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SUMMARY

Electric propulsiortechnologyhas been advancing rapidlprimarily driven by
electric vehicles and unmanned aevighicles (UAVS) In both caseghe energy storage
technologies availablare limited incapacity, power capability, and cost. A great amount
of work has been done in developing hanomatefidiid) to improve the energy density
of anode and cathode active materiatsvever growth in this field hagept a steady
pacewith battery energy density increasiogly 3% per year over the last 60 years.

Although extensive researtias been donen utilizing one dimensionall(D) NM
astheener gy stor age d,ewrentcellécsor aadcseparat@azvemat er i al
receivdl little attention. This dissertation focusesimproving energy storage devices by
using1D NM, including Al nanowires, A0z nanowiresand carbon nanotubdsr
collectors and separators insteadanafin electrical storage materiduch work has been
done studying nanoparticles and nanoporous matgnialgever 1D structures have
faced less utilization due to the difficult and limitech#esis routes currently available.
Thus this dissertation also fo@son developing and characterizing new synthesis
methods for the production of such 1D NM and the resulting performance of composites
produced using them.

Materials that can simultanesly serveasenergy storage and structural
applicationswvould be valuable in applications whenénimizing system mass and
volume are neded To d a gldgttsodanaterials are particle based and hanerently
low strength and conductivitie®mpared to 1Dnaterials that can transfer load#is
featureallows the creation of porousechanically strongurrent collectors needed for
structural batterieBy substituting a purely structural component of a UAV with a-dual

purpose structural battery, tHght time could increase by as much &92
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One dimensional nanomaterials ¢(NM), such as nanowires and nanotubes, may
offer significant performance benefits for a broad range of energy storage technologies
due to their high surface area, high aspect ratibhagh structural flexibility. Conductive
1D-NM such as aluminum nanowires (AINW) and carbon nanotubes (CNTSs) offer high
strength and high electrical conductivity, which make them attractive as high
performance current collectors. Noonductive 1BNM, sud as aluminum oxide
(Al203) nanowires (AONW), offer high strength, excellent wettability by a broad range
of organic and aqueous electrolytes and remarkable thermal stability, which make them
ideal for use in high performance separators. The high coste otirrently employed
synthesis methods for these (nano)materials limit the progress in their applications and
studies. This dissertation dettilvo new lowercost LBDNM synthesis methods suitable
for large scale mass production of AINW and AONW basedhamical vapor
deposition (CVD) and novel solutidmased processing, respectivéijese studesreveal
the impact of processing / synthesis parameters on the properties of such nanomaterials as
well as the impact of material properties on their perfocean energy storage
applications, such as batteries and supercapacitors. The growth mechanisms for AINW
and AONWarediscussed. Finally, the promising applications of CNT current collectors
aredemonstrated in mulunctional Lrion battery anodes andtbades as well as in

supercapacitor electrodes.
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CHAPTER 1

INTRODUCTION

1.1 Motivation

Energy storage israincreasinglymportant fieldtoday In addition to enabling
higher performance consumer electronics it also facilitates reduction in fossildgel us
through usage irenewable resourcegrid storageandelectric vehiclesOne of the
benefits of incorporatingnergy storage devic@so the energy mix is that they can help
to supporintermittentrenewable eneggsourcessuch asolar and windTheLi-ion
battery narketalone is &pected to reach $46 billionasldwide, by 2022riven
primarily by sharp growth in electric vehicle demand and tightened environmental
emissions standard€Ener gy St or age Associationds U.
Year in Reviewsuggests thanergy storageiill be a $25 billion marketin the UShy
2020. Much of the growth in these fields recently have been driven bgrag@ments in
material research and more specifically the development of nanomaterial synthesis.
Nanomaterials have been researched extensively for use in battery active materials to
increase the rate capability, energy densityjcycle stability while o enabling the use
of materials with otherwise unsuitable electrical resistarice.

Much work has been placed into increasing the energy storage capability through
careful design of the active materidi®weverthis work has been slow with an increase
in capacity on the order 6£8% per yeaover the last 20 yeaf3NVhile these active
materials are importanthe research into other cell components including current
collectors and separator materials could lead to advaepasate from the active
material development efforté/ork on nanostructured Cu current collecttvas shown a

six fold improvement in the energy density compared to a planar eleatradighium



ion battery (LIB)? Additionally a doubling of the areaormalized capacitan¢g.5 F cm

2) was observed for a Mnased pseudocapacitors using a modified current colf€ctor.
Further, by increasing the performance of the current collectors while maintaining the
same mechanical properties, miultictional energy storage devices can be developed
which have been shown by DARPA to increase flight time in unmanned aerial vehicles
by 26%*

Batteryseparators are an important though often neglected part of battery, design
as demonstrated recently with the Samsung Galaxy Note 7 recall which decreased their
stock price by $25 Billion in two weeR$High-performance separatoraterials are
important forachieving highrate capabilityn cellsandfor prevening the unplanned
rapid discharge and resulting fires whidlayoccur. Recent efforts tatilize ceramic
nanomaterial coatings to prevent device shorting ueldeatedemperatures have shown
promise Unfortunatelythough solid ceramic separators with suitable flexibility, weight,
electrochemical performance, and cost have not desmonstated so far

