg.

3.3.2 CVD Experiment #3 The results of Experiment #2 suggest that norexpgble
deposition took place at the conditions under stullye deposition conditions chosen for the
third phase of this work have shown growth ratgsr@gching 150 nm per minute of highly
graphitic carbon nanowalls on glassy carbon eldegpeven accounting for a significant low
growth nucleation periodd. At such high growth rates the amount of matevias expected
to be significant. Surprisingly the mass of thengkes after CVD processing decreased
(Table 3.3. The untreated sample is included to demonstiayeto-day variability in these
measurements likely due to changes in the ambiemidity. The magnitude of the mass

loss suggests that at these conditions the 120G%vha is etching away the fibers.
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Table 3.3 - Change in mass of samples treated in CMEXperiment #3.

Mass Mass After Percent
Sample Before (mg) (mg) Remaining
4 20.0 10.9 54.5%
5 29.3 11.7 39.9%
untreated reference 34.5 33.8 97.9%

When viewed under SEM there was significant vammin the appearance of the
fibers within a single sample. The first pair ofages Figure 3.9 are from the front (a) and
back (b) of the untreated reference fibers. Therfdiameters range between 225 and 400

nm as observed in several regions and show a rablyosmooth texture.

Figure 3.9 - Scanning electron micrograph of untreted nanofibers used as a reference
in CVD Experiment #3 magnified (a) 2,000x and (b)@,000x

The fibers shown ifrigure 3.10are from the side of the sample that was facingyafrom
the heater and towards the plasma coils in the HEG®actor. These fibers have a
measureable decrease in diameter, ranging betws®earid 315 nm and have greater visible

surface texture. This surface texture might afieen more crystalline (S regions of the
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fiber showing greater resistance to the etchinggss. Alternatively, it could be a small

region of deposited carbon.

Figure 3.10 -- Scanning electron micrograph of fibes from Sample 5 on the surface
facing towards the plasma coil and away from the teter magnified (a) 2,000x and (b)
10,000x.

Finally, the images ifrigure 3.11andFigure 3.12are from the side of the sample
which was in contact with the heater. The fibdsest to the surface have been almost
completely replaced by thin ribbons of what is ljka highly graphitic material. Looking at
fibers deeper into the mat the formation of therexftentioned carbon nanowalls on the
surface of the fibers is clear. At a differentdbon on the same sampleidure 3.12 there
exist structures which appear to be rolled up shekjust a few layers of graphite that may
have once covered the surface of the fiber. Tasem whole, these images suggest the
fastest growth of carbon nanowalls occurs on thekbsurface of the fibers — that which is
facing or in contact with the heater. This depositexists in competition with the etching

process that is acting on the mat as a whole.h& tis deposition advancing into the fiber
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mat while the surface of the mat is receding inghme direction. Simultaneously the fibers

on the top surface facing the plasma are also betiged away.

Figure 3.11 - Scanning electron micrograph at oneotation on fibers Sample 5 for the
surface facing towards the heater and away from thelasma coil, displaying ribbons of
carbon nanowalls in place of fibers magnified (a) ,200x and (b) 10,000x

Figure 3.12 - Scanning electron micrograph at a diérent location on the surface of
fibers from Sample 5, facing towards the heater andaway from the plasma coil
displaying carbon nanowalls on the fiber surface am possible single rolls of graphene
which may have formed around the fibers magnifiedd) 2,000x and (b) 10,000x
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The significant mass and morphology change of fthers was evident in the
electrochemical behavior when electrodes were didrom the samples and assembled into
coin cells. Given the significant mass loss dutimg PECVD processing, it was theorized
that the fibers may have become similar to carlpymelyzed at higher temperatures. As a
test some additional reference material was caredniat 700 and 1100 °C to allow
comparison over a wide range of pyrolysis condgiohable 3.4presents the mass of the all
the reference samples used in this experiment lbefibre and after pyrolysis. As would be
expected, increasing pyrolysis temperature incettg® mass loss as the non-carbon species

are lost and the material becomes more graphitic.

Table 3.4 - Change in mass of the reference samplees CVD Experiment #3during
pyrolysis at the indicated temperature.

Pyrolysis Mass Before Mass After Percent

Temp (°C) (mg) (mg) Remaining
700 29.3 17.0 58.0%
900 66.3 34.5 52.0%
1100 43.5 18.6 42.8%

There were two functional cells from each experitakercondition, and their
discharge capacity as a function of cycle humbeshiswn inFigure 3.13 At each step
shown on the plot the current was doubled, unélfthal step where it returned to the initial
25 mA/g. The two different samples have slightiffedent reversible capacity, with the
sample that lost more mass having a higher diseheagacity. The most interesting part of

this graph is that all four cells showed verydittiapacity fade in the first five cycles.
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Figure 3.13 - Reversible discharge capacity of cslfrom CVD Experiment #3 at the
indicated charge/discharge currents.

For comparison the reference cells pyrolyzed at 800 and 1100 °C are presented
in Figure 3.14 and significant capacity fade occurs during thiéal cycles for the lower
carbonization temperatures. This contrasts wighcitlls assembled from material pyrolyzed
at 1100 °C which show almost no early-cycle capafatie. For ease of comparison the
PECVD samples are presented with the 1100 °C ellBigure 3.15 and all of these
materials appear to be part of the same populatespite the pyrolysis temperature of 900
°C for the cells subjected to the plasma depositi@diven the mass loss of the PECVD
samples during plasma processing, and the themmag available during processing it is
likely the samples became more ordered, as the 1COfyrolysis sample is more ordered

than the 900 and 700 °C samples.
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Figure 3.14 - Reversible discharge capacity of refence anodes made of fibers
pyrolyzed at various temperatures and cycled at theindicated charge/discharge
currents.
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Figure 3.15 - Comparision of experimental cells wit the reference cells made from
fibers pyrolyzed at 1100 °C at the indicated chargédischarge currents.
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If the reduction of disorder in the sample is chagghe surface morphology, the
first-cycle irreversible capacity losses shouldreduced, similar to the reductions seen for
many non-graphitic carbons. The PECVD samples sHownly marginal average
improvement over the 900 °C referendag(re 3.1, while the 1100 °C reference is
noticeably lower than all the other data pointhud any potential order created within the
fiber structure has not dramatically improved theface reactivity with respect to the

irreversible loss of Li.
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Figure 3.16 - Comparison of the first-cycle irrevesible capacity losses of the cells made
for CVD Experiment #3.

3.3.3 CVD Experiment #4 Given the dramatic mass loss seen during the skistof
experiments an attempt was made to reverse withceell substrate heating (730 °C),
reduced plasma power (800 W vs. 1200 W), and adasdvith lower hydrogen content (1:1

vs. 1:2). Compared with the up to 60% mass losthenhot, hydrogen rich plasma much
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more mass remained, shownTiable 3.5 especially samples processed at only 800 W (7 and
9). The impact of the hydrogen reduction (samplesd 9) was a greater reduction in mass.
It may have been better to increase the, @kessure to equalize the ratio, rather than
reducing the chamber pressure by cutting thepkessure in half. Time and resource

constraints prevented further experimentation wWithfeed gas ratios.

Table 3.5 — Change in mass of samples treated in O\VExperiment #4.

Plasma Mass
Power H2:CH,4 Before Mass Percent
Sample (W) ratio (mg) After (mg) Remaining
6 1200 2:1 45.0 28.8 64.0%
7 800 2:1 37.2 29.0 78.0%
8 1200 1:1 31.2 19.3 61.9%
9 800 1:1 25.4 18.6 73.2%

The loss of mass is evident when comparing therdilnear the surface of the PECVD
processed non-woven mats to the unprocessed regesamples. The diameter of the fibers
again decreases and the overall roughness of sasples increases. The reference fiber
diameters for this work had a larger overall diaanghan the fibers from CVD Experiment
#3, with diameters ranging between 350 and 625 fable 3.6 contains the breakdown by
processing conditions for fibers on the surfacenfpthe plasma. Additionally some typical
SEM results are provided Figures 3.17to 3.20for the reference material and samples 6, 7,

and 8.
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Table 3.6 — Fiber diameters of the samples of CVDXperiment #4 measured by SEM
for the surface facing the plasma coils

Average Fiber Fiber Diameter
Sample Diameter (nm) Range (nm)
untreated reference 444 349 to 630
6 170 97 to 312
7 187 89 to 330
8 216 120 to 328
9 232 86 to 385

Figure 3.17 — Scanning electron micrograph of untrated nanofibers used as a reference
in CVD Experiment #4 magnified (a) 2,000x and (b)@,000x.
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Figure 3.18 — Scanning electron micrograph of Samel6 from CVD Experiment #4 on
the surface facing towards the plasma coil and awafrom the heater magnified (a)
2,000x and (b) 10,000x.

Figure 3.19 — Scanning electron micrograph of Samel7 from CVD Experiment #4 on
the surface facing towards the plasma coil and awafrom the heater magnified (a)
2,000x and (b) 10,000x.
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Figure 3.20 — Scanning electron micrograph of Samel8 from CVD Experiment #4 on
the surface facing towards the plasma coil and awafrom the heater magnified (a)
2,000x and (b) 10,000x.

Just as the previous experiment, the most integpsthages came from a part of the
sample that was in closest proximity to the heaglement. During processing a region of
Sample 3 may have been slightly bent under theofeie sample and in direct contact with
the heater. The structures observed in this d&eare 3.21) are similar to the “graphene

ribbons” seen in the previous experiment, but meseémble to the carbon nanowalls grown

on glassy carbon and studied for fuel cell applicet™.
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Figure 3.21 - Scanning electron micrograph of Sampl 8, where the surface facing
towards the heater, displaying fibers with carbon @anowalls taking the place of the
fibers, magnified (a) 2,000x and (b) 10,000x.

In this area material was clearly added to therfdiricture, as seen in fibers deeper
in the mat, again with concurrent consumption oé thber resulting in potentially
freestanding carbon nanowalls fully replacing theerfs nearest the surface. This region of
the mat was thin enough to be seen through, r#tiaer opaque like the rest of the samples.
So in this region the rate of material consumptiaes very high, and eventually would
consume the deposited material, but it also seerbe the only area with confirmed carbon
deposition.

Electrochemically these samples were similar towloek of Experiment #3. The
cells created from Sample 2 malfunctioned and ase included in the data below.
Generally, typical anodes showed equivalent oh#ljgworse reversible discharge capacity
than the reference electrodes over 15 cycles shiowhkigure 3.22 The first-cycle

irreversible capacity was also not noticeably inwe by these plasma treatments and is
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presented irFigure 3.23 Half of the plasma treated electrodes had laweversible losses
than the reference mean, but no two electrodes tlmmsame sample were better than the

reference mean.
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Figure 3.22 — Reversible discharge capacity of celfrom CVD Experiment #4 cycled at
25 mA/qg.
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Figure 3.23 — Comparison of the first-cycle irrevesible capacity losses of the cells made
for CVD Experiment #4.
3.3.4 Micro Raman Spectroscopy

Raman spectroscopy was used to investigate if satnyctural changes could be
identified as a result of the plasma processindxperiments #3 and #4. The features
utilized are the locations and intensity ratio loé tgraphitic (G) and disordered (D) peaks

(Figure 3.24.
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Figure 3.24 — Raman spectra collected from a PAN mafibers pyrolyzed at 700 °C
containing the dominant features of nano-crystallie carbon: a broad D peak located at

1320 cm'* and a broad G peak located at 1582 cm
The intensity ratio of the peaks is used to esenihé graphite crystallite sizes within the
fibers with Equation 9 provided earlier. The location of the G peak #malintensity ratio

can be used to estimate degree of amorphizatidgheosample¥®. Table 3.7 presents the

relevant parameters for all samples from ExperisiéBtand #4.
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Table 3.7 — Raman parameters for the G and D pealisr Experiments #3 and #4, the
estimated basal plane crystallite size and estimatesp® carbon content based on
reference 331.

D Peak G Peak Estimated
Location  Location sp®
Sample (cm™) (cm™) (Ip/16) L,(nm)  content®®
700 °C Ref 1318.5 1582.0 1.424 27.0 <5%
900 °C Ref 13245 1583.2 1.344 28.6 <5%
1100 °C Ref 1325.6 1582.6 1.234 31.2 ~0%
4 1317.6 1583.5 1.266 30.4 <2.5%
5 1316.2 1584.0 1.564 24.6 <5%
900 °C Ref 1340.3 1579.4 1.259 30.6 ~5%
6 1323.4 1579.9 1.361 28.3 ~5%
7 1327.5 1578.0 1.296 29.7 ~5%
8 1328.4 1579.5 1.400 27.5 ~5%
9 1335.6 1575.9 1.406 27.4 ~5%

As would be expected, the reference samples fgrefixent 3 show increasing
internal order as the pyrolysis temperature isdased with both the estimated crystallite size
increasing (decreasing/l ratio) and the elimination of the Sparbon content. Based on
the above data, samples 4 and 5 could be consittefele approximately the same disorder
as the 900 °C reference. The cells using sampse®ls had very similar discharge capacity
to the 1100 °C reference but irreversible capagiityilar to the 900 °C reference. This might
be explained by the potential *>sponding, representing similar disorder to the 9@
reference even after plasma treatment based amakement of the G peak further from the
perfectly graphitic location of 1582 é¢m

The samples from Experiment 4, and the referesit@dicate more spbonding than
the previous samples because of the lg¥islratios (below 1.5) and the graphitic peak

shifting to values below the nominal 1582 tm The plasma treatment has reduced the
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estimated crystallite size for all 4 samples, dmusé processed with a lowep:8H, ratio
have changed more, which could correlate to theeased mass loss for these samples
relative to the Hrich plasma samples.
3.4  Conclusions

The types of carbon deposited by the PECVD commstutilized were not the kind of
graphitic coating that was the objective. This remarily attributed to the difficulty of
creating graphitic carbon at temperatures below dpémal conditions for graphitic
pyrocarbon formation. The inclusion of plasma p®ing to increase the reactivity of the
precursor gasses with the substrate both produmedrowth of highly graphitic nanowalls,
but also resulted in the net loss of material duetthing. Without hydrogen in the gas
mixture, a fluffy and amorphous carbon material f@asd throughout the samples. When
hydrogen was added and processing proceeded atelmperature, pressure, and plasma
power, no morphology changes in the material wersglemt. Attempts to generate
significant deposition rates by increased tempegafiasma power, and source gas pressure
resulted in a net loss of material, with clear i&oiuns in the fiber diameter for the surface of
the samples facing the plasma. The use of microgRaspectroscopy suggests that the net
effect of the plasma processing was to slightlyease the overall disorder of the carbon
substrate. In select areas on the side of the Isafaping away from the plasma and in
intimate contact with the heating element, the esstg conditions produced carbon
deposition of graphene-like ribbons or nanowallBhis deposition existed in competition

with the plasma etch that was consuming the fibggsving as the substrate. This
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competition leads to an advancing deposition fraitih destruction of the deposited material
once the fiber substrate was eliminated.

None of the experiments reported here had a ndalieeanpact on the first-cycle
irreversible capacity losses attributed to SEI fation during the first charge of the non-
woven nanofiber electrodes. Generally, the plasreated samples had subtly reduced
reversible discharge capacities when compared doréference samples subjected to the
same pyrolysis conditions. The most aggressivenmatreatment resulted in fibers with a
reduced capacity fade during the initial cyclinignitar to references from a higher pyrolysis
temperature, but without any of the benefit toviersible capacity losses seen with increase

heat treatment of hard carbons.
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Chapter 4

Atomic Layer Deposition of Alumina onto Lithium-iddarbon Nanofiber
Electrodes
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4.1 Introduction

Lithium-ion batteries are the power supply of cleoior mobile computing and
communications Most commercial Li-ion cells are comprised ofjraphitic anode and a
lithiated metal oxide cathode, and have been dimeénitial commercialization by Sorfy.
But developments in mobile communications and cdamguechnology and the needs of
modern consumers are driving the need for safdedoeg with larger energy densities and
higher power ratings.

To meet these needs some research efforts haveefboon creating nanoscale
materials, with the intention of increasing the cteee surface for electron transfer,
decreasing the diffusion paths for Li-ions, and ifing the scope of mechanical
deformatiof® ' An alternative to nano-particulate based contposiectrodes are
composites made of continuous one-dimensional tsire”. A facile method to create one-
dimensional non-woven nanofiber webs is electraspigt® °° 2% |n a laboratory setup the
process only requires a stable flow of polymer sotuthrough a needle, a high voltage
supply, and a grounded collector to capture theltiag fibers.