Usingnanomaterials for novel applicationssheeen investigated in the recent
decadeslespitethe challenge adcaling up productiarinvestigation of nanomaterial
performance and inclusion into mass market products has been hinderedirnjtede
scalability of many synthesis methods. This requires that the development of any high
performance material also be coupled with scalable synthesis methaidissertation
documend several new nanomaterial synthesis methods and their applicaiderge
arrayof energy storage devicesich aseparator and current collectoaterials for both

batteries and supercapacitors.

1.2 Dissertation Format

This dissertation has been structured to provide both an introduction to the topics
discussedas well as to evaluate the work in detaihis dissertation detaitwo new

lower-cost 1Dnanomateriasynthesis methods suitable farde scale mass production of



aluminum nanowiresAINWSs (Chapter 3andaluminum oxide nanowire AONWSs
(Chapter 4pasedbn chemical vapor deposition (CVD) and novel solutiased
processing, respectively. This study regelaé impact of processing / synthesis
parameters on the properties of such nanomaterials as well as the impact of material
properties on their performae in energy storage applications, such as batteries and
supercapacitors. The growth mechanisms for AINW and ACM®discussedThe
promising applications of CNT current collectar@demonstrated in muHunctional
supercapacitor electrodes (ChapteabdLi-ion battery cathodg€hapter 6) with a

focus on electrical and mechanical multifunctionalities. Finalljummary of the work

and recommendations for future reseasancluded in Chapter 7.



CHAPTER 2

BACKGROUND MATTER

2.1 Electrochemical Ractions

Faradaic Reactions

Faradaic reactions, also known as electrochemical reactions, are a subset of
chemical reactions relying on the transfer of electrons for completion. This electron
transfer process harnesses the electrical work from the chesactibn and, thus, forms
the fundamentals of many energy storage systems. These reactions are generally split into
half reactions based on whether the oxidation state of the species involved is being
increased (oxidation) or reduced (reductidre labelhng convention specifies that
electrodes upon which reduction reactions occur be labeled the cathode and that
electrodes upon which oxidation reactions occur be labeled the &a@aeples are
shown in(1) and(2), with 0 being the stoichiometric coefficient for spediesdn being
the electron mole equivalent for the half reaction. When Faradaic reactions are paired, the

electron transfer step is often omitted, asvahin (3), and called redox reactions.
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Since redox reactions are a subset of chemical reactions, they can be described by
thermodynamic analysis involving the free energy of reaction. This is sino@nfor
the full cell reaction described (8). The Gibbs free energy.O , of reaction is the
maximum energy that is generated at equilibrium. The sigfi®@f determines the
spontaneity of reaction: negative value/d@ for spontaneous reactions and positive

values showing an input of external energy for the reaction to occur.
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WhereY"O is the standard state Gibbs free energy, R is the universal gas
constant, T is temperature, andis the chemical activity of speciesThe term——is

described as the reaction constant in-stamdard states or the equilibrium constant in the
standard state.

For abatterysystem in equilibriumtheelectrical work @ ) which is available
is equal tohe chemical energy availablE'Q ). Electrical work is defined as the
amount of charge (nF) moved through a potefigdd (E).

0 YO & '00 ©)

whereO s Far ad a gré6:185caulomnsktper mole of electron$hus
positive cell potentials correspond with negat¥® and suggest spontaneous redox
reactions. This equation holds for reactions under equilibrium and when standard state is

used and can be represented g$§)n

50 £ 0 Al %O £ 0 (6)

Dividing equation4) by nF andincorporating equatio(b) yields the Nemst
equation. The Nest equation describeake relationship between electrochemical
potential, specieactivity, and temperaturef aredox reaction
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Most faradaic reactions for energy storage applications do not occur at

thermodynamic equilibrium. These reactions are controlled by electron transfer from the

anode and cathedo the solution species. The electrical current (I, in A) is used to

estimate the rate of the electrochemical react®il'Q pin mol st) with the following:
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As current is applied to the systethe operating voltage deviates from equilibrium

because of irreversible occurrences caused by charge transfer, mass transfer, and joule

heating.

In the case of charge transfer, controlled-calf reactions such 44&), the current
is a function of the applied voltagéhe ButlerVVolmer equation relates the applied
potential of a system with the resulting current response. This equation includes both the
thermodynamic properties and the kinetic reaction rdtes

.6 "O- o "O— (9)
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whereOis the equilibrium exchange curreit,andd are the concentrations at the
electrode surface of species A anddBandd” are the concentrations in the bulk of the
electrolyte of species A and B, andand are the reduction and oxidation charge
transfer coefficients with | p. This relationship assumes Arrheniustype

relation between the electrochemical reaction and the activation energy being described

by the difference beteen the equilibrium voltageD and the measured voltaffe)

andis called the over potentié&h).

_ o0 o (10

Electrostatic§Double L ayer Theory

An alternative energy storage mechanism can be based electtrestatidorces
generated by bringing charged objects in close proximity. This is demonstrated simply in
the case of a dielectric capacitehich isformed by two conductors separated by an

insulator.When a potential is applied across the conductersliarge inside must

balance this electrical field achieve charge neutraldys gover ned by Gauss



(b OX6 OF- ). This provides a relationship between #mplied potential (Viand

charge(Q in coulomb}inside the capacitor as shown(irl).

0Q
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Where- is the permittivity constant of the electrolyte in F/&is the specific
surface area in fig, and d is the thickness of the dielectric material iTine.
capacitancg€C infaradg is defined as shown below {#2) ard is the primaryndicator
of energy storage capabilities for capacitors with both volumetric and specific

capacitance also commonly compared

(12

£l =

5
If (12) is substituted int@11) the general capacitance equation for a dielectric

capacitor iobtained as shown (13).

, -0 (13)
°
Thetotal energystored(U in Joule$ in the capacitor can be obtained by

integrating thecharge as it moves across the applied potential of the capacitor and can be

descibed by(14) which useg12) to showcommonequivalent forms.
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This resilt suggests two mechanisms for increasing the capacitance (increase the

~

available surface area, decrease the charge separation distance) and an additional
mechanism for increasing the energy density of these dielectric based capacitors (increase
the appled voltage across the capacitor). For dielectric capacitors where the surface area
is primarily controlled by the device geometry, the energy density is controlled primarily
by thebreakdown voltage of the dielectric.

If instead of using a solid dieleatrmateial a liquid electrolytas usedthe
available surface area and charge separation distance can be drastically imiprisved.

improvement occurs due to the formation of a layer of eledswrbed ions at the



solutionelectrode interface and creasesall charge separation distances on the order of
atomic radii. When two conductive electrodes are placed in an electrolyte solution and a
voltage is applied, the ions of the opposite charge migrate to the electrodes and
accumulate without electron trapsfto the species in solutiohhis accumulated region

is called the electrical double layer, and it was first described by Helmholtz and later
modified by GouyChapman and Stern with the Stern mdazihgcommonly used

today13 This double layer is depicted Figurel and the contributions can be broken
downinto the Stern layewhichis composed of specifically adsorbed i@amsl thediffuse
layerwhich is composed of nespecifically adsorbed ion3o help define these layers

the location of the specifically adsorbed charge cemealed the inner Helmholtz

plane (IHP) and the chge center of the closest solvated isoalled the outer Helmholtz
plane (OHP).

Stern layer
~—— Diffuse layer
- "

& :
o & &

solvated cation

©

anion

ooeJIns padieys AjoAnisod

. e e e S

Figurel. Theproposed model for thelectrical double layeshowing the distribution of
specifically adsorbed anions and cations in relationdarther and outer Helmholtz

planes (IHP and OHP)oynd y ar e the potentials at t
theelectrode/electrolyte boundal¥/

Although no electron tresfer occuracross the double layghese interfaces store

charge through electrostatic adsorption of charged ions on their surfaces which can allow



for utilization of nonplanar, highly porous surfaces for charge storagdielectric
capacitors the garation distance is on the order afrh, however for electrical double
layer capacitors the charge separation distance for the double layer depends on the ionic
concentration of the solution and is typicali@ A. This reduced separation coupled with
the nongeometric electrode area providaegla porous electrodecounts for much of the
increased capaeihce'®

Because the capacitance of double layer capacitors can make use of porous
surfacesmuch work has been performed on optimization of these surfaces. Because ions
in solution are accompanied by a layer of electrostatically atttacigent molecules
called the solvation shell, the effect size of the ion is much larger than suggested by the
ion alone. This size was thought to limit the size of the pore which was able to be utilized
for the double layer effect. Howevéurther reseach showed it was possible for this
solvated shell to be partially stripped to allow access to pores which possessed sizes the
same size or smaller than one ion with a siatf@ched solvent molecutéThis
shedding of part of the solvation shell was thought to increase the confinement of the ions

in the pore and thus lead to increased capacitance.

2.2 Electrochemical Storage DevicgECSDs)

The production and storage of renewable gnepurces has become one of the
largest hurdles in aggressively reducing environmental degradghergy storage
devices includes a broad category of devinekiding pumped hydro compressed air, fly
wheel,with electrochemical storage being a smahigrmore commorsubset.
Electrochemical storage devidgsCSDs) operate by converting chemical energy into
electrical energy through faradaic or electrostatic methods as previously described. This
energy is available as a function of electrical curreatedrtain voltage and time. ECSDs

show advantages compared with other energy storage systems as they require only one



step (chemical to electricaNhereaschemical or thermal energy storage require multiple
steps (steam generation followed by kinetic ggeonversion to electrical).