When the fibers are made of pyrolyzeable polymerssipossible to treat the
electrospun materials thermally and make non-gtepbarbon anodes that require no binder
materials or conductive additivE§®*”® Further, composites of nanoparticles and naedsib
can be made using electrospinning. Techniques$ Exseate nanoparticles embedded in the
fibers viaex sitd* andin sittt*® ?* methods. Some researchers have taken this path to
create composite anodes of nanopatrticles of lithstmning metals or metal oxides embedded

in a continuous one-dimensional nanofiber ¥etf Some of these materials show stable
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specific reversible capacities over 600 mAh/g,|vedlove the known limits of graphitic
based anodé$

There are, however, some impediments to usingléutrespun nano-composites in a
commercial Li-ion cell. One of particular concesrthe irreversible losses of lithium due to
the formation of the solid electrolyte interphaSE&l) layer at the anode/electrolyte interface
during the first charge of the batt&ty °* The SEI is composed of the decomposition
products from the reduction of the electrolyte @otients by lithium present after charge
transfer at the anode surfa® The Li participating in those reactions is ireesibly lost and
is an important consideration in the material bedarfor commercial ceff§>. When
accounting for SEI formation, the large surfaceaamd electrospun nanofibers, which
facilitates rapid Li transfer, will irreversibly osume more Li per unit electrode mass than
traditional micron-scale materidf§ '’* Nevertheless, the creation of a stable SEI which
permits the diffusion of L'iis necessary to a functional Li-ion ¢&il

The literature describes efforts to alter the SEdtabilize electrodes by changing the
electrode surface or using additives in the eléget® 1’® ** One recent vein of research
has been the use of atomic layer deposition (Al®place aluminum oxide on the active
surface prior to battery assembly. The use of ALD is favored because the method use
self-limiting reactions to create a highly confolmsurface coating of well-controlled
thickness at processing temperatures low enougived altering the substrdfé These
aluminum oxide films have produced improved stapiti both graphitic anoded and metal
oxide cathode€d. Furthermore, fibers have been coated using attagier deposition for a

variety of applicatior8 34937
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For this work we hypothesized atomic layer depositivould be the best method to
create a thin uniform layer of alumina on the hgginface area of carbonized nanofibers and
reduce the amount of lithium lost to the formatiohthe SEI layer. A combination of
electron microscopy, X-ray spectroscopy, and masetseometry was used to characterize
the physical and chemical structure of the resgltiibers. The impact of processing
temperature was considered since temperature éact #ie porosity and stoichiometry of
the resulting alumina films. The alumina coatiagelectronically insulating and a potential
barrier to Li diffusion, therefore, the performance of the anou&erials was studied at
various currents to assess the impact of the AL&licg on rate capability.

4.2 Materials and Methods

The precursor polymer nanofibers were made of guoijonitrile (PAN) (Sigma
Aldrich MW 150,000). The PAN was weighed and digsd in anhydrous
dimethylformamide (Sigma Aldrich) to make a solatiof 11 weight%. The mixture was
heated to 40 °C and stirred for 24 hours to dissdhe polymer, and the final solution was
sealed and stored at room temperature.

For electrospinning the PAN solution was pumpeunfra syringe pump at 1 mL/h
through a 22-gauge stainless-steel needle. Thetrespinning setup was arranged
horizontally. The collector was a flat metallicauilar disk of 30-cm diameter covered in
aluminum foil. The distance from the tip of theedke to the collector plate was 15 cm. The
electric field was varied between 0.75 and 1 kV/asneeded, to maintain a stable Taylor
cone. Electrospinning for approximately 3 hoursdorced a non-woven mat of about 15-cm

diameter and a total mass of around 0.3 g.  Swstalee cut from the central portion of
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the mat and measured approximately 3-cm wide bgm2ength. These samples were
removed from the aluminum foil prior to thermalatament.

The carbonization process of PAN proceeds in tep$t. The stabilization step
was conducted under a flow of dry air (National Wégk) at 250 °C with a 5 °C/min ramp
rate from room temperature and a soak of 2 hourg5ét °C followed by uncontrolled
cooling to ambient conditions. The carbonizatitepsvas done under a flow of high-purity
nitrogen (National Welders) at 700 °C with a 5 °@/mamp rate from room temperature and
a soak of 2 hours at 700 °C followed by uncontib®oling to ambient conditions. The
carbonization was conducted in a single zone LingllBlue tube furnace (model 55322-3)
within a 45-mm inner diameter quartz tube. Swatchere loaded onto flat quartz shelves
and the processing gasses flowed over them rdtharthrough the mat.

All alumina atomic layer deposition was conducie@ reactor previously described
with samples arranged so the processing gasesdlower the sample¥°. The aluminum
precursor was trimethylaluminum (TMA, Al(GH, Strem) and the oxidant was deionized
water (HO). The ALD process is a repetition of binary dgifiting A/B reaction cycles.
The TMA adsorbs and reacts with surface hydroxglugs (reaction A) to create aluminum-
methyl species bound to the oxygen, with methareelagroduct that is carried away. After
the reactor is purged of residual TMA and methdine ,water oxidant is introduced. Water
reacts with the Al-methyl groups producing a mogetaof Al,O3 (reaction B) terminated by
hydroxyl groups. Again the byproduct of the reactis methane, and it and residual water
are purged from the reactor to complete one cyéfegh-purity argon served as both the

purge gas and the carrier for the ALD precursdree samples were subjected to either six,
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ten, or twenty full A/B cycles at processing tengteres of 45, 90, and 150 °C, with an
untreated sample serving as reference. Each myae was 60 seconds. Precursors were
pulsed for 5 seconds followed by a 60 second soak to ensure complete penetration
throughout the non-woven mat. All processing wasdacted at a pressure of 2 torr
maintained by a rotary mechanical pump and mordtbyea Baratron pressure gauge (MKS
Instruments Inc.). For reference a square siliwafer piece (1 cm by 1 cm) was placed in
the reactor during processing and the thicknessdwhina deposited upon it was measured
using an Alpha-SE spectroscopic ellipsometer (WWollam) at an angle of incidence =
70° and a wavelength range of 380 900 nm.

The morphology and composition the final samplesenanalyzed in three ways.
Fiber size and mat structure pre- and post-carlatiniz was imaged by scanning electron
microscopy at 5 kV using a secondary electron det¢dEOL 6400). A relative comparison
of the atomic composition of the fibers, not caliied against a standard, was conducted via
energy dispersive X-ray spectroscopy (EDX) at acelsrating voltage of 10 kV (Hitachi
S3200). Absolute aluminum content was determirsadguinductively coupled plasma mass
spectrometry (ICP-MS) with samples digested byraghiApproximately 0.03 g of sample
dried overnight at 500 °C was weighed to an acquode¢10 g. Each sample was placed in
approximately 2 mL of deionized,® and 4 mL of 6 N HCL and heated for 45 minute85at
°C. Samples were finally filtered through a #41aWhan paper filter prior to introduction to
the ICP-MS.

For electrochemical testing, 1.3-cm circular digkeye die-cut from each swatch to

be used as anodes. The samples were dried ovemighvacuum oven at 80 °C prior to
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introduction to a high-purity argon filled glove sodLabconco Protector) for coin-cell
assembly. Each anode had a mass of approximately 8ber. A similarly sized copper
disc was used at the current collector with contaaintained by the mechanical force of a
disc spring. The counter electrode was lithiumahgigma Aldrich) and the separator was
polypropylene (Celgard). The electrolyte was 1NPfiin a 1:1 (w:w) solvent mixture of
ethylene carbonate (EC) and ethylmethylcarbonadMQE All electrochemical data was
collected in galvanostatic mode with an Arbin lostents (BT-2000) battery tester. Cells
were cycled at currents of 25, 50, 100, and 200gnA/he cut-off voltages used were 25 mV
on charge and 2.5 V on discharge.

4.3 Results and Discussion

4.3.1 Fiber Morphology and CompositieriThe two scanning electron micrographs shown
in Figure 4.1 are typical representations of the fibers usedthis work. Prior to
carbonization the fibers’ diameters ranged betwashand 550-nm. After carbonization the
fibers’ diameters had decreased to between 30@adahm. The carbonization process does
not create noticeable damage to the non-woventsateior to most individual fiberg-{gure

4.1b).
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Figure 4.1 — Scanning electron micrographs of nantddfers used for atomic layer
deposition as electrospun, (b) and after pyrolysiat 700 °C.

A comparison of the relative atomic compositiomresasured by EDX of the samples
is provided inTable 4.1 It is important to note that a calibration startiwas not used so
the results should be viewed as a relative comparifs expected the samples subjected to
twenty ALD cycles have approximately twice the teka aluminum content when compared
to the ten ALD samples.Table 4.1 also contains the results for the absolute aluminu
weight fraction as measured by ICP-MS of samplexgssed at 90 °C. As expected the
sample processed for 20 ALD cycles contains apprately twice the aluminum as one
processed for 10 cycles. The ellipsometry resfilten the silicon reference chips are
additional data provided ihable 4.1 Of note is the effect of the soak step on théenal
deposition at 45 °C. There is a significantly l@glygrowth rate of alumina on the silicon
reference chips observed at this lowest processamgperature which is attributed to

incomplete desorption of adsorbed precursor after themical surface reaction has
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completed. With the soak step not used in the temperature process, the amount of
alumina deposited at 45 °C became consistent Wélother trials.
Table 4.1 — Relative elemental composition by EDXfosamples to nearest 0.5%,

absolute aluminum mass content as measured by ICP$) and thickness of alumina
film on silicon measured by ellipsometry.

. Aluminum Thickness
Sample Element Atomic % Wi% A)
Carbon 98.0
0 ALD Aluminum 0.0 N/A N/A
Oxygen 2.0
Carbon 95.0
90 °C 10 ALD Aluminum 3.0 1.4 24
Oxygen 2.0
Carbon 90.0
90 °C 20 ALD Aluminum 7.5 2.9 44
Oxygen 2.5
Carbon 90.5
45 °C 10 ALD Aluminum 5.0 7.1 42
Oxygen 4.5
Carbon 86.0
45 °C 20 ALD Aluminum 8.0 55 72
Oxygen 6.0
Carbon 96.0
45 °C 6 ALD Aluminum 2.0 1.3 18
(no soak) Oxygen 2.0
Carbon 94.0
45 °C 10 ALD Aluminum 3.0 0.9 14
(no soak) Oxygen 3.0
Carbon 94
150 °C 10 ALD Aluminum 4.0 1.6 18
Oxygen 2.0

Assessing the uniformity of the deposition througththe non-woven mat was
accomplished by manually separating a portion efstimple processed for 10 ALD cycles at

90 °C into four layersHigure 4.2). Then the relative atomic breakdown of eachiseatias
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analyzed by EDX and is reported Tiable 4.2 The aluminum content is consistent for the
top three most layers, but very low for the lowese. It is likely that this layer was thin
enough that additional carbon signal was deteatexh fthe carbon tape used to affix the

samples upon the SEM sample holder.

Figure 4.2 — lllustration of the layer-by-layer setioning of the nanofiber mat used to
assess the uniformity of the deposition alumina tloughout the non-woven mat.

Table 4.2 — Relative layer-by-layer elemental compition measured by EDX of
pyrolyzed fibers coated for 10 alumina ALD cyclesa 90 °C from top (1) to bottom (4)
as seen in Figure 4.2.

Layer Element Atomic %
Carbon 95
1 Oxygen 2.5
Aluminum 2.5
Carbon 94
2 Oxygen 2.5
Aluminum 35
Carbon 93.5
3 Oxygen 3
Aluminum 3.5
Carbon 95.5
4 Oxygen 3.5
Aluminum 1
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4.3.2 Electrochemical PerformaneeThe goal of this work was to reduce the irreudesi
losses of lithium to SEI formation. Results of thist-cycle irreversible capacity of the cells
processed at 90 °C are providedFigure 4.3 The data shows an average reduction of
irreversible losses of 24% when comparing cellsgishats treated with 10 ALD cycles to
the uncoated control materials. For cells assedntoten the sample processed for 20 ALD
cycles the improvement in irreversible losses iseaen better 42% relative to the control

material.
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Figure 4.3 — First-cycle irreversible capacity lossf cells using carbon fibers coated with
alumina at 90 °C compared to uncoated reference saites.
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The deposition of aluminum oxide via ALD proceedgero a wide range of
temperatures and additional samples were processkdver (45 °C) and higher (150 °C)
temperatures to investigate the impact of ALD pssagg temperature on the electrochemical
performance. The irreversible capacity lossestiese materials are shown kigure 4.4
The cells made from materials processed for tehesyat a lower temperature with a 60
second soak show a more modest improvement (1084a)ttite samples processed at 90 °C.
Oddly, for 20 cycles of deposition at this low teemgture no improvement in the irreversible
losses is observed. With the soak step removeditstecycle irreversible losses were
reduced by 17%, but fewer alumina cycles resultecha average benefit to irreversible
capacity loss. Lastly anodes processed for terlegyat 150°C also show a 17%
improvement in the irreversible losses. This datggests that any coating which sufficiently
covers the surface will show some reduction inversible losses, but going beyond that

point is not necessarily better.
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Figure 4.4 — First-cycle irreversible capacity lossf cells using carbon fibers coated with
alumina by ALD at 45 °C, both with and without the 60 second soak, and at 150 °C,
compared to untreated reference samples.

A comparison of typical charge and discharge cufee electrodes made of carbon
fibers processed at FC is provided inFigure 4.5 and contains features common to hard-
carbon materials. Formation of the SEI during fingt charge of the untreated controls
begins around 0.8 VFgure 4.58 and closer to 0.7 V for the cell from 10 ALDBigure
4.5b) and the voltage plateau is less distinct. Inssgoient cycles the reversible capacity of
both cells decreases before stabilizing betweetecys and 20. The results from 20 ALD
(Figure 4.59 are quite different. No clear plateau represgntsEl formation is seen,

though the slope of the voltage decrease durindittstecharge is flatter when compared to
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the second charge. Additionally, the reversibleacaty of the material is significantly lower
than that of the reference or cells made of fikmrated for 10 cycles. The capacity then

increases with subsequent cycles before stabilarmgnd cycle number 5.

Figure 4.5 — Typical results for cell voltage as &unction of capacity at 25 mA/g C/D
current for (a) 0 ALD cycles, (b) 10 ALD cycles, (20 ALD cycles.

The data presented iRigure 4.6 better illustrates the reversible capacity of the
materials under study. At low charge and dischargeents, cells coated for 10 cycles have
stable reversible specific capacities of just unéigd mAh/g, very similar to the uncoated
materials, and greater than the theoretical maxinmfingraphite. At higher currents the

coating on the cell begins to affect the reversitégacity, leaving only 35% capacity
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retention at a charge and discharge rate of 200gncAmpared to 43% retention for the
uncoated reference material. Upon returning toloeest charge and discharge rates the

materials recover to the same specific capacitisgiwed at cycle number 20.
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Figure 4.6 — Typical charge and discharge capacisefor electrodes coated by ALD at 90
°C over 60 cell cycles with symmetric charge and sicharge currents as indicated on the
figure.

While the amount of alumina present on electrodexgssed for 20 ALD cycles
significantly reduces the irreversible capacityskes the cell performance Figure 4.6
shows that this quantity of alumina has a significdetrimental impact on the reversible
capacity of the electrode. The cell exhibits 068% of the reversible capacity of the
uncoated materials. Additionally, at all curretits thicker 20 ALD cycle coating results in
cells possessing worse capacity retention than thetluncoated reference and 10 ALD cycle
material, with only 21% of the cell capacity avhimat 200 mA/g.

When considering the deposition of alumina af@5a similar picture emerges. The
additional insulating material deposited when tbakswas used at low temperatures has a

clear negative impact(gure 4.7) on the both the initial capacity and capacityenéibn of
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these electrodes. Only 17% of the reversible dgpeemains at a current of 200 mA/g for
the sample made from fibers coated for 10 cycled,\artually none remains for the cells
made from the thicker 20 cycle sample. When thek ssiep was not used the capacity
retention for electrodes made from fibers procedsed 0 ALD cycles improves to 44% at
200 mA/g Figure 4.8. A coating of only 6 ALD cycles delivers no sificant change in
performance here, just as it showed no impact @versible losses. The reduced capacity
retention, regardless of alumina thickness, migéatimmproved if these materials were
fabricated in a manner that did not place an inswdayer between the active material and
the current collector. The arrangement of a cgatipon an already fabricated electrode
rather than upon the constituent particles has b&@perior when applied to more

conventional anodes and cathodfes
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Figure 4.7 — Typical charge and discharge capacisefor electrodes coated by ALD- at
45 °C with a soak step during the ALD process. Theharge and discharge currents
indicated on the figure were symmetric. The O ALDreference cell was deliberately
stopped after cycle 24 to free up test equipment f@ther experiments.
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Figure 4.8 — Typical charge and discharge capaciseor electrodes coated by ALD at 45
°C without a soak step during the ALD process. Theharge and discharge currents
indicated on the figure were symmetric.