Even within this subsghowever there are many different devices commonly
used with the two most popular being batteries and supercapaei@@®sare used to
provide electrical power in situations whenederate energy geirements occur and
large power is needed with charge and discharge times on the order of milliseconds to
hours Due to their ability to operate at low temperatures and tlesed system nature,
ECSDs offer large benefits for portable povegplicationssuch as mobile electronics,
electric vehicles, and even grid stora8election of a specific device can be done by
many parametelgcluding cost, operating temperatue@ergy storage, operating
lifetime, etc Themost common othese parameteese themaximum amount of energy
which can be storefproportional to capacity/capacitanag)the maximum rate of
charge/discharge (power). These device selections and comparisehevaneinthe

form of aRagone Ploas shown irFigure?2.

10000

1000

Specific power (W kg™')

100
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Figure2. Schematic comparisasf the specific powevs.specific energyf different
commonly used electrochemicaiergy storage devicés.
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Common Cell Components

Though the charge storage mechanisms of capacitors and batteries are different
their constructionaresomewhasimilar. This similarity stems both from the physical
requirements of applying a voltage to a largkinee of electroactive materials and to the
processing and manufacturing requirements of these systamsimilarity means that
there are many shared cell components between the different types of HGEDs.
electrodes for these different devices arpractice complex composites composed of
active materials, polymeric binders to hold the particulate structure together, and
conductive additives such as carbon black to provide electronic condut&ivity.
Additionally these components must be combined to leave sufficient porosity for the
liquid electrolyte to penetrate the composite and allow the ions to reach the reaction sites.
While theelectrode®f theseECSDsare differentall cells share theaed for a current
collector, electrolytes, separators, and cell casings and their distribution throughout a
typical cell can be seen Figure3. 1D nanomaterials show potential benefits in current
collector and gearator applications and will be detailed later in this section after a brief
summary of the other common cell components.

The first concern of any ECSD is the electrode which is typically composed of the
active material casted or deposited on a curreliéctor. The role of the current collector
is to transport electrons to the active material for energy storage. The active materials are
typically attached to the current collecferg., metal foilspusing an adhesive polymeric
binder, which is uniformlymixedwith the active materials and conductive additives
before being cast onto the current collecBecause the electrical conductivity of many
active materials is low, most battery electrodes include conductive additives to help
increase the electraransport throughout the electrode. Usually carbon black is chosen
as the additive however other conductive particles can also be used such as carbon
nanotubes, graphene, or conductive polyniEngse alternative conductive additives

provide increased penfmance by providing a continuous path for electron transport
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instead of the particle to particle transport that is required in the case of carbon black.
Because a conductive path is needed from the current collector to the active nhaterial t
connectivity of this network of conductive additives is important. Deterioration of this
conductive pathway can occur due to mechanical separation of particles or resistive film
formation which leads to capacity fading, increased electrode polarizatidmeduced
cycling rates.

An electrically insulative material called a separator is inserted between the
electrodes and an ionically conductive electrolyte (liquid, solid, or gel) is infiltrated into
the electrodes and separator. Electrodes can bedostteactive material either on a
single or double side depending on if the electrodes are assembled in a single pair or if
they are rolled or layered together to achieve higher energy density. Finally everything is
enclosed in a cell container to avoicaporation of the electrolyte and prevent unwanted
side reactions or contaminants from entering during use or storage. Many different form
factors for the cell casing and electrode geometry can be sEajune3. Different form
factors are used for different capacity and device volumetric requirements.

While operating under different physical energy storage mechanisms and thereby
having large variation in performance, there are many common components required for
both secondary batteries, EDLCOs, and pseu
Due to the common requirement for ionic and electronic conductivity and the
requirement for charge separation between an anode and cathode many of these
components cabe shared to some degree with special considerations being taken care
for chemical compatibility and manufacturing requirements. As these components are
nontactive materialsthe performance of the entire device efficiency can be greatly

reduced on a perost and pespecific energy densityasisby poor selection.
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Figure3. ECSD form factors used for both battery and supercapacitor devobede a)
cylindrical cells, b) coin cells, ¢) prismatic cells, and d) pouch éells

CurrentCollectors

Current collectors need to bafficiently conductive to allow efficient electron
transport to the aiste materialsvithout inducing significant voltage drop at the required
current densities and local heatifdney alsaypically need to be electrochemically inert
to the chemicalée.g., electrolytes and active materiafsjolved and at the potentials
used This electrochemical stability is importaattoth thehighestelectrodepotentials
(where oxidation reactionsuch as dissolutigmayoccun and at low potentialévhere
reduction reactionsuch as ion insertigmmay take placePDue to the strees commonly
involved in roll to roll production of commercial battery anodes and cathodes the current
collectors also must have moderate tensile strength and flexibility. Further these current

collectors must provide good bonding with the active mataongisevent delamination
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and allow efficient electron transpotfthis is often done with surface layamgineeringo
increase roughness, and chemical compatibllityhe supercapacitor field where high
power applications make the minimization of electroelsistance a priority, surface
coatings by conductive paints and evenggllprocesses have been uset.

The current collector is a neactive part of the batteryneaning it doesot
contribute to the totadapacity, thugts thicknesss typically reducedo the order of7-20
um to provide suitable mechanical stabiffy?! While metal foils have traditionally been
used,an increase in research into high performance current collectors has begun with an
emphasis on enabling 3D structured current collector mate¥iatsmetal current
collectors based on carband carbon nanomaterials have also been investigated as the
mateial prices decrease and production rates incréase.

In order to determine if a new material is suitable for replaceofenturrent
collector, the resistance contribution for that component must be fully understood. There
are three main contributions to the cell resistance which are also displayed schematically
in Figure4b: electrochemicatesisance Y ), constrictionresistanceat the electrodes
tabs (Y ), andthe current collector bul&lectrical resistancgY ). While the constriction
resistance is closely related to the current collector and the resistivity contribute, it is
more dictated by cell geometrg, @, andc) and tab locationg). Thus the bulk electrical
resistance is the only direct contribution to cell resistance from the current collector.
Often the in plane current is assumed to be carried only by the curllentaradue to the
relatively low resistivity compared with the active electrode materials. Tehakj 2013
have provided an analytical solution to the resistance contributions of the current
collector as well as relating them to the tab geometry foorking cell?®

@
®o
wherea, ¢, andt are geometry terms representing the width, length, and thickness

(19

of the current collector respectively as showkrigure4a, and’ is the bulk resistivity
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( ecm). While important)Y has been calculated to be only 3% of the total cell resistance
when typical geometry and material selection is #é&dhile these ontributions are

small, this estimated value will change for carbon based current collectors. Further, this
resistance calculation does not ensure the uniformity of the current distribution which

will also need to be ensured for high rate capabilities.

a) b) (V)

y Current, Icell

Tab
Tab

Cu foil

Al foil

Figure4. Schematic showing a) the dimensions of a typical current collector with a tab
connection, and b) the configuration of the electrodes and the resulting resistance
contributions from the electrochemical reaction, the bldkteon transport, and the
constricting resistance at the tib.

Metal Current Collectors

Many metals have been investigated for use in these applications with Al, Cu, Pt,
Au, and Ag showing promise due to thiew electricalresistivity (1.6 to 10.6x18q m)
Unfortunately the costs and weight of Pt and Au make commercial cells imppssible
though their uses in research scale testing is significant due to their relative chemical
stabilityin a broad range of electrolytes and potentiglsenfor conventimal batteries,
Al and Cu metal current collectors can make up about 10% of the total battery #eight.
Simply making timner current collectors provides a limited solution as thinning also
results in more fragile electrodes prone to breaking during handling with mostoiletal

current collectors limited tabove~7 pm at the thinnest for C## Despite this, efforts to
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sputter Jum metals films onto active materials and separators have been able to produce
working device¥ however the added costs of the metal deposition methods (PVD or
CVD) currentlyprevent wide scale use. Metal mesh and foams are another way to reduce
the weight of these current collectors and due to their 3D naturgoaxidelectrical
conductivity they allow the potential uséactive materials with low electrical

conductivity.

Aluminum is an ideal current collector due to its low cost, high strength, light
weight propertie$2.70 g cn¥), andlow electricalresistivity (2.65x 108 ¢  majd is
commonly usedor non-aqueous LIBcathodesvith operating voltages betwe8b-5 V
vs.Li.2° Theuseof Al for these high potential applications may be surprising as the
thermodynamic stability of Aat high potential$>3.5V vs.Li) is very low This stability
is due to the chemat stability and nosporous nature of the surface films which form,
with a native oxide AlOz layer naturally forming in the presence of air. While this native
oxide | ayer greatly i ncr eas eleadtitioreal goowth r e n t
of passivating films of aluminum hydroxide, oxyhydroxide, and even fluoride allow
increased stability® Further, electrochemical experiments which have disrupted these
films in-situ have shown that these passive filmsQal and Al(OH}) can reform while
submerged in neaqueous electrolytes primarily due to the reigduncof most carbonate
based electrolyted’ AlF s in particular has been shown to be crucial in providing
passivation and preventing pitting corrosion in electrolytes such as. ERperiments
using nonrfluoride containing salts such as organic irmdsed salts (Li(CFSOp)2N
(LITFSI), Li(C2FsSOp)2N (LIBETI)) show a reduction of 0:5V in oxidation onset and a
three order of magnitude increase in corrosion current when compared with electrolytes
containing LiPEsalts?® Thus the use of LiRfas an additive in these electrolyte systems
has been proposed to develop a stable kalffer and enhance Al current collector

stablity as shown irFigure5.