Samples prepared at the highest ALD processing destyre showed superior
capacity retention than all other processing camalit A typical cell, as seen kigure 4.9
shows capacity retention of 61% at the highestetiiyrand this performance is virtually
identical to a typical reference cell. It shoulel toted that the reference cell used here also
shows superior capacity retention to all previoefenence materials. While all samples in
this study were electrospun and carbonized in daimmanner, day-to-day process variation
is clearly evident in the electrochemical data.r that reason each experimental treatment

required its own untreated carbon nanofibers refsresample, each labeled as 0 ALD in the

preceding graphs.
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Figure 4.9 — Typical charge and discharge capacisefor electrodes coated by ALD at
150 °C. The charge and discharge currents indicatieon the figure were symmetric.

The coulombic efficiency at higher currents is eftel by the alumina in an
unexpected manner as seetirigure 4.1Q At low currents the data indicates a thin layer
alumina can improve the efficiency of the cell, twithe 10 ALD cell reaching and
maintaining better coulombic efficiency than thdraated cell. Upon the first increase of
the current, the coulombic efficiency of all cdlisvers, with more alumina corresponding to
a greater efficiency reduction. But curiously,tlas current increases, the gap in coulombic
efficiency between cells with and without aluminarisks. None of the data available
suggests a mechanism for this result, which was f&@eevery cell assembled. For example,
a comparison of the charge or discharge curvesdeiiod after a current change reveal no

clearly identifiable voltage plateaus correspondimg new reaction occurring.
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Figure 4.10 — Typical coulombic efficiency over 6Q@ycles for 90 °C ALD-treated
electrodes with symmetric charge and discharge cuents indicated on the figure.

Some electrodes were subjected to higher disclangent relative to charge current
to demonstrate how utilizing the full charge capacould improve the reversible capacity
retention at higher currents. The resulting dafaresented ifigure 4.11with the discharge
current for each section indicated. As expectedadlls show improved capacity retention at
all discharge currents. The reversible capacitytlie cell containing fibers coated for 10
ALD cycles has improved to 60% from 35% at a spedischarge current of 200 mA/g, and

to 84% from 55% at100 mA/g.
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Figure 4.11 — Typical charge and discharge capac#ts for ALD-treated electrodes
processed at 90 °C over 60 cycles with asymmetriareent. The charge was conducted
at 25 mA/g with discharge current indicated on thdigure.
4.4  Conclusion

Thin coatings of alumina were deposited on carledhinanofibers employed as
anodes for potential use in Li-ion batteries. Tise of atomic layer deposition to create
those alumina films has effected a uniform depwositihroughout the entirety of the non-
woven structure. The ALD alumina coatings notidgabduced the first-cycle irreversible
capacity of these high-surface area carbon materidhere was an improvement of up to
24% in first-cycle irreversible losses for elecesdindergoing ten deposition cycles at 90 °C
when compared to untreated material. These cédls mached coulombic efficiencies
exceeding 99% in less cycles the cells based oa manofibers. Further, at low currents
alumina coating created by 10 ALD cycles did natndatically affect the reversible capacity.
As the current during charge and discharge incet@is® alumina resulted in lower capacity

retention, but under slow-charge with fast-disckampnditions the capacity retention

improved. A thicker coating of alumina showed ¢gearreversible capacity improvement
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but demonstrated poor overall reversible perforreatall currents. These findings indicate
that it may be possible to improve the value okéhbigh-surface area fiber materials via

ALD.
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Chapter 5

Molecular Layer Deposition of Alucone onto Lithiuomn Carbon Nanofiber
Electrodes
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5.1 Introduction

Lithium-ion (Li-ion) battery technology has founddespread adoption in the 21
century®> These secondary batteries are now used in afiplis ranging from mobile
phones and computers, to power tools, and receslfigiric and hybrid-electric vehicf&§
The large energy and power densities of Li-ionszelbuble that of previous generation Ni
based cells, are the primary reason for the domipasition of this technolody Additional
benefits often cited include low rates of self-ti@ge, high operating voltages, and the lack
of a memory effect. Despite their prevalence, t¢bet of Li-ion cells remains high for
widespread use in transportation applications. i#athlly the cells will need to deliver
even higher energy densities to meet future deraarmbs the listed applicatiofid

Most commercial Li-ion cells are based on the moset of the Li between a metal
oxide cathode and a graphitic anode within a mixegnic electrolyt® *’® There are many
potential anode materials known to reversibly stor@re Li than the theoretical limit of
graphitic carboff* °* 37 Many of these materials suffer from a criticafett, such as low
electronic conductivit}?? or poor mechanical durabilitythat prevents their adoption as the
next anode of choice. A large body of researchbden focused on producing composite
materials which when considered as a whole willehghe right performance and cost to
serve as next generation anddes The use of composite nanoscale materials, ssch a
pyrolyzed electrospun nanofibéts?*® has garnered significant research to create inegro
battery performance at high loads. At this timenowercialization of these one-dimensional
composites remains impossible, partly due to im&lée losses of Li during the formation of

the solid electrolyte interphase (SEI) layer during first charge of the battéfy
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The formation of the SEI is a well-known and neeeg process in stable Li-ion cells.
The process is dependent on both surface cheffsti?and surface aré®. For example,
graphitic electrodes suffer less Li consumptionntimon-graphitic electrodes during SEI
formatiorf>. The hard carbon, high surface-area nanofiberdd yparticularly large
irreversible losses. The SEI layer is composedhef decomposition products of the
reduction of the electrolyte salts and organic eols by lithium at the electrode surface at
potentials near 0.8 V vs. Li/li®® These lithium atoms have been irreversibly tosuture
electrochemical processes, and accounting for theg is an important part of producing
commercial cells. Investigations of the SEI conifpms have found a complex mix of
organic-inorganic materidf®. Once the SEI has fully passivated the surfacéons will
continue to diffuse through it, undergo charge sfanat the anode surface, and intercalate
into the bulk of the electrode material.

Many approaches have been taken to limit the irsdvie loses of Li during SEI
formation. Organic molecules used as additiveshi& electrolyte have been used to
polymerize on the electrode surface and form auyssec to the SEI layéf” ¥ Some
inorganic additives have suppressed the consummtfohi during SEI formatioff? 83
Other work has deposited soft graphitic pyrocarborhard carbon electrodes to change the
chemistry of the electrode surface and make onehwsiffers less Li consumption during
SE|l formatiof” 172173

One significant advantage of the non-woven stmectwvhich results from
electrospinning is a large, easily accessible sarfalhis has led to surface modification by

established vapor phase deposition reactfofi@ When highly conformal, well-controlled,
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thin, uniform coatings are desired, either atoraiget depositioft* **®(ALD) or molecular
layer deposition (MLD) are employ&d These processes commonly rely on a binary self-
limiting reaction sequence (A-B), which by repetitibuilds up a coating layer-by-layer. In
some cases trinary sequences are empfoyedhe key is that each partial-step be a self-
limiting reaction, so that the quantity of matem@posited depends solely on the number of
process cycles.

The primary difference between ALD and MLD is theesof the precursor molecules
used, and thus the size of the products left orsthitace. Atomic layer deposition is used
throughout the microelectronics industry to createn layers of metaf$* and
dielectric§*®*"® Molecular layer deposition has been used to gtamide range of polymer

83735 and, more recently, metal-organic hybrid mater@istaining aluminurt

material
and ziné* commonly referred to as “metal-cones’d.alucone). These hybrid materials are
created through similar chemistries as ALD. Theaod#ion of alumina proceeds from
trimethylaluminum (TMA) and water, versus the depos of alucone from TMA and
ethylene glycol or glyciddt®. The resulting alucone material is less dense thaD
alumina, and possesses material properties suttardsess, elastic modulus, and thermal
expansion more akin to polymers than to cerafrics

Both atomic layer deposition and molecular laygoa$ition have been used to grow
coatings on fibers and change the surface propediethose material®>*°3"> Several
publications have applied atomic layer depositior_ition electrodes made of traditional

micron-sized active materidfs$®> Thin coatings of aluminum oxide were shown tduee

capacity fade for LiCo@cathodes. Aluminum oxide coatings have also reduke capacity
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fade in both graphite and Mg@@nodes. To date there are no published reportdLdi
alucone or zincone applied to Li-ion cells. Thésdrid metal-organic compounds may
serve as an artificial SEI layer when applied ta-m@mven carbonized nanofibers. This work
hypothesizes the deposition of the lower densityrigy alucone film will be a better
approximation of the natural SEI layer than alumioemed by ALD. The alucone will
present less of a diffusion barrier to Li atoms avidle still reducing the Li losses during
SEI formation.

5.2 Materials and Methods

The polymer nanofibers used as the electrode m@ecuwere made from
polyacrylonitrile (PAN) (Sigma Aldrich MW 150,000). The PAN was weighed and
dissolved in anhydrous dimethylformamide (Sigmarklhl) to make a solution of 11 wt%
polymer. The mixture was heated to 40 °C andestifor 24 hours to dissolve the polymer.
The final solution was then sealed and stored@nrtemperature.

For electrospinning the PAN solution was pumpedugh a 22-gauge stainless-steel
needle by a syringe pump at 1 mL/h. The colleatas a flat metallic circular disk of 30-cm
diameter covered in aluminum foil. The distanamrfrthe tip of the needle to the collector
plate was 15 cm. The electric field was variedMeen 0.75 and 1 kV/cm, as needed, to
maintain a stable Taylor cone. Electrospinningdpproximately 3 hours produced a non-
woven mat of about 15-cm diameter and a total mhasound 0.3 g. Swatches  were
cut from the central portion of the mat and meadwpproximately 3-cm wide by 12-cm

long. These samples were removed from the alumii@ilmrior to thermal treatment.
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The two-step carbonization process of PANwas performed in a single zone
Lindberg Blue tube furnace (model 55322-3) withiddsmm inner diameter quartz tube.
Swatches were loaded upon flat quartz shelves lamgrtocessing gasses flowed over the
samples down the length of the tube. The stahitimastep was conducted under a flow of
dry air (National Welders) at 250 °C with a 5 °Gdmamp rate from room temperature and a
soak of 2 hours at 250 °C followed by uncontrolEbling to ambient conditions. The
pyrolysis step was performed under a flow of higindy nitrogen (National Welders) at 700
°C with a 5 °C/min ramp rate from room temperatarel a soak of 2 hours at 700 °C
followed by uncontrolled cooling to ambient condits. The carbonization was conducted in

All alucone MLD was conducted in a hot wall reacttescribed elsewheYg with
samples arranged so the processing gases flowedh@vsamples and down the length of the
tube. The aluminum precursor was trimethylalumin(rvA, Al(CH3)s, Strem) and the
oxidant was ethylene glycol §8¢0,, Sigma-Aldrich). The ethylene glycol source istesl
to 80 °C to increase the vapor pressure of theupgsec. The MLD process is a repetition of
binary self-limiting A/B reaction cycles. The TM&dsorbs and reacts with surface hydroxyl
groups (reaction A) to create aluminum-methyl spetiound to the oxygen, with methane as
a byproduct that is carried away. After the readqurged of residual TMA and methane
byproducts, the ethylene glycol oxidant is introgldic The ethylene glycol then reacts with
the Al-methyl groups producing a monolayer ob(8:H40,); (reaction B) terminated by
hydroxyl groups. Again the byproduct of the reactis methane, and it and residual water
are purged from the reactor to complete one cytlgh-purity nitrogen served as both the

purge gas and the carrier for the MLD precursofree samples were processed between 6
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and 40 full A/B cycles at a processing temperatiir£00 °C, with untreated samples serving
as reference. Each purge cycle was 120 seconts. TMA precursors was pulsed for 5
seconds while the ethylene glycol pulses lastedeb@nds. All processing was conducted at
a base pressure of 0.8 Torr, with maximum obsepredsure of 1 Torr during the TMA
doses.

The mass of the non-woven mat was measured befoleatter deposition on a 5
digit analytical balance to track the mass gainguhg the deposition process. For reference
a small piece of silicon (1 cm by 1 cm) was altaxed in the reactor and the thickness of
alucone deposited upon it was measured using amaARE spectroscopic ellipsometer (J.A.
Woollam) at an angle of incidence = 70° and a wavelength range of 380 900 nm. The
morphology of the fibers with and without coatingasvimaged by scanning electron
microscopy at 5 kV using a secondary electron detédEOL 6400).

For electrochemical testing, 1.3-cm circular digkse die-cut from each fiber swatch
to be used as anodes. The samples were introdacedhigh-purity argon filled glove box
(Labconco Protector) for coin-cell assembly. Eanbde had a mass of approximately 4 mg
fiber and coating. A similarly sized copper disasmused at the current collector with
contact maintained by the mechanical force of @ gding. The counter electrode was
lithium metal (Sigma Aldrich) and the separator waslypropylene (Celgard). The
electrolyte was 1M LiPgEin a 1:1 (w:w) solvent mixture of ethylene carben&C) and
ethylmethylcarbonate (EMC). All electrochemicatalavere collected in galvanostatic mode

with an Arbin Instruments (BT-2000) battery test€ells were cycled at symmetric currents
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of either 25 or 200 mA/g. The cut-off voltages diseere 25 mV on charge and 2 V on
discharge.

5.3  Results and Discussion

5.3.1 Fiber Morphology For each deposition there was a measureable ircliaathe
mass of the sampleTéble 5.1). There is an approximately linear relationshgtween
coating thickness and the number of cycles for betw20 and 40 cycle&igure 5.1). The
samples given only 10 and 6 cycles had much lowewtp, suggesting incomplete

nucleation of the film, and a coating that may b@tuniformly conformal.

25
S
£ 207
®©
(@)]
B 15 -
®
=
B 10-
>
3
¢ 5]
0 )
0 10 20 30 40 50

number of MLD cycles

Figure 5.1 — Percentage of mass gain of the pyroba fiber mat as a function of the
number of MLD cycles. The trend line is fit to thedata for 20 or more cycles.
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Using an estimate for the surface area of 15@ mased on a BET measurement performed
at a previous time and an alucone density seteadierage of PEO and alumina (2.5 gjgm
the deposited thickness on the fibers has beematstil and included ihable 5.1

Table 5.1 — Mass gain during MLD on pyrolyzed PAN anofibers, estimated thickness
of the film, and the film thickness on Si when avéable.

Mass before  Mass after Estimated Ellipsometry
Number of deposition deposition Percent thickness  Thickness
MLD Cycles (mQ) (mQ) Mass Gain (nm) on Si (nm)
40 41.94 49.98 19.2% 51 N/A
30 48.57 55.23 13.7% 37 N/A
20 60.85 66.40 9.1% 24 N/A
10 77.06 78.15 1.4% 4 3.9
6 73.65 74.25 0.8% 2 2.5

The untreated fibers used for this work measurddiden 390 and 600 nm after pyrolysis
with an average of around 430 nRdgure 5.2), and some visible defects were present in the
fibers Figure 5.2b). These areas are not bead defects caused wiregian of the
electrospun fiber has higher surface tension, ay represent a region where the solubility

of the polymer was impacted by a contaminant.
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Figure 5.2 — Scanning electron micrograph of untrei@d fibers, pyrolyzed at 700 °C,
used as reference material for comparison to fibersoated with alucone by molecular
layer deposition at a) 2,000 x and b) 10,000x.

The fibers coated with 40 MLD cycles are largediameter by about 50 nm as measured
over several micrographs and have some visibleasearfexture not present in the untreated
or thinner MLD coatings Higure 5.3). The 50 nm diameter increase is less than the
estimated thickness of the film, but still a sigraht addition of material. It is not possible to
distinguish changes in fiber diameter for less démm cycles and those fibers are not

shown. The surface of fibers coated for 20 MLDlegadoes contain some additional surface

texture, but it is less prevalent than for thekbiccoatings.
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Figure 5.3 — Scanning electron micrograph of fibersoated for 40-cycles with alucone
by molecular layer deposition at a) 2,000 x and {)0,000x.