16



AlLO; + 2HF - 2AIO0F + H,O
41 9, ; ; :
2AIlOF + 2HF - AlL,OF, + H,O

ALOF4+ 2HF - 2AIF; + H,O

10, g o+
1 2Al +3Li;0 = ALO; + 6Li" + 6¢”
T Li,0
T De-alloy

|

Al

Potential / V vs. Li/Li*

Figure5. Electrochemical stability of Al surface in nagueouglectrolytesused in LIB
systems”’

While commonly used,iPFs canalso provide an issue for the Al stability as any
residual water species can react with the kifeForm HF with this process being
facilitated at higher potentiat§ The HF species thus generated can accelerate corrosion
of metal oxides through attack of the passivation layeiGAbdr Al(OH)z) on the Al
current collector or by attackingé transition metal oxides commonly used for active
cathode material$\dditionally the reaction of HF with the transition metal oxides can
also lead to the formation of;B as a reaction product thus leading to acathlytic
reactionWhen corrosion isbserved it is often in the form of pitting corrosion after
extensive cyclingvhich can progress to electrode delamination and electrical isolation
over time?°

While suitable for high potential LIB cathode applions most anode active
materialsare based on graphite which operate closeMov8.Li. Al readily alloys with
Liat0.27Vvs.Li t o f -@lLifollowed bysmore 6 rich phases at lower
potentials as shown Figure5.2° When most metals alloy electrochemically wlihthe
resulting LkM compounds tend to be of highly ionic character and are therefore usually
fairly brittle and not electrically conductif§Thus the lithiation of the metal current
collector must be avoided to prevguiverization and thus electronic contact of the

active electrode abovéhis issue is further complicated by the large volume expasisio
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(100-400% by volume) which are often observed fonietal alloying reactiong his

results in rapid current collectorumbling and is commonly studied as this reaction is a
possible high capacity anode material with a theoretical capacity of 996 Hiéh IgiB.
Unfortunately efforts to impede this crumbling by reducing the aluminum dimensions to
nanometer thin film&! particles,and even nanowire structu?ébave faled to increase

the cycle stability to more thanfewelectrochemical charge discharge cycles.

Because copper is resistant to electrochemical alloying with Li at potentials even
at OV vs Li, it is commonly used for anode current collectors in £iBvidence for
environmentally assisted cracking of copper films due to intergranular Li attack has been
observed for large grained work hardened materials however these conditions have not
been observed in commercially availablefGils.?° Despite the lower electrical
resistivity of Cu(1.72x 108 q  medmpared with AICu has a much higher density (8.96
g cnt®) which greatly reduce the gravimetric energy density of Cu containing Aells.
review of themechanical propertiesf commercial Cwcurrent collector foils showa
strength over 245 MPa ané®elongation to fail even for the high purity 99.95% pure
alloys typically required! Thus for anodes, copper foil is more commonly used for
anode current collectors in LIB despite the higher cost amd wdight reducing the total
cell energy densityVhile Cu current collectorgre stable at low potentials theyidize
at voltages abov@.3V vs.Li*/Li and are therefore limited in their use as high voltage
cathode current collectoféFor supercapacitors Cu is rarely ussdheoperating
voltage range in these systems can be controlled to avoid redox reactions of the Al

current collector and thieigherresistivity do not balance the increased cost and density.

CarbonCurrent Collectors

Carbon has attracted interest in electrochemical devices due to its low cost,
electrical propertiedight weight,andchemctal stabilityand for many applications it

would be difficult to find a suitable replaceme@arbon comes in maratlotropeswith
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theallotropes exhibiting majority of $pondsshow the most interest electrochemical
devicesdue totheir high conductivities A wide variety of densities have been reported
depending on the porosity and degree of crystallinity osfhearbon being studied.
These densities range fra25g cm? for highly crysalline grahites tol.12g cni® for
graphite foils, which compare favorably to Al and especially Cu foil current collegtors.
Graphite has very anisotropicoperties witHow electricalresistivityandgood
mechanical properties in the basal plane direction due to the covalently bonded carbon
sp’ bonds Crystallization of amorphous and defect containing carbons has been shown to
increaseconductivityof carbors by annealing imert atmospheres and extreme
temperatures witthe electricatonductivity beginning to increase at 6900 C and
final graphitizationoccurringat over 2500C, where conductivity increase saturatés
This makes highly oriented pyrolytic graphite (HOPG), graphene, carbon nanotubes and
nanofibers good candidates for current collectors in some ECSDs.

Theusageof carbonas a current collector has faced idiffty primarily due to the
inflexibility and difficulty achievingresistance valueasomparable with metal folils.
Inflexible carbon rodsand platesre used as current collectors for the positive electrode
in dry cellsand in redox flow batteries howevéese materials cannot be incorporated
into commercial LIB production due to their rigidity order to achieve the flexibility
needed carbon composites or fabrics are required which reduce the inherent conductivity
of thecarbon due to particle to partcor fiber to fiber contact resistanc@be electrical
conductivity of carbon materials can vary greatly depending on the microstructure and
crystallinity of the material of interest with low temperature CVD grown carbon films
showing201 0 0 0 mq &alm,y poarrdder ed PECVD carbons sho
welor dered graphite (i r*Mprer@aemlycosmeaialy ng 0. 3
avalable flexible graphite sheets such as Grafdi&re been produced that hanglane
conductivityo f 0 . 7.22%Hyen tower resistivity has been achieved byattization

of submicron thick layers of Cu or Al using physical vapor deposition onto the graphite
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papersthough at a significant impact to the manufacturing €b8heseun-metalized
graphite foils are not as flexible as other forms of conductive carbons (CNT, graphene,
carbon fiber) and issues with exfoliation have been observed in some electrolyte
systems?® Further dallenges included delamination of active material due to graphite
layers flaking off during manufacture, assembly, and tesBogie of these issues could
be addressed by texturing the graphite foil surface which also improved electrolyte access
and Li" ion transfer through the thickness of the foil but further work was needed to
improve charge and discharge rate (#%@h/g at C/D) as well as cycle stabilifif.

Once a flexible carbon current collector is chosen there are still stability concerns
with use in LIB withelectrochemical activity of these carbons at low voltages and solvent
co-intercalation at high voltages. The electrochermadlalying is well studied as this is

the charge storage mechanism commonly used for LIB graphite anode materials,

6 @b QP '0H (16)
During this electrochemical alloying thé" ionsintercalatebetween the basal

planes of the graphite particlaslow potential§0-0.25V vs.Li/Li *). Diffusion through

the graphitic plareis difficult however defects in the graphite lattice or holes in the

planes can increase this reacttéBuring the intercalation the Li completely occupies

one intemplanar space in the graphite lattice leaving unlithiated planes on either side of

the Li filled layers As the Li concentration is increased in the graphiite numbers of

unlithiatedlayers betweerthe Li filled graphene layers decreases gradually to zero for

fully saturated LiG and is known as staging.
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Figure6. Lithium location in the graphite crystal structure during intercalation for
secondary LIB applicatits?

The multistage insertion process also results in multiple voltage plateaus during
constant current charge andaharge as shown Figure7. The difference in potential of

these different redox potentials are related to the different staging potentials of the Li

insertion in the graphite lattice.
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Figure7. Potential stability of graphite during constant current lithiation in aagueous
LIB; a) charge and discharge curves with intercalation starting & 0s5Li; and b)
differential capacity of the multistage Li insertion process duringatémtuof the
graphite and oxidation of the-Gr intercalation compound.

This Li insertion is ideal for charge storage in a battery active material however it
can cause great difficulties for using graphite as an anode current colléasdithiation

can cause delaminati@amdembrittlemeng® but an increase ialectrical conductivity?°
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These issues can be avoided by using high potential anodes such as LT@r&iO
which operate above 0.25Wé.Li/Li * however this comes at the expense of energy
density®®
For high potential current collector applications anion and solvent intercalation
are potential issueSdvent caintercalation with the cation insertion was observed by
Besenhard in 1976 during his work with alkali metal graphite alloys in amrftoBiace
then other solents including propylene carbonate (PC) and ethylene carbonate (EC) have
been shown to intercalate graphite causing extreme volumetric expansion (>100%) and
subsequergxfoliation.?>3¢ Experiments using graphitaarbon fibers with different
textures have shown that solvent intercalation initiates at the edges of basal planes and
thus can be reduced for highly oriented graphites and byiregtiegraphite flake
thickness?? Work has beedone to design surface films through electrolyte and additive
reduction which form blocking layers to solventiatercalation and are in common use.
Anotherissue with carbon substrates is the poor wetting that is often observed for
pristine carbon suaceswi t h cont act angles with water
freshly cleaved HOPG surfaces P Eisging to
problem isalso observed for <€l terminated carbon surfaces found in CVD produced
carbons* This can make solution based synthesis methods such as infiltration,
electrodeposition, and hydrothernagdficult as well as prevent effective contact with
many electrolytesThe surfae of carbonaceous materials can contain numerous chemical
species which form during the material synthesis process or introduced during post
processing. These surface groups are typically oxygen based and include carboxyl,
carbonyl, lactone, quinone, anbdgmol groupsnd can be found both on the basal plane
of the graphite or on the edge plafeBurther the wetting behavior or highly curved
carbon surfaces found in nanofibers, nanotubes, or porous carbons can be much different

due to increased sample curvature.
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CNT Current Collectors

Carbonnanotubes are a commonly studied carbon allotrope which can be
described by rolling a single atomic layer of graphite into a cyliridiee. graphite it has
many of the same physical properties which make for attractive current collector
materials Comparedo metals the density of CNTs is much lower as even the most dense
vertically aligned CNT arrangements report densities around 1.6*gvititypical
values for CNT notwoven fabrics being 0-2.5 g cn.** These tubes cape single,
double, or multiwalled and range in diameter frorllRONnm. While the resistivity of
single CNTs is very low and even bundles of individual CNTs perform on the order of
10%q c*narge scale composites and fabrics show much lower performaditg (
cm)*® due to the inteparticle contact resistance and porosity which is often observed.