5.3.2 Electrochemical Performance of MLD Coated ofdoer Electrodes— The initial
cells were fabricated from samples coated withaecfor 40 or 20 MLD cycles. With one
exception these cells stored significantly lesshiain the uncoated reference materials at low
rates (25 mA/g) of charge and dischargmre 5.4). This lower capacity at low currents is
similar to results for 20 cycles of alumina depesiby ALD inChapter 5 (Figures 4.6and
4.7), where there was a significant barrier to eitbkctron transport or Li diffusion that
resulted in the electrodes not reaching the maxinuinstorage. At high currents the
electrodes coated with 40 cycles of alucone wetapable of charging or discharging any
significant quantity Li prior to reaching the cutebltages, an even more dramatic drop off
than observed for 20 cycles of alumina. The 2Qecymlucone materials have more
variability at all currents, with one cell outpeniaing the reference material, while the others
were worse than the reference and better thanGheyele cells. It should be noted that the

storage of Li in the reference cells is markedlywédo than reference samples used in
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Chapters 3and4, but the experimental cells from MLD-treated fibere performing yet
more poorly. This reduced capacity is likely doethe combination of a smaller voltage

window and the larger diameter fibers not reacHudglithiation before reaching the cutoff

voltage.
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Figure 5.4 — Reversible discharge capacity of matels coated with 40 and 20 alucone
MLD cycles, and untreated reference materials, athte indicated symmetric charge and
discharge currents.

Both coating thicknesses provided a reduction rst-fiycle irreversible capacity losses
(Figure 5.5. The improvement relative to the reference miatemwas 23% for 40 cycles
and 20% for 20 cycles of alucone. These quantdfealucone on the samples produce a

similar reduction in irreversible capacity as 1Ccleg of alumina via ALD Chapter 4

Figures 4.3and4.4), but the capacity retention is noticeably worse.
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Figure 5.5 — Average reduction in irreversible capeaity of 23% for 40 cycles of alucone
and 20% for 20 cycles of alucone on electrodes madépyrolyzed PAN fibers.

To reduce the impact of the coating on reversia@acity, thinner films were
deposited, using 10 or 6 MLD cycles. At the lowr&g charge and discharge current cells
made from these fibers with thinner coatingsy(ire 5.6) reversibly store almost as much Li
as the population of uncoated reference materialé.the cells suffer a large reduction in
reversible capacity when the current increasebadigher 200 mA/g charge and discharge.
The capacity loss of the cells made of MLD-tredibdrs is more variable than the uncoated
reference material, but the performance of somis reim the coated material is comparable

to the uncoated reference samples.
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Figure 5.6 — Reversible discharge capacity of mateds coated with 10 and 6 alucone
cycles, and untreated reference materials, at thendicated symmetric charge and
discharge currents.

The cells made from fibers with less alucone dipdsealize smaller irreversible
capacity improvements than the cells coated withenatuconeKigure 5.7). There is a 12%
average reduction of the irreversible Li losse$itcycles and only a 9% average reduction

for 10 cycles. This reversal is a possible indiathat the low number of coatings has not

completely covered the active surface. Theresigiaificant spread between samples
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Figure 5.7 —Average reduction in irreversible capaty of 9.4% for 10 cycles of alucone
and 12.5% for 6 cycles of alucone on electrodes madf pyrolyzed PAN fibers.
Table 5.2 - Summary of average irreversible capagitimprovements produced by MLD

of alucone onto pyrolyzed PAN electrodes.

Number of Average Reduction in

MLD First-cycle Irreversible
Cycles Capacity
40 22.7%
20 19.9%
10 9.4%
6 12.5%

5.4  Conclusion
Molecular layer deposition successfully deposhietiveen 6 and 40 layers of alucone

onto pyrolyzed PAN fiber from TMA and glycerol. @lilms grown for between 20 and 40
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cycles show an approximately linear mass gainegaste deposition experiment for 6 or 10
cycles had a lower rate of mass gain on the pyeadlyfiiber substrates, suggesting incomplete
coverage of the fibers. Silicon reference sampleeh were present during the 6 and 10
cycle depositions were consistent with the grovitapproximately 4 A per cycle.

The alucone materials successfully served as @partificial SEI layer. All coating
thicknesses resulted in an average decrease ifirsheycle irreversible capacity losses of
the electrodes. The thicker deposits resultedargelr improvements with the maximum
benefit being a reduction of 23% for 40 depositgnles. A greater reduction was found for
6 deposition cycles than for 10, consistent with #ssumption of coating non-uniformity
below a certain threshold of deposition cycles.

The reversible discharge capacity of the matetialsded opposite to the irreversible
capacity improvements, with better performance oteefor fewer layers of alucone. Cells
with 40 layers of alucone had about half the cagaufi untreated reference materials at low
current rates, and capacity retention of less th#nat high current rates. The materials
processed for 6 or 10 alucone cycles had reversdpacities only slightly reduced from the
untreated reference materials at low charge/digehaates. These alucone coatings show
similar performance to alumina coatings by ALD arepresent a potential means of

improving the value of large surface area anodenzs.
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Chapter 6

Pyrolyzed Polyimide/Tin Composite Nanofibers as ée®in Li-ion Batteries
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6.1 Introduction

Lithium-ion batteries are the power supply of cleoior mobile computing and
communications because of high operating voltalyes,rates of capacity fade, and large
energy densiti¢s Most commercialized Li-ion cells are comprisécaagyraphitic anode and
a lithiated metal oxide cathode, and have beeredine initial commercialization by Sofly
33 The commercially available cells have electroateich contain a significant fraction of
inactive materials, added to improve electronic duantivity and to bind the mixture of

micron-scale particles together on the currentecod?® *°

Continual developments in
mobile communications and computing technology,néeds of modern consumers, and the
electrification of personal transportatfohare driving the need for safer batteries withéarg
energy densities and higher power ratings. Medtiege needs will require electrodes with
a greater lithium loading capacity and a reductiotihe inactive materials.

There are many potential anode materials capablstaing more energy than
commercialized graphite: pyrolyzed carb@nd alloying materials like tin or silicdft &

and conversion materials including iron and cobaides® 3"

Many of these materials
suffer from poor mechanical durability in the cygi procesS’ %2 leading to incomplete
utilization of the active material, and a degraglatiof cell performance. Thus
implementation of these alternative anode materedsiires engineering solutions to create
novel structures or composités’ 12> 380 Efforts have been focused on creating nanoscale
materials with the intention of: increasing the atése surface for electron transt&r

limiting the scope of mechanical deformafiGhdecreasing the diffusion paths for Li-ioffs

and engineering composite structures from simpléding blocks to assemble easy to
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implement materiafs®. An alternative to nano-particulate based composiectrodes are
composites made of continuous one-dimensional tsireg? 24 112 382

A facile method to create one-dimensional non-woveanofiber webs is
electrospinninf®. The process requires a stable flow of polyméutEm through a needle,
a high-voltage power supply, and a grounded calleitt capture the resulting fibers. When
the fibers are made of polymers able to be pyralyieis possible to thermally treat them
into carbon anodes that require no binding matetakonductive additivéd 3"

Additionally, it is possible to produce nanoscalemposites via electrospinning.
Techniques exist to create nanoparticles embedd#tkifibers viex sitd* “*andin situt*
21 method§® #3RW-ERROR23, 213 Flactrospinning solutions of PAN dissolved in
dimethylformamide is a straight forward processd ahe pyrolysis of PAN is well
documented. A wide range of salts have been disdahto the solution and resulted in
nanoparticle condensation during the pyrolysis %téff *** Some researchers have taken
this path to create composite anodes of nanopastiof lithium storing metals or metal
oxides embedded in a continuous one-dimensionabfiteen web. For example, tin oxide
nanoparticles have been incorporated into eleamogmlyacrylonitrile (PAN), successfully
reduced during pyrolysis, and delivered in revéesiapacities over 600 mAHfy

One barrier to the implementation of these compesas commercial electrodes is the
irreversible losses of Li to solid electrolyte imtbase formation at the electrode surface

during the first chardé® '® '™ The large surface area of the electrospun fibeneases

these losses. It is well known that non-graptuéidoons have larger losses than conventional
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graphite-based electroti8  The magnitude of these losses typically decseasith
increasing pyrolysis temperature, as the mategebmes more orderéd

Polyacrylonitrile has served as the precursor mdtrimake composite-fiber based
anodes, but other materials can be used as presiosoa carbonized nanofiber wét?"®
Polyimides are an important family of macromolesulbecause of their mechanical
durability, dielectric properties, and chemicalisencé® % ?** They are most commonly
formed from the reaction of an aromatic diaminehveih aromatic dianhydride in an organic
solvent to produce a solution of poly(amic acigig(re 6.1). The poly(amic acid) precursor
is processable and subjected to thermal or chemieddydration yielding the final

polyimide®®* which is a thermoset resin.

Figure 6.1 — The reactions to form poly(amic acidand subsequent thermal imidization
by dehydration between a) pyromellitic dianhydride and 4,4’-oxydianiline and b)
pyromellitic dianhydride and p-phenylene diamine.

The polymerization procedure is known to impactrti@ecular weight (MW) distribution of

the resulting polymers, with larger molecules resglfrom heterogeneous polymerization
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when the dianhydride is added as a solid to a isolwlready containing a fully dissolved
diaminé**#** The reaction of the diamine and dianhydridesigersible prior to imidization,
and studies of mixtures of different poly(amic agilave shown a redistribution to a random

copolymef?’: 248 253

Additionally the reversibility of the reactionften leads to a
redistribution of the MW as the resin ages.

By carefully selecting the two monomers used inrémction it is possible to tailor
the final material properties to suit the intendggplication. The resulting electronic
conductivity of pyrolyzed polyimide film can be ved by monomer selecti6fi*>. Further,
the production of polyimide-based, electrospunboaized nanofibers based on pyromellitic
dianhydride and 4,4’-oxydianinline has been denratestl by electrospinning the poly(amic

38 Thein situ

acid) form followed by thermal imidization of theomwoven ma
technique has been used to create compositesraffulé polyimide fibers of less than 100
nm in diameter containing silver nanopartiélés

The ability to control the properties of the pymdg material by monomer selection
presents an opportunity to engineer improved coitgadectrodes. It is hypothesized
poly(amic acids) will produce more conductive fiber At high discharge rates this will
improve the capacity retention of these compos#nofiber electrodes with high aspect
ratios between fiber junctions. Additionally, theore conductive fibers should be more

graphitic and the first-cycle irreversible capaditgses should be lower than similar PAN-

based fibers.
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6.2  Materials and Methods

Pyromellitic dianhydride (PMDA, Evonik), phthalimlydride (PA, Sigma-Aldrich),
4,4’-Oxydianiline (ODA, Sigma-Aldrich) and p-pheeyle diamine (PPD, Sigma-Aldrich)
were used as provided. Polyethylene oxide of weiglerage molecular weight (}y1of 2
Mg/mol was obtained from Dow (Sentry PolyOX). Adf the above were stored in a
desiccator to minimize moisture adsorption. Tharse of tin was either tin acetate (Sigma
Aldrich), tin(ll) acetylacetonate (Sigma Aldrichy dimethyldineodecanoate tin (DMDND-
tin) (Gelest).

The precursor poly(amic acid) (PAA) was polymerizecdbetween 8 and 15 mL of
anhydrous dimethylformamide (DMF) (Sigma Aldricb)ytield solutions between 10 and 30
wt% polymer by one of three procedures. All monmsneere used in a 1:1 stoichiometric
ratio to maximize molecular weight. The sampldsvigere heated to approximately 40 °C
with moderate stirring. The first method was hoemgpus solution polymerization where
the monomers were each dissolved in separateofi®@®F and then mixed to yield the final
solution. The other two methods were heterogengolsnerizations, in which one of the
two monomers was completely dissolved followed by taddition of the other solid
monomer into the solution. If needed, the higheuoolar weight PEO was dissolved in the
DMF overnight with moderate stirring prior to addit of monomer. Unless otherwise noted
the tin compound was also added prior to mononfsolutions were gently mixed during
polymerization and usually reacted for 1 hour ptoofurther use.

The molecular weight distribution for the poly(anacid) solutions was determined

using a Waters 2695 chromatography system. ThrateM/ Styragel HR4 columns were
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used to perform the separation arranged in theviatllg order: WAT045900, WAT045810,
and last WAT045885. The columns were maintaine8D&tC. The mobile phase used was a
solution of 0.3 M LiBr and 0.3 M §PQ, in HPLC grade DMF (all from Sigma-Aldrich) and
the flow rate was 0.5 mL/min. Samples were diluted mg/mL and 100L of sample was
injected for each measurement. Differential rafv@cindex (RI) was measured on a Wyatt
Optilab rEX at 633 nm. Additional low-angle lightattering data at 690 nm was available
from a Wyatt miniDawn. The six calibration stardkused were polyethylene oxide with
M,, between 660 and 378,000 g/mol. The calibratianewas constructed based upon the
differential Rl data and was based on a third-ondelynomial of the logarithm of the
arithmetic mean of the number average,(dnd weight average (W molecular weights
plotted against the elution time at maximum différ@ refractive index response. After
baseline correction of the experimental results ¢geivalent PEO M and M, of the

polyimide samples were calculated from the follogveguations*

D

M, =——31 Equation 10
DRI,i/Mi
D. M.

M, =¥ Equation 11

RI,i

where M; is the calibrated equivalent PEO MW at a givenietutimei andDg,; is the
baseline corrected differential RI response aethgon ofM;.
All cone and plate shear viscosity data were ctdlon a TA Instruments AR2000

rheometer operating in flow mode. The analysiseceas 40 mm in diameter with 2° slope.
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The sample was held at 25 °C. The applied shessssvaried between 0.01 and 500 Pa as
needed for a given sample, with typical experimsptnning a three decade range in applied
stress. A one minute pre-shear below the midpoirthe stress range was used and the
samples were given three minutes to equilibrate.

For electrospinning the resulting PAA solutionvikd through a 22-gauge stainless-
steel needle — unless otherwise noted — from aggnmump at 1 mL/h. The electrospinning
setup was oriented horizontally. The fibers weskected on aluminum foil spread over a
flat metallic circular disk of 30-cm diameter. THestance from the tip of the needle to the
collector plate was 15 cm. The electric field wasied between 0.5 and 1.67 kV/cm, as
needed based on solution properties, to maintatalde Taylor cone. The length of time for
the electrospinning varied, with the end goal bemgon-woven mat of about 15-cm
diameter and a total mass greater than 0.3 g. chesitwere cut from the central portion of
the mat and measured approximately 3-cm wide bgrii2ength.

The poly(amic acid) was thermally converted to pulge in a single zone Lindberg
Blue tube furnace (model 55322-3) within a 45-mm@naeter quartz tube. Swatches were on
loaded flat quartz shelves and the processing gdlsseed over them down the length of the
tube. Imidization occurred under a flow of dry @wational Welders) at 250 °C with a 5
°C/min ramp rate from room temperature and a sdaR bours at 250 °C followed by
uncontrolled cooling to ambient conditions. Aftendization the free-standing non-woven
mat was peeled off the aluminum support. The pgislgtep was done under a flow of high-
purity nitrogen (National Welders) at 700 or 900 w&h a 5 °C/min ramp rate from room

temperature and a soak of 2 hours followed by umobed cooling to ambient conditions.
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Fiber size and mat structure was imaged by scgneliectron microscopy at 5 kV
using a secondary electron detector (JEOL 6400)e ffon-pyrolyzed fibers were sputter
coated by a palladium and gold alloy to improve cranivity. Absolute tin content was
determined using inductively coupled plasma massctspmetry (ICP-MS) with samples
digested by microwave heating. Approximately 0@®3of sample was weighed to an
accuracy of £10 g. Each sample was placed in approximately 4 mlagpfa regia (3:1
HCI:HNO;3) and covered for 16 hours. Samples were heatactlosed vessel to 175 °C for
5 minutes. After cooling the samples were filtetegbugh a #41 Whatman paper filter prior
to introduction to the ICP-MS.

Some were subjected to Raman spectroscopy to cemib@ disorder of the
pyrolyzed carbon nanofibers. The instrument wa&sodaba-Jobin Yvon LabRAM HS VIS
high-resolution confocal Raman microscope usin@2& nm laser as the excitation source.
The laser was focused normal to the substrate ghr@a50X objective lens resulting in an
approximately 1 m spot size. The instrument was calibrated udieg520.7 crit line of a
silicon wafer. LabSpec software (Horiba Scientifitd.) was used to process all spectra.

For electrochemical testing, 1.3-cm circular diskere cut from each swatch to be
used as anodes. The samples were dried overmigAtvacuum oven at 80 °C prior to
introduction to a high-purity argon filled glove sodLabconco Protector) for coin-cell
assembly. Each anode had a mass of approximately 8ber. A similarly sized copper
disc was used at the current collector with contaaintained by the mechanical force of a
disc spring. The counter electrode was lithiumahgigma Aldrich) and the separator was

polypropylene (Celgard). The electrolyte was 1NPHiin a 1:1 (w:w) solvent mixture of
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ethylene carbonate (EC) and ethylmethylcarbonadMQE All electrochemical data was
collected in galvanostatic mode with an Arbin Instents (BT-2000) battery tester. Cells
were cycled at currents of 25, 50, 100, 200, ar@lm®/g. The cut-off voltages used were
25 mV on charge and 2 V on discharge.
6.3 Results and Discussion
6.3.1 Impact of Polymerization Methods on SoluBooperties and Electrospinning

Initially polymer solutions of PMDA and ODA were gpared via homogeneous
solution polymerization, whereby both monomers wezated and dissolved in separate vials
of DMF. The separate solutions were then combiaed stirred to complete the
polymerization forming the poly(amic acid), a pdga&rolyte with weakly acidic carboxylic
groups. Some of the initial solutions produced Hrarelevant electrospinning parameters
and resulting morphologies are containedlrable 6.1 with images collected via scanning
electron microscopy ifrigure 6.2

Table 6.1 — Range of morphologies produced from PMB-ODA solutions during
electrospinning.

Wt %
poly(amic  Electrospinning

acid) voltage (kV) Resulting morphology Observed diametey
22.0 20 kv Beads 100 nmto 2.5n
24.0 20 kv Beads 200 nm to 4n
26.0 20 kV small fibers and beads 100 and 1 tmn2
28.0 25 kV Fibers 100 to 750 nm
30.2 20 kV Fibers 1to3m

The lower two concentration solutions were below émtanglement threshold required for

electrospinning and resulted electrosprayed be@d<26 wt% some of the polymer chains
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were just entangled and small fibers are formedéen large beads. By 28 wt% continuous
fibers are formed and a further increase in thewarmof polymer in solution widened the

fiber diameter.
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Figure 6.2 — Scanning electron micrograph illustrang the range of morphologies
produced from PMDA-ODA solutions during electrospiming, a) 22, b) 24, c) 26, d)28,
and e) 30.2 wt% total polymer in DMF.
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In contrast, homogeneous polymerization for PAAden&om PMDA and PPD was
unable to produce continuous fibers at any polyowrcentration between 5 and 25 wt%,
which is caused by insufficient entanglements. [Blok of entanglements is indicated by the
very low shear viscosity for solutions as polymed#Figure 6.3 white objects). The shear
viscosity of these solutions changed over the dier course of hours for concentrated
solutions and days for less concentrated oRggife 6.3). All solutions developed into gels
with noticeable shear thinning behavior. The |leastcentrated solution (7.5%) shows shear
thinning at 24 hours, but by that time the mostoemrirated solution has gelled and no longer

flows at accessible shear rates.
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Figure 6.3 - Change in shear viscosity for solutiaof PMDA-PPD for 7.5, 10 and 12.5
wt% total polymer measured every 12 hours for up to 48ours after polymerization.
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Around 15 wt% it was possible to produce a mixtofdibers and beads within the
first hour Figure 6.4). As the solution aged and the shear viscosityemsed the syringe
pump became unable to deliver the desired flow r&lthen this condition was first noticed
the pump was unsuccessfully reset in an attempé-stablish flow, while unnoticed the
pump would reach a safety-error stalled conditidxnytime throughout this chapter where
similar behavior occurred will be referred to astall, even if it was noticed prior to the
pump reaching the stalled condition. More con@aatt solutions only resulted in a shorter
operating window before the pump stalled. A remunctin the polymer content of the
solution would extend the time for which the sauaticould be pumped, but the solutions

would not have sufficient entanglements to elegiras

Figure 6.4 — Scanning electron micrograph containig a mixture of fibers and beads
produced from a PMDA-PPD solution of 15 wt% total plymer in the first hour after
polymerization.
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The PMDA-ODA type polyimides did not increase iisoosity like the PPD ones
during the time after polymerization and while #élespinning, so random co-polymers were
created using some of the ODA monomer in placeRi.PThe objectives were to retard the
viscosity changes and add additional chain fledybil For this experiment three solutions
were made, all were 10 wt% PAA in DMF. One usetirely PPD as the diamine. The
second had a diamine ratio of 85:15 (PPD:ODA) drafinal solution used a 70:30 ratio.
The rate at which the viscosity changed was dramalftireduced by the inclusion of 15%
ODA (Figure 6.5. Not shown is the solution with 30% ODA whichdhao increase in
viscosity after a month. The initial viscosity thie solutions was unchanged from the PPD

only reference case, and thus the solution wdsisgible to be electrospun.
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Figure 6.5 - Observed change in shear viscosity faro-polymer of PMDA-PPD/ODA
with an 85:15 PPD:ODA ratio for a 15 wt% total polymer solution.

Phthalic anhydride (PA) can serve as a terminatiggnt to control the W of
poly(amic acids). When 1% of the dianhydride waplaced with PA in a 15% PPD
solution, the viscosity of the solutioRigure 6.6) responded with the same gelling and shear
thinning behavior, ruling out continued linear ahagrowth as the potential source of
viscosity changes. Used with a 25 wt% solutiofOD8fA based polyimide, the inclusion of
4% phthalic anhydride reduced the solution visgoby almost one order of magnitude

(Figure 6.7).
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Figure 6.6 - The addition of 1% phthalic anhydrideto shorten chain length did not

eliminate the gelling and shear thinning for a PMDAPPD solution with 15 wt% total
polymer.
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Figure 6.7 - The use of phthalic anhydride with PMIA-ODA solution of 25 wt% total
polymer resulted in lower shear viscosity.
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The proposed mechanism for the gelling of the PMERD solutions is cross-linking
when a second PPD molecule reacts with the carlwogybup formed during the original
amic acid reactionHigure 6.8). Unlike the amic acid formationFigure 6.1), which
involves the reversible exchange of a proton, ttiible reaction” is a dehydration. After
the double reaction the second PPD molecule is tihe@ to react with a different
dianhydride group and the chain will have more ttvem growing ends, creating a networked
gel over time. This reaction would be favored amditions where the diamine is in excess,
such as heterogeneous polymerization when the yigide is dissolved first, and the
interfacial concentration of PPD is high at theidisblution interface. It would also be
favored in the case of very short oligomers, wherdg are many unreacted groups available.
Heterogeneous polymerization performed with theitamd of the solid diamine to the
already dissolved dianhydride creates a local exoéshe dianhydride, making the double

reaction less likely.

Figure 6.8 — Proposed double reaction mechanism, eating irreversible chemically
cross-linked chains in PMDA-PPD solutions.

Successful electrospinning of PMDA-PPD fibers re=iifrom the addition of a small

amount of very high MW PEO (2 Mg/mol). The shemcusity change for a 15 wt% PAA
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solution with 0.25% and 0.5% PEO was smafliggre 6.9, but the solution produced
continuous nanofibers when electrospuriglre 6.10. The chains of PEO created
entanglements with each other and the PAA molecyesventing bead formation. In
Figure 6.10b individual fibers have melded together where timgrsect indicating that
there was solvent present in the fiber when it dgépd unto the collector. The fibers
stretched more with greater electric field strengtirinking the diamete6(10d and6.10f)
and the DMF remaining upon arrival at the collect@s insufficient for the fibers to meld
together.

The inclusion of the PEO did not prevent the viggoshanges of the PMDA-PPD
solutions. Thus, while continuous fiber formatimecurred, it was not possible to spin for a

sufficient length of time to create enough mateftalsubsequent processing and use as an

electrode.
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Figure 6.9 — The addition of 2 Mg/mol PEO to PMDA-PD solutions containing 15 wt%
total polymer increased sheer viscosity slightly.
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Figure 6.10 — Scanning electron micrographs of fibe electrospun from 15 wt%
PMDA-PPD polymer containing an additional 0.25% PEO(a,c,e), 0.5% PEO (d,e,f).
The electric field strength was (a,b) 1 kV/cm, (c)d1.33 kV/cm, and (e,f) 1.67 kV/cm.
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Use of heterogeneous polymerization methods, re@mded by books and historical
literature, changed the solution properties andaictgd the electrospinning of the resulting
solutions. Pyromellitic dianhydride takes longerdissolve in DMF and was added first,
followed by addition of the solid diamine. For pohides using the ODA monomer, there
was an increase in the shear viscosity when therdggneous method was usédg(ire

6.11), and electrospinning became possible for lessaunated solutions.
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Figure 6.11 - Comparison of the shear viscosity é?#MDA-ODA solutions with 24 wt%
or 25 wt% total polymer polymerized by homogeneous and hetegeneous methods.
Heterogeneous methods began with complete dissoluti of one monomer then followed
by addition of the second solid monomer to the redting solution.

For PMDA-PPD solutions the switch to heterogeneposymerization with the
dianhydride dissolved first did not eliminate thellipg or development of a shear-thinning

solution fFigure 6.11). Similar to the homogeneous polymerization thisran excess of

dianhydride molecules in solution so the rapidlgsdiving diamine can react to make lots of
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small oligomers. Then as with the homogeneoustisoluthe double reactions described
previously can occur and begin the formation ofstlinked gels.

When the order of addition was reversed with PPE3alved first, followed by the
addition of solid PMDA, there was a marked increaseviscosity. No thickening or
conversion to shear thinning behavior was obseowed the first 24 hourd~{gure 6.12. In
this reaction scheme the diamine is in excess atldnamediately react with the slower
dissolving dianhydride. This creates a higheraiffe concentration of dianhydride where
the reaction occurs and drives the reaction toelafgW polymers. With less small
molecules the likelihood of the double reactioneiduced and the solution viscosity is stable
enough to work with for several hours to days. sTtider of addition was adopted for a
majority of subsequent polymerizations. It shoogdnoted that over the course of weeks the
samples did gel, but at a much slower rate thanstraples polymerized by the other

methods.
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Figure 6.12 - Comparison of the shear viscosity df5 wt% total polymer PMDA-PPD
solutions polymerized by homogeneous and heterogenss methods. Heterogeneous
methods began with complete dissolution of one moner then followed by addition of
the second solid monomer to the resulting solution.

When 2 Mg/mol PEO was included in the heterogengmlgmerization of PMDA-
PPD the resulting 15 wt% solution had shear visgasn order of magnitude lower than a
comparable solution without PE®igure 6.13. This could have been the result of the PEO
chains inhibiting mobility of the growing amic acthains during polymerization. This

reduced viscosity was similar to that observedth@ addition of PEO to homogeneous

polymerization shown earlierfFgure 6.9), and resulted in successful electrospinning of
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fibers. Electrospinning solutions prepared by Heterogeneous polymerization method

required less added PEO than the homogeneous method
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Figure 6.13 - Inclusion of 2 Mg/mol PEO resulted ira lower viscosity solution for the

heterogeneous polymerization technique applied to PDA-PPD solutions of 15 wt%
total polymer.

6.3.2 Impact of Tin Complexes on Solution Propsraied Electrospinning

Tin salts were introduced to the electrospinnirgution to create composite
nanofibers capable of storing lithium by the allayiof tin. Given reported success with
silver acetate in PMDA-ODA fibers, and other metegétates in DMF based electrospinning,

tin acetate was added to solutions of PMDA-ODA. éWVlthe tin acetate (Sn{8,0.),), 12.5
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to 25 wt% with respect to polymer, was dissolvedhi@ DMF prior to polymerization, the
final addition of ODA resulted in a phase separaimto a clear low viscosity liquid and a
yellow-grey high viscosity phase. Continued miximgs unable to recombine these phases.
If the polymerization was completed prior to thedifidn of tin acetate, a similar phase
separation occurred during mixing. To reduce thesbility of water contamination the tin
acetate was vacuum dried for 48 hours prior to ars@ no improvement was observed.
These effects required the use of other sourcés.of

Alternative tin sources utilized were coordinatmmplexes. In these molecules the
metal cation is tightly complexed with one or marganic anions and the species do not
dissolute in solvents. These complexes are oftemptetely miscible in organic solvents and
some are used as catalysts in organic synthegisinifal test was conducted adding 0.09 g
of palladium acetylacetonate (acac) (PgH£D.).) (acac) dissolved in DMF to a fully
polymerized PMDA-ODA solution of 34.2 wt%. The dinsolution was 24% polymer in
DMF and 2% Pd(ll) acac, no phase separation octuamed it was possible to measure the

increased shear viscosityigure 6.14).
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Figure 6.14 — Addition of 2 wt% Pd(ll) acac increased viscosity for a PMDA-ODA
solution with 24 wt% total polymer.

There were several possible explanations for th&cogity increase, first the
heterogeneous polymerization was conducted at aifisantly higher total polymer
concentration, and in the case of heterogeneousnaoization the MW distribution could
favor larger chains. After dilution these longdrams would still yield an increased
viscosity. Second, the Pd(ll) acac could havelyz¢d further polymerization and increased
the MW, as acac compounds are used in organic esisfii’ **’ Finally the Pd acac
complex could be act as a physical cross-linkingnagvith the carboxylic groups in the amic

acid, causing an increase in viscosity. Physioads:links would likely cause the solution to
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display shear thinning, where high shear ratesrsine association of the metal complex

with the carboxylic sites on the PAA molecule.

Figure 6.15 — The chemical structure of Sn(ll) acgtacetonate.

Tin acetylacetonate is available for the Sn(ll)dation state Kigure 6.15 as a
yellow liquid fully miscible in DMF. At least 15 ¥ Sn(ll) acac with respect to the
polymer was added to the solutions. If 50% of pé/mer mass remained after pyrolysis,
the final fibers would contain at least 10% tin Wwgight, assuming no tin is lost during
thermal processing. The shear viscosity of two PAMDDA 28 wt% solutions containing 15
wt% Sn(ll) acac relative to the polymer is compa@d reference of 28 wt% without any tin
in Figure 6.16

The lowest viscosity sample contained no tin compladdition of Sn(ll) acac to an
already polymerized solution resulted in two regiavithin the solution due to incomplete
mixing, though there was no apparent phase separatnly a viscosity difference. The
viscosity was measured for a sample taken fromd$e viscous region. Addition of the tin
complex prior to any monomer created a uniform tsmtuwhich had the highest shear

viscosity of the three samples.
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Figure 6.16 - Addition of 15 wt% Sn(ll) acac relatve to the polymer mass resulted in
increased viscosity for PMDA-ODA solutions of 28 W% total polymer.

The use of Sn(ll) acac with 15 wit% PAA solutiorsséd on the PPD monomer
resulted in solutions so viscous they were unabldé pumped for electrospinning or
measured on the rheometer, so an alternative ligigdnometallic tin molecule was used,

dimethyldineodecaneoate tin (DMDND-tirfjigure 6.17).
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Figure 6.17 — The chemical structure of dimethyldieodecanoate tin.

Dimethyldineodecanoate tin is a more massive mégoer unit Sn than Sn(ll) acac,
so to maintain a similar theoretical tin loadingfibers requires more of the tin complex,
approximately 23.25% would result in the same teecal yield of tin. When added as the
first step in making 15 wt% PAA solutions, the dmlos displayed a marked in viscosity
(Figure 6.17. There may be evidence of shear thinning behafdorthe most viscous
solution suggesting physical cross-linking rathemnt a real increase in MW. Both solutions

were unable to be electrospun because of a s&@flathe.
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Figure 6.18 — Increased shear viscosity resultingdm the addition of DMDND-tin prior
to polymerization of PMDA-PPD with 15 wt% total polymer.

Reduction of the PAA content to 12 wt% still proddcstalled syringe pumps for a
solution with 16.25% DMDND-tin.Table 6.2 contains a summary of various combinations
of polymer, tin complex, and PEO additives anddbantitative and observed results. Most
of these solutions show a slight shear-thinningdrisr measured shear viscosity, providing
evidence of potential physical cross-linking imfagtthe viscosity behavior. While there
may exist a condition at which stable electrospignof this system is possible, the time,
material, and equipment constraints of this workeh#ailed to identify the appropriate

conditions.
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Table 6.2 — Summary of attempts to utilize dimethylineodecanoate tin with low concentrations of PMDARPPD
derived poly(amic acid). Unless otherwise notedhé flow rate for electrospinning was set at 1 mL/htip to collector
distance was 15 cm, and the needle was 22-gauge.

Relative
PEO Wit% Shear
Sample Wt % Wt  DMDND- Viscosity*
Name Polymer % tin (Pas) E-spin result Notes
PPD36 12 0.1 30.25 300 to 250 Fail Shear thinning, stalled pump
PPD37 10 0.1 30.25 N/A Fail Attempted 12-gauge needldedrup with
wet splatter of resin on the collector
PPD38 12 0.1 23.25 N/A Fail Stalled pump
PPD39 9 0.05 21 50 to 45 Electrospray Shear thinning
PPD40 9 0.1 21 2710 24 Electrospray Shear thinning
PPD41 9 0.2 21 33.51t0 30 N/A Shear thinning, damagethggr
PPD44 9 0.2 21 36to 31 Spin/spray mix Shear thinning, pump stall
PPD46 9 0.3 21 54 to 49 Electrospin Shear thinning, pwtagied for 22 gauge

needle, and a wet splatter was collected for
12-gauge needle, 20 gauge needle suffered
pump stall and produced insufficient
material to make into cells

*Shear viscosity was highest for low shear stregsslightly decreased as shear stress increased.
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6.3.3 Results of Size Exclusion Chromatography

Size exclusion chromatography (SEC) was emplogeatetermine the average MWs
of the poly(amic acids) produced for reactions atious polymer and tin compound
loadings. Accurate results for poly(amic acid)usioins require the use of buffering
chemicals to suppressing dissolution of the pobteddyte and interaction with the
polystyrene stationary phase contained within tlerarf®®. The mobile phase chosen for
all SEC measurements was a solution of 0.03 M laBd 0.03 M HPO, in HPLC grade
DMF. Calibration of the column was conducted usiHtgO standardsTéble 6.3) and all
MW distributions reported are equivalent MWs to RE&h established practice when
standards for the polymer under study are not alksl Universal calibration of a column is
possible if the Mark-Houwink parameters are known lboth the polymer standards and
experimental polymer in a given solv&fit and has been demonstrated for poly(amic
acidsf>° but was not possible due to constraints on egeipravailability. Additionally,
unless otherwise noted all samples presented here polymerized by the heterogeneous
method with the solid dianhydride added to the dm@mn solution, and none contained 2

Mg/mol PEO.
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Table 6.3 — Reported number average molecular weigh(M,) , weight-average
molecular weight (My,), and polydispersity index (PDI) of the PEO standals used to
calibrate the differential Rl detector on the sizeexclusion chromatography column.

Standard My (g/mol) My (g/mol) PDI
PEO1 600 660 1.10
PEO2 2000 2150 1.08
PEO3 4000 4160 1.04
PEO4 10000 10600 1.06
PEO5S 50000 59500 1.19
PEOG6 360000 378000 1.05

With narrowly dispersed standards it is commonde the arithmetic or geometric mean of
M, and M, to identify the peak position. In this work thetlametic mean was chosen. A
plot of the six standards elution time as measumgdlifferential refractive index (RI) is
provided inFigure 6.19 Response of the detector beyond 21 minutesnigrégl as that
represents what are commonly referred to as solpeaks, and are common to every
injection of the column, including the solvent tain Figure 6.129 The chromatogram for
the four lower MW standards (M= 200, 2,000, 4,000 and 10,000 g/mol) are notigeab
sharper than the last two, caused by a lower pgpgisity index (PDI). The reported PDI
for the highest MW sample (360 kg/mol) was labeledhe second smallest of the standards,
but the chromatogram indicates the provided PDlueals likely incorrect, thus the

calibration at higher molecular weights is lessuaate.
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Figure 6.19 — Elution of PEO standards measured bgifferential refractive index (RI)
and used to calibrate the column used for size exidion chromatography. The high
molecular weight standards elute at earlier times Han the low molecular weight
standards.

Based on the results iRigure 6.19 the peak response time was assigned the
arithmetic mean MW of the standard. The logarithinthis value was then plotted against
the response timea-igure 6.20. The most commonly used fit to construct a catibn
curve is a third order polynomfaf, and that produces the best fit of this data, ltiespin the

calibration equation correlating elution time witly(MW). This equation is used to convert

the elution time for a given the differential REponse to an equivalent molecular weight.
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Figure 6.20 — Calibration curve constructed using BO standards for measuring the
equivalent molecular weight of poly(amic acids) bad on the differential refractive
index response.

The MW distribution of 20 and 25 wt% poly(amic gcgblutions made from PMDA
and ODA was measured over the course of 3 daigaies 6.21and6.22), beginning with
the day of polymerization. There is little charigeeither sample over the course of three
days with calculated values of Mind M, displayed inTable 6.4 so any equilibration of
these solutions is slow. It is important to paat that the MW distribution of these samples

exceeds the largest calibration standarg £#M860,000 g/mol) and thus at the high end of the

distribution the results are an extrapolation fribv@ calibration curve. The impact of 4% of
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phthalic anhydride terminating agent is also corgdiinTable 6.4 and illustrated irFigure

6.23 and the average MW has been significantly lowered

Table 6.4 — Equivalent number and weight average nhecular weight of PMDA-ODA
samples as measured by SEC over three days begingion the day of polymerization.

M, (kg/mol) Mw (kg/mol)
Sample Day 1 Day 2 Day 3 Day 1 Day 2 Day 3
20 wt% 13.7 13.0 14.2 50.3 47.9 59.0
25 wt% 15.9 16.1 15.8 72.6 73.4 73.3
25 wt% with 4% PA 8.0 N/A N/A 18.1 N/A N/A

1.6e-5
1.4e-54
1.2e-5-
1.0e-5+
8.0e-6
6.0e-6
4.0e-6
2.0e-6
0.0

differential RI

108

10

100

10°

Equivalent MW (g/mol PEO)

Figure 6.21 — MW distribution of a PMDA-ODA solution of 20 wt% total polymer
measured once a day for three days, beginning ondlday of polymerization.
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Figure 6.22 — MW distribution of a PMDA-ODA solution of 25 wt% total polymer
measured once a day for three days, beginning ondlday of polymerization.
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Figure 6.23 — MW distribution of a PMDA-ODA solution of 25 wt% total polymer with

and without 4% PA.

The MW distribution of 15 and 20 wt% poly(amic dcmade from PMDA and PPD

are presented iRigures 6.24and6.25andTable 6.5 For these samples over half the signal
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is located above the highest MW standard, and tiheiserror from extrapolation is greater
than for the PMDA-ODA results. In this case, thesl concentrated solution results in the
larger MW polymer. It appears that the average Mithe samples is decreasing as the
resins equilibrate, but there is an appearancevefrasmall second peak at very high MW,
not shown for the differential Rl measurements.e Hata available from a light scattering
detector clearly shows the signal of this very hidW peak Figure 6.26. Thus the long

term trend of these samples is the slow conversidhe longer chains into smaller chains by

equilibration, but also further reaction to creattess-linked gels

Table 6.5 — Equivalent number and weight average nhecular weight of PMDA-PPD
samples as measured by SEC over three days begingion the day of polymerization.

M (kg/mol) Mw (kg/mol)
Sample Day 1 Day 2 Day 3 Day 1 Day 2 Day 3
15 wt% 45.1 42.5 33.3 2330 1230 605
20 wt% 34.4 25.4 26.4 1507 419 331
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Figure 6.24 - MW distribution of a PMDA-PPD solution 15 wt% total polymer
measured once a day for three days, beginning ondahday of polymerization (NOTE:
the highest MW standard available was ~400 kg/mol).
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Figure 6.25 - MW distribution of a PMDA-PPD solution of 20 wt% total polymer
measured once a day for three days, beginning ondhday of polymerization (NOTE:
the highest MW standard available was ~400 kg/mol).
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Figure 6.26 — Raw light scattering data shows a sing repsonse to very large molecules,
which elute at shorter times, forming in a PMDA-PPDsolution of 15 wt% total polymer
measured once a day for three days beginning on tliay of polymerization.

The mobile phase used for these measurements i BWfered with HPO, and
LiBr because the sample is a polyelectrolyte, angduch the dilution to low concentrations
in an acidic environment could impacts the equilibr state of these polymers, as explained
below. Each diluted sample was at least 1 mL iluwme, and of that only 100 pL was
injected into the column for a given test. Thugréhwas extra sample available for
measurement on subsequent ddigure 6.27). The peak response for re-injection of 20%

PMDA-ODA is shifted to a lower MW each day as tliesence of protons in solution shifts

the equilibrium of the reaction to more unreactelyaride and diamine.
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Figure 6.27 — Reduction of average MWor a PMDA-ODA solution of 20 wt% total
polymer measured, once each a day for three days bbg-injecting the sample diluted in
the buffered DMF mobile phase on the day of polymeézation.

Similarly the reinjection of the 15 wt% PMDA-PPDngale is shown irFigure 6.28
and compared to the sample prepared on the se@ndRue to an equipment malfunction
data for the on the third day is unavailable. Téguction in MW of this sample in the acidic
environment is greater than the reduction in MWilgé equilibrating concentrated resin.
There is a signal present from the light scattedietector for very large MW molecules

(Figure 6.29 for both second day samples, but the relativenisity is greater for the sample

prepared after the original concentrated resin @gealy.
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Figure 6.28 — Shift in MW distribution for a PMDA-PPD solution of 15 wt% total
polymer, measured by re-injecting the sample diluteé in the buffered DMF mobile
phase on the day of polymerization the next day. @TE: the highest MW standard
available was ~400 kg/mol)
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Figure 6.29 — Comparison of raw light scattering reponse of a sample measured on the
second day to a re-injection of the first day sampl for a PMDA-PPD solution of 15
wt% total polymer.

The addition of tin complex had a noticeable imgatthe MW distribution of both
polymers. Figure 6.30presents the results for the polymerization of FAMDDA solutions
containing 25 wt% total polymer. The two tin coex#s, based on SEC results, had
opposite effects on the MW of this polymer. Theiadn of the Sn(ll) acac has lowered the
average MW with M dropping from 725 kg/mol to 44.3 kg/mol. The

dimethyldineodecanoate tin increased to average Mith, M,, now having a value of 255

kg/mol.
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Figure 6.30 — Change in MW distribution for PMDA-ODA solutions of 25 wt% total
polymer with the inclusion of Sn(ll) acac and DMDNDtin. (NOTE: the highest MW
standard available was ~400 kg/mol)

When tin complexes were added to the PMDA-PPDt®wls prior to polymerization
they both lowered the average MWidure 6.31 and Table 6.6. Not only did both
complexes lower the MWs of the resin, but increamedunts of tin resulted in even lower
MWs. This contrasts with the rheology of thesaugohs shown irFigure 6.18 where the
increasing amounts of DMDND-tin increased the sotuviscosity by orders of magnitude.
Though very little shear thinning was observed, khgh viscosity of the concentrated
PMDA-PPD solutions containing tin is significantigence of physical cross-linking. The
cross-links are then not present at the dilutefebedl conditions necessary for size exclusion
chromatography. Also of note is the similarity the MW distribution of the samples

containing 15% Sn(ll) acac and 23.25% DMDND-tin.hoSe relative fractions of tin
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complexes would result in an approximately equinlamount of tin residing in any

electrospun fibers after pyrolysis (~10%).
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Figure 6.31 — Change in in MW distribution for PMDA-PPD solutions of 15 wt%total
polymer polymerized with the inclusion of Sn(ll) a@ac and DMDND-tin. (NOTE: the
highest MW standard available was ~400 kg/mol)
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Table 6.6 — Equivalent number and weight average nhecular weight of 15 wt%
PMDA-PPD samples, polymerized with the indicated amunt of tin compounds relative
to polymer mass, as measured by SEC.

Sample M, (kg/mol) My (kg/mol)
15 wt% PMDA-PPD 50.2 1610
with 15% Sn(ll) acac 23.8 220
with 30% Sn(ll) acac 8.3 15.2
with 11.88% DMDND-tin 22.9 325
with 23.25% DMDND-tin 17.9 193

The combination of concentrated solution rheolagg these MW distributions can
provides an explanation for the difficulty of praslg electrospun fibers from PPD based
polyimide. The physical cross-linking occurring the concentrated solution prevented
pumping the solutions though the syringe at lowashates. The use of larger gauge needles
made pumping some solutions easier. The resultioglets present at the end of the needle
did not contain sufficient entanglements, and tiness created in the jet released from the
Taylor cone is sufficient to break the physicalssdinks. Therefore the jet breaks into
droplets and electrosprays onto the collector. aliin the addition of high MW PEO
produced some success in transitioning from elspteying to electrospinnind éble 6.2,
but it contributed to the pump stalling. When tiesulting Taylor cone was drawn into a
fiber, the result was often fibers arriving at tt@lector still containing significant solvent,
and creation of a region in the center of the ctdlewhere the polymer is still in solution.
6.3.4 Electrochemical Performance

Continuous nanofiber mats were electrospun fronDRMDDA samples and PMDA-

PPD samples with a small quantity of high MW PE@ite. The resulting non-wovens
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were imidized at 250 °C and pyrolyzed at either 80®00 °C. Similar to the PAN based
fibers discussed in Chapters 3, 4, and 5 theseria@atshow a significant capacity fade over
the first 10 cycles Kigure 6.31). The stable reversible capacity (~300 mAh/g) loé t
materials at low currents is lower than the PANeolaBbers (Chapters 3 and 4) by around
30%, partly explained by the lower cutoff voltageidg discharge (2.0 V for Pl vs. 2.5V for
PAN). The capacity retention, defined as the pesge of maximum stable reversible
discharge capacity available at low current redli@eincreased currents, of these materials is
significantly improved and is provided ifable 6.7 for comparison to the untreated PAN
fibers used iChapter 4. The greater order present in these fibers, atdat by the lower
In/lg ratio from Raman spectroscopy, is contributinguoimproved electronic conductivity,
enabling greater capacity utilization as currenteases.

Table 6.7 — Comparison of the capacity retention athe indicated increasing applied
currents for the various precursor polymers used irthis work.

Raman
Sample I/l Ratio 50 mA/g 100 mA/g 200 mA/g 400 mA/g
ODA 700 °C 1.34 86.7% 73.9% 62.9% 53.1%
ODA 900 °C 1.19 91.0% 79.9% 69.8% 59.9%
PPD 700 °C 1.22 83.9% 68.7% 54.3% 38.5%
PPD 900 °C 1.26 86.1% 75.2% 66.0% 56.2%
PAN 700 °C 1.42 84.3% 64.2% 46.4% N/A
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Figure 6.32 — Reversible discharge capacity of paiyide-based nanofiber electrodes.
Fibers were pyrolyzed at two different temperaturesand then cycled over a range of
symmetric currents for charge and discharge.

Equally important to the utility of these polyineidbased electrodes is the first-cycle
irreversible capacityHigure 6.33. Electrodes made from both polyimides pyrolya¢d@00
°C would fall in the high range (>400 mAh/qg) foraversible capacity of PAN pyrolyzed at
700 °C, but the PPD-based material suffered smiakses than the ODA-based cells. At the
higher pyrolysis temperature the ODA-based cell§ vathin the middle of the PAN
distribution shown previously ifrigure 3.1 The PPD-based cells all suffer lower losses
than any of the PAN cells pyrolyzed at 900 °C. P& electrodes pyrolyzed at either 700

and 800 °C, only one cell from each populatiop{r= 44 and 34 respectively) showed a

lower irreversible capacity than the cells madehwiectrodes of PMDA-PPD fibers
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pyrolyzed at 900 °C. This data illustrates the patential advantages of using pyrolyzed
PMDA-PPD fibers as the host matrix for high-capadii storing nanoparticles. The
materials will have better capacity retention aesislirreversible losses than PAN derived

alternatives processed under similar conditions.
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Figure 6.33 - First-cycle irreversible capacity loses of polyimide-based nanofiber
electrodes.

Attempts to produce carbon-tin composite nanofihesing the PPD monomer were
unsuccessful, but electrospinning PMDA-ODA resinthwoth Sn(ll) acac and DMDND-tin
was accomplished. There were two solutions elsptm containing Sn(ll) acac, 26 and 28
wt% resin and 15% tin complex with respect to tb&lt polymer mass. The pyrolysis
temperature was 700 °C, and 60% of the mass ofmidteremained after pyrolysis. The

average fiber diameters were approximately 5306ddnm Figure 6.34). Of note are the
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SnQ particles decorating the exterior of the fiberaifew locations, as inferred from EDS
analysis of other samples described later. Thadgcies were more prevalent in the 26 wt%
sample Figure 6.34aand6.349 than in the fibers spun from the 28 wt% solut{&igure
6.34band.340), though the region featured was the most drasmlétidecorated area found.
Based on the initial tin loading in the resin, thdébers should contain approximately 8.7%
tin, assuming none is lost during thermal procegsirinductively coupled plasma mass
spectrometry (ICP-MS) was used to determine thediment in the fibers after pyrolysis.
The smaller diameter fibers contained 6.52 wt%atid the larger fibers contained 7.27 wt%
tin. The cycling data for these cells is not repdrbecause the battery test stand was out of
calibration, underestimating the current during rghy and overestimating it during
discharge, resulting in electrodes that were rappmvell over 100% coulombic efficiency.
An inspection of the charge and discharge curvesals no features between 0.6 and 0.4 V

that would correspond to alloying of Li with SRigures 6.35and6.36).
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Figure 6.34 — Scanning electron micrograph of PMDAODA fibers pyrolyzed at 700 °C,
with visible tin oxide particles. Samples were etérospun from a 26 wt% solution (a,c)
and a 28wt% solution (b,d) containing 15 wt% Sn(ll)acac relative to the polymer mass.
Imaged at 2,000x (a,b) and 10,000x (c,d).
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Figure 6.35 — Voltage profiles during charge and dicharge for a typical electrode made
of fibers spun from a PMDA-ODA solution of 26 wt% polymer, containing 15 wt%
Sn(ll) acac with respect to polymer mass, pyrolyzedt 700 °C and containing tin oxide.
No feature corresponding to reversible Li alloyingwith Sn is observed near 0.4 V**,
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Figure 6.36 — Voltage profiles during charge and dicharge for a typical electrode made
of fibers spun from a PMDA-ODA solution of 28 wt% polymer, containing 15 wt%
Sn(ll) acac with respect to polymer mass, pyrolyzedt 700 °C and containing tin oxide.
No feature corresponding to reversible Li alloyingwith Sn is observed near 0.4 V.

175



Additional fibers were prepared by electrospinniag PMDA-ODA solution
containing 22 wt% polymer and 23.25% DMDND-tin cdexp with respect to the total
polymer mass. Samples were pyrolyzed at eitheror®DO0 °C. The fibers ranged between
0.75 and 1 um for fibers pyrolyzed at 700 °Eg(re 6.37). The higher carbonization
temperature reduced the fiber diameters by aboundb(Figure 6.38. Particles of tin oxide,
confirmed by energy dispersive X-ray spectroscopiguyre 6.39, are visible dispersed
throughout the non-woven structure upon the figmolyzed at 900 °C. The observed
particle diameters ranged between 300 nm and 2 Timese particles were rare in the fibers

pyrolyzed at only 700 °C. Based on ICP-MS therBb@ontain 5.95 and 6.14 wt% tin.

Figure 6.37 — Scanning electron micrograph of PMDASDA fibers produced from a 22
wt% polymer solution containing 23.25% DMDND-tin pyrolyzed at 700 °C.
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Figure 6.38 — Scanning electron micrograph of PMDASDA fibers produced from a 22
wt% polymer solution containing 23.25% DMDND-tin pyrolyzed at 900 °C. A
significant number of micron-sized tin oxide partides are visible decorating the surface

of the fibers.
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Figure 6.39 — Energy dispersive X-ray spectra obtaed for a particle similar to the one
seen in Figure 6.38b. The elemental ratio of Sn © (1.28:3.01) confirms the particles
are made of SnQ.

The irreversible capacities are largegure 6.40 but similar to the observed losses
for Pl-based electrodes without tin. This suggestsonversion of tin oxide to metallic tin

occurred through the consumption of lithium.
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Figure 6.40 — First-cycle irreversible capacity loses of PMDA-ODA derived nanofiber
electrodes with and without tin oxide.

These electrodes under cycling display behavioic&pof carbonized nanofiber
electrodesKigure 6.39 with significant capacity fading during the firstto 10 cycles. The
reversible capacity of the fibers pyrolyzed at 7G0s approximately 25% larger than similar
fibers presented in presented Rigure 6.31 however there is no evidence in the voltage
curves over the first 5 cyclesrigure 6.40 to suggest the alloying of tin and lithium,

elsewhere observed between 400 mV versus LifLpyrolyzed fibers *2°
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Figure 6.41 — Reversible discharge capacity of PMD®DA derived nanofiber
electrodes containing tin oxide. Fibers were pyrgked at two different temperatures
and cycled over a range of indicated symmetric cuents for charge and discharge.
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Figure 6.42 — Voltage profiles during charge and dcharge for a typical PMDA-ODA
electrode, pyrolyzed at 700 °C and containing tinxade. No feature corresponding to
reversible Li alloying with Sn is observed near 0.4/.
6.4  Conclusion

Nanofibers based on two different polyimides wpreduced by electrospinning of
poly(amic acids) and were subjected to further @ssing prior to use as anodes in Li-ion
cells. The fibers made of PMDA and ODA resulteairrsolutions of between 24 and 30
wt% in DMF depending on the polymerization metho&uccessful electrospinning of
significant quantity of fibers made of PMDA and PPE2quired heterogeneous
polymerization, with the solid dianhydride added d@osolution already containing the
diamine, and the addition of small amounts of higlh PEO. Other methods resulted in
solutions whose rheological properties changed segeral hours, leading to unsuccessful

attempts to electrospin non-woven nanofibers.
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Incorporation of tin salts, complexes, or organtaities into the solutions of both
polymers had measureable impacts on the solutiopepties. The addition of tin acetate
caused phase separation in all cases. The useothf tn(ll) acetylacetonate and
dimethyldineodecanoate tin created highly visconlsit®ons. In the case of PMDA-ODA
these solutions could be electrospun. Solution$DA-PPD with tin acac were too
viscous for further processing. The use of dimetildodecanoate tin with PMDA-PPD
made further processing possible, but resultechimaufficient quantity of non-woven mat
for further use.

The combination of shear rheology and size exctusfwomatography was employed
to better understand impact of the tin sources hen golymer systems. Size exclusion
chromatography demonstrated that the use of tin(l§cetylacetonate and
dimethyldineodecanoate tin generally lowered thge ?lthe polymers. The shear viscosity
of these same solutions was noticeably higher thase without the tin additives. The
solutions containing tin additives are weakly shiémmning. The combination of low M
measured in dilute conditions and high viscositgamcentrated conditions, and slight shear
thinning behavior, suggests that the tin additiaes acting as physical cross-links through
association with the carboxylic groups in the aaud chains.

The non-woven mats produced were imidized at Z5@rid pyrolyzed at either 700
or 900 °C. The benefits of using polyimide aslasis for the fiber were improved capacity
retention at current rates up to 400 mA/g when cmegb to PAN-based electrodes. Cells

derived from PMDA-PPD and pyrolyzed at 900 °C sugte lower first cycle irreversible
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losses than either PAN or PMDA-ODA electrodes. RIltbased electrodes that did not
contain tin possessed lower reversible capachias similar PAN-based fibers.

The inclusion of tin resulted in the formation &G, particles distributed upon the
PMDA-ODA fibers for samples pyrolyzed at 900 °C.o Nurface particles of SnQvere
observed for the lower pyrolysis temperature. €herno data to indicate utilization of the
added tin in the storage of energy. Electrodesemaidpyrolyzed PMDA-ODA fibers
containing tin possessed irreversible capacitias dhe not consistent with conversion of the
SnG, to metallic tin by the consumption of Li. The cfg@ and discharge curves for these

materials possess no features that would corresjootig alloying of Sn with Li.
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Chapter 7

Summary and Conclusions
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This dissertation was focused on using a multigis@ary approach to engineering
pyrolyzed carbon nanofibers employed as anodesthiurh-ion batteries. The resulting
work had two major objectives: (1) The of thregpaaphase deposition schemes to create
an engineered surface at the interface of PAN-batstirodes and the electrolyte. These
new surfaces were hypothesized to reduce the isiike losses of lithium suffered at the
anode during the first charging cycle; and (2) uke of polyimide-based nanofibers to study
the impact of the pyrolyzed fiber precursor on etehemical performance as an anode in
Li-ion batteries. The polyimide derived fibers wdrypothesized to be more graphitic than
fibers based on PAN. This difference would resufibers with improved capacity retention
at high currents and potentially lower irreversilasses.

The first surface modification technique used Wksma enhanced chemical vapor
deposition of carbon onto the surface of PAN fieysolyzed at either 700 or 900 °C. The
objective was to create a more graphitic surfaem texisted after pyrolysis. At the lowest
temperatures and plasma power (600 W), and in tiserece of K the carbon material
created was highly amorphous and primarily grevine spaces between the fibers rather
than upon them. Reduction of the chamber pressane 350 mTorr to 50 mTorr and a
majority H, (70%) feed gas resulted in no observed mater@htr or mass change for the
samples. The use of higher plasma powers (1200880dW) with hydrogen to methane
ratios of 2:1 or 1:1, at operating pressures of &6d 100 mTorr respectively, led to
significant loss of fiber mass during plasma preoes resulting in nanofibers damaged by
etching. In regions located nearest the heatiegneht, deposition of carbon nanowalls

occurred on the fiber surface. This depositiorstexi in competition with the plasma etch
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that was consuming the fibers. The result wasdsargcing deposition profile into the mat,

with concurrent destruction of the outermost fibansl nanowalls. The plasma processing,
while having a morphological effect on the fibdnsad no impact on the performance of the
materials as anodes. Electrochemical testing efellectrodes showed no improvement in
lowering irreversible Li losses, and no degradatbthe reversible capacity. The interesting
structures of high-surface carbon nano-walls sectoea continuous nanofiber network

could find application in other energy storage @nwersion materials, such as ultra-

capacitors and fuel cell catalysis.

Amorphous aluminum oxide deposited by atomic lageposition (ALD) from
trimethylaluminum and water was the second engeteesurface employed to reduce
irreversible losses of Li. This film was choseratt as a passivation layer at the pyrolyzed
PAN surface, helping suppress the irreversible dssés. The films were deposited at
temperatures of 45, 90, and 150 °C for 6, 10 ocyfles. The irreversible capacity losses
sustained by the electrodes were reduced by up%ofar 10 alumina deposition cycles at 90
°C. Paired with this improvement was a slight iaun in reversible capacity and capacity
retention as the charge and discharge currents wereased. The undesired reduction in
reversible capacity was largest at the lowest dépngemperatures and was barely present
for electrodes coated with alumina at 150 °C. Thieker coating for 20 cycles at 90 °C
coating showed a 42% reduction in first-cycle imesible capacity, but greatly reduced the
reversible capacity of the material. Additionalfye capacity retention at increasing currents
(higher C-rates) was much lower, with the 4alumina coating serving as a transport barrier

for Li* ions and an insulating barrier for electron floWhe thinnest coatings of alumina had
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no significant impact on either reversible or ieesible capacity, suggesting incomplete
surface coverage.

The final engineered surface was created by mizedayer deposition (MLD) of
metal-organic hybrid alucone films at 100 °C. Theecursor chemicals used were
trimethylaluminum and ethylene glycol and films wegrown using 6 to 40 cycles. There
was an observable mass gain for all depositioesngited, with a linear relationship between
total cycles and mass gain for 20 or more MLD cycl@his demonstrates a commonly seen
period of incomplete coverage for a low number yafles, followed by steady state growth.
All deposition thicknesses produced a reductioniriaversible capacity losses, with the
thickest alucone films — 40 cycles — producing #afprovement. Similar to the work with
amorphous alumina an increase in the thicknesshefdeposited film correlated to a
reduction in the reversible charge capacity ofdleetrodes, especially at high rates of charge
and discharge. The electrodes covered by 40 cyetadd store and extract almost no
lithium before reaching the cutoff voltages in tal cycling test. For 10 MLD cycles or
less the impact on reversible capacity is smalloat currents, and similar to alumina
coatings at high currents. Based on the tradeetfivéen irreversible capacity and coating
thickness the “ideal” number of depositions at teimperature is between 10 and 20 cycles.

The impact of fiber precursor was evaluated usiagofibers based on two different
polyimides produced by electrospinning of poly(amacids). The specifics of the
polymerization procedure had a significant impacttbe shear rheology of PMDA-PPD
solutions and hence their ability to be electrosplime best method to obtain PMDA-PPD

solutions for successful electrospinning was arbgneous polymerization, where the solid
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dianhydride was added to the diamine already colgléissolved in solution with a small
quantity of high M, PEO. Other methods resulted in solutions whoseldgical properties
changed over a period of hours, leading to unsstgleattempts to electrospin non-woven
nanofibers. There was little change in the progerof PMDA-ODA solutions with
polymerization technique, but for consistency testbmethod for PMDA-PPD solutions was
adopted for this polymer.

Attempts to incorporate tin into the solutions oftb pyrolyzed polyimide fibers via
various chemicals had measureable impacts on tliaso properties. Composite fibers
were successfully produced from PMDA-ODA in solatiavith two tin compounds.
Electrospinning of dimethyldineodecanoate tin wIDA-PPD was possible but, before a
sufficient quantity of nanofibers were collected farther processing; the high viscosity
solution caused the pump to stall. The use of skusion chromatography demonstrated
that the M, of polymers produced with tin in solution was tagdly lower than similar
solutions without tin. This data indicates the ¢mmpounds are serving as physical cross-
links in the concentrated solutions used for etsginning, increasing the shear viscosity
leading to stalled pumps.

When pyrolyzed and used as electrodes the Pl-balsdrodes possessed lower
reversible capacities than similar PAN-based fibe@ne benefit of using polyimide as the
basis for the fiber were improved capacity retent& current rates of 200 and 400 mA/g
compared to PAN-based electrodes. Additionallyiscelerived from PMDA-PPD and

pyrolyzed at 900 °C suffered lower first cycle weesible losses (225 mAh/g) than either
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PAN (325 mAh/g) or PMDA-ODA (300 mAh/g) electrodgsrolyzed under similar

conditions.

189



Chapter 8

Proposed Future Research
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8.1 ALD/MLD of Lithium-Organic Films as an Artifici al SEI Layer on Electrospun
Carbon Nanofiber Anodes

The use of amorphous alumina and alucone have demionstrated as a means of
providing some reduction of the irreversible capatmsses during the first cycle of anodes
made from both graphft€' and carbonized electrospun fibers. Additionalhe alumina
coatings have a stabilizing effect on the perforoeanf these electrodes as seen from
improved coulombic efficiency and capacity retentiolhe controlled deposition of lithium
containing films has been demonstrated from botiiuin 2,2,6,6-tetramethyl-3,5-
heptanedionate (Li thd) and lithiutert-butoxidé*® ¥ These films are predominantly
composed of lithium carbonate ¢00s), which has been shown to be one component of the
solid electrolyte interphase (SEI) responsible tfee majority of the first-cycle irreversible
capacity in carbon-based anotf8s Additionally the inclusion of LICO; as an electrolyte
additive has produced safer batteries and redussses$ of Li during SEI formatidf.
Given the large surface area and irreversible dgpdasses of electrospun carbonized
anodes, and the relative success of using alumita @nd alucone MLD with electrospun
fibers, the use of lithium containing ALD films dhese anodes should produce even better
results.

The lithium ALD films would be deposited on elextpun PAN nanofibers spun from
an 11 wt% solution in DMF for 3 or 4 hours in therse procedure as used for both the
PECVD , alumina ALD, and alucone MLD work. Thegdaefs would then be stabilized at

250 °C and pyrolyzed at 700 °C. Each electrospmprand carbonization batch would
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produce three 30 x 120 mm swatches of carbonizeat.fi One of the swatches from each
would be reserved as an experimental control dweiagtrochemical testing.

The initial experimental objective would be the dgiion of lithium containing films
onto the nanofibers substrates at temperaturesngardigpm 200 to 300 C°. The lithium
precursors proposed are Li-thd and cylclopentadiémyn (Li-cp). The elevated
temperature, when compared to the alumina wornedsired to properly sublimate the solid
Li precursord®. These precursors are very moisture sensitivat soadvised to transfer
them into the sample holders for the ALD reactorlevim the argon-filled glove box. Given
the morphology and chemistry of the substrate thihee-step ALD procedure demonstrated
for the deposition from Li-butoxide would be a likely starting point. As witte alumina
coated fibers, the mass of the nanofibers mat wbealeveighed before and after deposition.
The use of ICP-MS would be the most readily avéglameans to quantify the lithium
deposition. Imaging with electron microscopy wouwdtso be necessary to verify the
morphology of the fiber mat was not altered by dleposition or that the deposition was not
proceeding from nucleation sites to produce norfaromal crystallites.

After suitable deposition conditions had been idiext the optimization of the ALD
process with respect to electrochemical performanmeld be the primary objective of this
work. Coin cells would be constructed using lithidoil as the counter electrode, LiP&s
the electrolyte in EC:EMC and cycled at currentsigrag from 25 to 400 mA/g
(approximately C/16 to 1C) to investigate the reutuncin irreversible losses and the impact

of the coating on capacity retention and long tetamility.
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A potential variation on this work would be the usfleMLD techniques to create
more complex lithium containing films. While AGO; is a component of the naturally
formed SEI, and could serve as an approximatianttural SEI films tend to have a more
complex and varied organic structtife The use of small molecules such as ethyleneoflyc
and glycidol to produce the “metal”-cone MED*® films might reduce the three-step
sequence of lithium precursor, g@nd water to a two-step sequence. The resuitmgif
thermodynamically stable during transfer to thevgltox for cell assembly, would better
approximate the natural SEI.

8.2  Vapor Phase MLD of PMDA-PPD Polyimide on PAN-bsed Nanofibers

Some of the initial reports of what is now refertedas molecular layer deposition
used descriptors like “vapor deposition polymeiaat™® and “alternating vapour deposition
polymerizatio®” and were concerned with the heterogeneous polyatén from the
vapor phase onto a solid substrate. There areisbebl examples of the MLD of
polyamided’, polyimides®®, and polyureds. Of particular interest is the MLD of
polyimides based on both the PMDA-OBAand PMDA-PPEP chemistries studied in this
dissertation.

Carbonized nanofibers based on both of those pagspresented in this work as
Chapter 6 showed better capacity retention than-Baded fibers at the same carbonization
temperature. Additionally the PMDA-PPD fibers skeaiMower irreversible capacity losses
than similar PAN fibers. It is hypothesized that molecular layer deposition of polyimides

unto PAN fibers will, after carbonization; resuit fibers created with the easier PAN-based
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electrospinning, but with better surface properties. less G;) and greater electronic
conductivity to help maintain higher reversible aeifies at high currents.

There exist two potential pathways to follow forsthexperiment. The simpler
processing route would be as follows: electrospigrnof the PAN-based solution with or
without metal-complexes, followed by MLD, then thesimultaneous thermal
stabilization/imidization of the fiber. At this pa the carbonization would then be
conducted as normal and cells would be tested gsewmious studies to compare reversible
and irreversible capacity, and the impact of higinrent on reversible capacity retention.
This pathway would be recommended if the sampletraotion of the PAN and PI
components during the thermal processing was siri@ugh to prevent delamination or
significant cracking. Since the MLD deposited po&r will be pyrolyzed, it will not be an
insulating material as in the alumina or aluconsesa(Chapters 4 and 5). The added
polymer thus can be thicker to ensuring a unifoating after sample contraction during
carbonization. Given the potential reactivity dfetacrylonitrile group the best film
formation would likely result from the use of theuwshydride monomer as the first precursor,
followed by the diamine.

If there were significant difficulties with the Bhsed film integrity during
carbonization the PAN fibers could be completelgboaized, and then placed into the MLD
reactor for surface coating. As the surface cheynief the carbonized PAN will be
significantly different, it may be necessary toerse the order the precursors are introduced
to the reactor. The deposition of alumina and aecfrom trimethylaluminum (TMA),

reactions which require hydroxyl or unsaturatedasi@ oxygen proceeded without additional
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surface oxidation for PAN fibers, and thus it woldd likely the diamine could react with
existing surface functionality, followed by the digydride. If greater oxidation of the
surface is required to initiate the depositionragle ozone exposure could be added before
any of the polymer precursors were introduced. eAthe deposition was completed the
fibers, would then need to be thermally processsdcand time to imidize and pyrolyze the
surface poly(amic acid). At this point the matergaready to be cut into electrodes and
assembled into coin cells for testing.

8.3 Anodes made by chemical vapor deposition of isibn onto electrospun
carbonized-nanofibers

Producing a composite material of silicon and oaris a well-documented means of
producing Li-ion anodes with a high specific capdc?* 1% 3% Of particular success have
been one-dimensional materfafswith reported reversible capacities in excess 5001
mAh/g”® **>  Carbonized electrospun nanofibers representtenpally useful material for
constructing these composites by depositing a laf&i on the outside of the fiber by low
pressure chemical vapor deposition to create aopatbre, silicon-shell materiaf. In
composites of this kind, the carbon fibers willdeting as a material support for the Si and
conductive pathway, and their lithium insertion acipy will be of negligible importance. A
previous study used commercially purchased carloars and dispensed them unto a
stainless steel current collector from solutioroptd silicon depositioft> The free-standing
nature of the non-woven structure; the long, cardus electrical pathways of the fibers; and
the diameter control available in the electrospigrprocess make these nanofibers an ideal

substrate for this kind of composite. The nanaBbgould be prepared by electrospinning
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from both PAN and PMDA-PPD solutions. Solutions/odnd 11 weight % PAN would be
spun to test the impact of fiber diameter on tleztebchemical performance and durability.
Polyacrylonitrile would be chosen for this portiohthe experiment because it is an easier,
more predictable polymer to electrospun; simplifyithe process of preparing different
diameter fibers. It is recommended that the malterall be carbonized at 1100 °C to
maximize the conductivity of the carbon core. Tise of two different polymers is proposed
so it will be possible to investigate the impacttioé electronic conductivity of the carbon
backbone on the rate capability of the compositalas since carbonized PMDA-PPD type
polyimide has a demonstrably higher electronic catigity than other pyrolyzed
materialé>.

The deposition of the silicon would be conductedaistandard CVD reactor using
silane (SiH) diluted in argon (Ar). Because the fibers wiivie been carbonized at 1100 °C
there will no restriction on the deposition comulits used to create the silicon film.
Obtaining a uniform coating throughout the entiretyhe non-woven structure is anticipated
to be the most difficult part of creating these enals. The pyrolyzed non-woven mats are
typically hundreds of microns in depth, and deteing the proper reaction conditions to
ensure full infiltration of the mat will be challgimg. Based on previous studies and other
available literature, a suitable starting point Wobe temperatures around 600 °C, a total
pressure of 100 Pa, and a St ratio of 1:56°%. If the LPCVD is incapable of producing
an appropriately uniform coating throughout the mmven mat, there exist methods to
produce Si films by atomic layer deposition fronH$Si These methods are not desirable

because they greatly increase the complexity ofpifeeess by requiring low-temperature
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adsorption followed by a high temperature decontjuwsiof the silan&2 Thus the reactor
would have to be repeatedly heated and cooleddoln eycle of the process. Beyond the
electrochemical testing in coin-cells, the matsriabuld be characterized by SEM and TEM
to investigate the quality and thickness of thedsiting before and after cycling.

Once the proper reaction conditions to produceifoum coating are established, the
relationship between electrochemical performance&irthickness can be determined. If the
Si coating is too thick the volume expansion wal too large and the film will pulverize or
delaminate from the substrte If the coating is too thin the lithium storagepecity on a
gravimetric or volumetric basis will not be maxiretz Good results in the literature would
indicate that the ideal coating thickness may bevéen 50 and 100 rith 113 3%

8.4 Ultra-capacitors made from electrospun fibers @ated with carbon nanowalls by
PECVD and potential role of ALD in further performa nce increases.

The use of PECVD methods to create graphitic cadumatings was not successful,
but the processing conditions with the highest terafures and plasma powers demonstrated
an ability to deposit graphene-like ribbons or carbanowalls onto the areas with the hottest
fiber surfaces. These structures create the phigstb increase the surface area of the non-
woven nanofiber structure given the very high stefarea of graphene or graphene-like
material€®®. A very large increase in surface area wouldbeoideal for carbon-based Li-ion
anodes as this would result in a further incredseeversible capacity lossé's

Ultra-capacitors represent an electrochemical @ewiavhich very-high surface areas
are desirable to increase the double-layer charfiege devices rely on to rapidly store and

deliver charg&€®. Ultra-capacitors also represent a complemertéatynology to batteries in
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hybrid and electric vehicle applicatidnsAdditionally, the freestanding nature of the fnon
woven nanofibers substrate presents an ideal phatfor these materials, as there is a clearly
defined high conductivity pathway for the electrawnstravel along during charging and
discharging®. Further improvement of the energy and powerasferof the composite
graphene/nanofiber materials should be possible thie¢ use of atomic layer deposition to
create thin metal-oxide layers whose pseudo-capamt would add to the double-layer
charging as recently demonstrated for ¥@Baphene composite electrod&s.

The initial difficulty with this work will be the miform creation of the
graphene/carbon nanowdll% throughout the volume of the non-woven fiber makhe
reaction conditions explored in the work outlined Chapter 3, which created these
graphene-on-fiber structures (degures 3.11 3.12 and3.21) all resulted in a simultaneous
etch of the fiber substrate. Optimization of ghiscess will likely require one or more of the
following recommended modifications.

First, since the deposition of the graphene ribbang carbon nanowalls was
observed on the areas of the mat closest to therhetis necessary to ensure uniform
heating to a high temperature throughout the nomewanat. It would be advised to assess
if a longer heating period prior to initiation dfe plasma results in carbon deposition over
the whole sample. An alternative would be modifaa of the chamber to directly connect
the fibers to the controller for the heating, ratthean simply resting upon the heated surface.
If the sample is uniformly heated to the desiradgerature, the ignition of the plasma may

create growth throughout the mat.
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Second, the deposition time of ten minutes usdtarbattery work is clearly far too
long given the competing deposition and etchinghef processing conditions, and might
result in total consumption of the carbon precusp within void space of the non-woven
structure in the case of completely uniform heatirf@hort deposition times of a minute or
less should be studied, and if growth is occurrihgjay be advantageous to use a sequence
of pulsed plasma deposition followed by an equalilan time to replenish the carbon
precursor within the mat.

Additionally to promote greater growth, the partmkssure of the CHprecursor
should be increased rather than a decrease of ilte $tudy the impact of the gas ratio on
the deposited materidfé. The effect was subtle, but as seen in TableeAdiver chamber
pressure of samples 8 and 9 produced a greaterlosasthan the higher chamber pressure
which contained more # Again the goal will be to find a gas mixture gmessure that
significantly favors growth of the graphene-likeustures over the simultaneous plasma etch
of the carbon nano-fiber substrate.

The processing conditions used to create the fibbstrate may require modification
to produce the best performing material. Loweropygis temperatures were used for the
battery work to maximize Li storage of the carboat@nial. In an ultra-capacitor application
the fibers will not be storing any charge withiretbulk volume and the fiber size and
electronic conductivity of the fibers will be theone important parameters. As such, the use
of polyimide (PMDA-PPD) based nanofibers as thessialbte may be advantageous due to
the higher electronic conductivity of these maltsriwhen pyrolyzetf. The ideal fiber

diameter for the application will likely be influead by on the ratio of growth to etch during
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plasma processing, with larger fibers taking longeetch away, but smaller fibers creating a
higher initial surface area for deposition.

After the key electrospinning, thermal, and plagmacessing conditions have been
identified to produce the highest practical surfacsa material, these material could be used
“as is” to study the specific capacitance over regeaof voltage scan rates in typical basic
media. The impact of the pseudo-capacitance of ALO, could then build upon this
baseline data. The deposition of thin layers @dd,Tupon graphene and carbonized fiber
surfaces has been demonstrated using, EGdl HO as the precursors.

8.5 Electrospun ALD/MLD coated electrodes with an mbedded mesh current
collector

A large part of my testing of alumina and aluctreated electrospun anodes focused
on the impact of the coating on the capacity rédendt charging rates near C/2. In general,
the fibers coated with ALD or MLD films showed lomeapacities than the untreated fibers
as the current increased. There are at least btenfial causes of this difference: electron
transfer and lithium diffusion.

The films represent a region through which Li mdgtuse prior to undergoing
charge transfer at the carbon surface, just likeRl. The ability of the anode to intercalate
Li will be impaired at higher rates of charge ansctarge if the rate of Li diffusion in the
alumina or alucone film is slower than through tfzural SEI. Alternatively, the films are
electrical insulators which will represent a barte transfer from the current collector to the
electrode. In this case it is not the Li diffusittrat limits the cell capacity, but the fact that

the voltage required to drive the electrons actiessALD film pushes the overall cell voltage
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to the cutoff limit prior to full utilization of t material’'s capacity. This kind of behavior
has already been observed for conventional elegsradade from ALD coated grapHite
When the powder was coated before the electrodes @ast, the resulting anodes showed
rapid loss of capacity attributed to the insulatisiger and loss of conductive pathways upon
repeated expansion and contraction during cycli@gating of the anode after the slurry was
cast produced electrodes that showed between 5%%rahpacity fade over 200 cycles.

It is likely that both processes contribute a daseein utilized capacity of the
nanofiber anodes as current increases. Determitiitme or the other dominates the
behavior of the electrospun anodes could lead ti@tbengineering choices when designing
electrodes. The nanofiber electrodes do not sh@wapid capacity fade like the powder
coated electrodes, likely because, similar to thedas coated after casting, the conductive
pathways of the nanofibers are not interruptedrdudycling. The overall rate of electron
transfer between the copper current collector &ednanofibers is likely impacted by the
insulating film, and it can be hypothesized thamnelating this transfer barrier would boost
capacity at higher currents. A means of testing Would be to directly electrospin the
nanofibers onto the current collector prior to camzation and ALD treatment.

Simply replacing the aluminum foil used to collethte nanofibers during
electrospinning with a copper foil might be a sienfitst step. The melting point of copper is
sufficiently high (1084 °C) to permit direct carbpation. But the resulting contraction of
the nanofiber mat during stabilization and carbation would likely de-laminate the
electrode from the copper. Instead it is propasediectrospin the nanofibers onto a mesh

structure such as expanded mi€tal These materials are available in a range okiteiss
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and open areas and are fabricated from many diferestals including copper, nickel, or
alloys of the twd”. Both copper and nickel meshes have found usieeasurrent collectors
in traditional cast electrodes pressed into peflets to use electrochemical cells.

Preparation of the bonded structure would beginséguring a sheet of expanded
metal to the collector prior to electrospinning.miay be advisable to spray a fine mist of the
electrospinning solvent, DMF, prior to beginning #&lectrospinning, in that way some of the
initial fibers that reach the collector would begktly wetted and “melt” unto the mesh
structure. Half-way through the electrospinninggasss the expanded metal sheet could be
flipped over to bond fibers to both sides. It ddobe noted that this approach of
electrospinning onto a mesh electrode could alsaggicable in the case of Ti@oated
ultra-capacitor materials, should electron trantbethe electrode be sufficiently impaired by
the coating.

The resulting bonded mats would then be cut intatsles and thermally processed
through the stabilization and carbonization stepgether. There would likely be some
contraction of the fiber structure as it lost beawed0 and 50% of its mass through the
thermal treatment up to 900 °C for copper mesh,gnen the improved flexibility of the
expanded metal sheets when compared to metaltfi@lslegree of de-lamination should be
significantly less. At this point some of the sefags could be loaded into the ALD reactor
and coated with a fine layer of alumina, aluconepatentially a lithium containing film.
Finally discs could be die-cut from the final proth) weighed, and assembled into Li-ion
coin cells for testing at low (C/16) and high (1€ @2) currents for a number of cycles.

Cutting the discs last would ensure that at theosgg copper mesh surface was not covered
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with the ALD or MLD film and thus would not haveishelectronic barrier. The capacity
retention could then be studied on a normalizedsbas the cells could be broken open after
testing the active material removed from the metash, and the mass of the mesh could be
subtracted from the initial mass to get a speciipacity of the materials.

8.6 Thermochemical Reduction of Sn@Nanoparticles in Nanofibers via a Hydrogen
Containing Atmosphere

All of the attempts to incorporate Sn into the ofdrers attempted as part of this
work failed to result in any utilization of the @iing properties of Sn. In the case of tin
acetate added to PAN solutions the resulting fioeese clearly decorated by SpnO
nanoparticles but no additional features were lasih the voltage curves to indicate the
reduction ofEquation 12, nor was there a dramatic increase in the irréviersapacity that

would correspond to this consumption of Li.

SnO, + 4Li'+4e ® S 2L C Equation 12

Similarly the inclusion of tin in the polyimide bas nanofibers did not show any
increase in the reversible capacity or irreversibépacity due to the SnCconversion
reaction. Though there are reports indicating that pyrolysis of Sn/C composite fibers
results in both SnPand Sn phases, the best published result for $keoti Sn in porous
pyrolyzed nanofibers was accomplished when thelpgi®owas conducted in an Ar ang H
mixture’®, rather than the inert N During the stabilization process of that worle tiin
octanoate was converted to Snénd the PMMA phase in which the tin complex was

included thermally decomposed to create a porotesnal structure. Adopting an Ar{H
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mixture to improve the reducing potential of thenasphere within the tube furnace is
expected to have a similar impact on the Sp@sent in fibers produced from the polyimide
precursors. Use of an Arftdr forming gas mixture would also be marginalljesahan the

use of a pure Fprocess flow.
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