The lithiation process in #se materials proceeds identically to their graphite
counterparthiowever due to the reduced presence of graphite edge sites for Li and
solvent intercalation they exhibit more stable behatfidihis effectis observedor
CNTs with high defect concentrations including acid functionalized, ball milled, and un
annealedCVD grown CNTswhere the.i insertion and extractionan occuthrough the
defects in th&€NT walls?’ Because of thiarge diameteof MWCNTS the volume
expansiorduring lithiation(~6% lattice &pansion from 3.40 to 3.60 Aypically does
not cause fractur® Biggest effect of the Li insertion is a drastic change in the
mechanical properties of the CNTs with a transition from a flexible behaviofailiihe
dominated by sworih-sheath failure modes to a sharp brittle faiftfr€his brittle failure
mode was studied using molecular orbital based modeling and was shown to be due to a
Apofi it c e ofthetikhtents trapmed between the CNT walls which contract
radially upon being axially strained in tensin.

CNT fabrics tend to not realize the full potential mechanical properties when
assembled into newoven fabrics due to the weak bonding between CNTs. This forces

much of the mechanical strength of a fmoadified CNT fabric to be transferred via van
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der Waals bonding between fibers, friction between crossed or entangled tubes if the

aspect ratio and flekility are high enough, and possible branched growth processes
either through Y/ T joins or thr aepgshedinanow
amorphous carbons to join the CNPédditional mechanical bonding can be enhanced

through active material depositiomto the CNT fabricln fact if the active materias

nortconducting ands deposited before CNT fabric formation the electrical conductivity

between the CNTs can be gty decreased due to poor contact between the CNTs

through the deposited active materials.

Onesideeffect of using CNTs as a current collector is the potential contribution
to the double layer capacitance due to the high surface area and electrtoadly ac
surface. This has suggested the use of CNTs as both the current collector and active
material for @a EDLC. Because the surface area of MWCNTSs is much lower than
SWCNTs(~50 nt gt compared to 1300 fgy1)*® more work has been done to try to
synthesizdree standing SWCNT networfsand have achieved modest results 6fl20
F g* and these values have been increased td-20{0by backing the SWCNT films
with cellulosepaper?! These values are still much lowtban that capable for a
pseudcapacitor which suggests a better use of these expensive nanomaterials as a
substrate rather than an active material, though the cycle stability of thedohGle

layer capacitorgends to be much higher than that for pseudocapacitors.

Effects of High &face Area

Much research has shown the importance of current collector surface features on
the performance of the metal current collectors. While the surface chemistry has been
shown to be important for tailoring the electronic transport the surfacerresgis also
an important parameter for electrode adhesion during long term cycling. For high rate
capability ECSDs the internal resistance must be kept as low as possible to prevent

unnecessary heating and electrical polarization during operation-asamtectured

24



electrodes enable high performance by providing a high specific surface area for thin
films of a faradaic active materials for batfeoy capacitor application'$.By allowing
electron access to large areas of thin films mdsewaich suffer from low electronic or
ionic conductivities can be more efficiently utilized. Surface patterning with features on
the order of 310 um helps with electrode adhesion and prevents premature cracking and
delamination of the active materials poviding increased surface area for proper
adhesiort}>2Current collectors have been developddal provide these surface
finishes and use a variety of methods including electrodeposition, resxtie¢ching,
sputtering, and chemical vapor deposittbre

Progress has been made in demonstrating the advantage of these high surface area
current collectors in recent years and a variety of materials have been synthesized using
an equally broad selection of deposition methods. WaikiB current collectos has
shown asix fold improvement in the energy density compared to a planar eledtaode
a doubling of the aremormalized capacitandé.5 F cn) was observed for a MnO
based pseudocapacitdElectrodeposition has also been usegroduce high surface
area Aland Cu current collectoPé:>® Solgel coatings of conductive carbonaceous
materials have been used to increase the rate capability and electrode adhesion of Al foils
for carboncarlon supercapacitor€arbon nanotubes have been widely used as flexible
current collectors and active materials in both battery and capacitor appli@tens

with low surface areas of 50%gt.>3

Separators

For any ECSD to function, ions must be allowed to transport between the anode
and cathode without direct electrical connection and while maintaining proper ionic
contact through well wet electrolytes. These competing goals are met by usimgis por
insulating material and polymers are typically used because they allow good formability

and low costSeparator materials are used to ensure reliable electrical insulation and
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optimal ionic conductivity and must be chemically and electrochemically atiohg

with the materials used. This challenge has been more severe in the case of LIB
compared with supercapacitors as the operating voltages, mechanical stress due to active
material dimension changes, and the safety concerns from possible fire areThgse

issues coupled with an increasimgrket for LIBs has led tanoreinvestmentto develop

high performance separatoi$ie majority of the cost of the separator material is in the
manufacturing methods ntite material cost§, and separator costs can represéi ~

15% of thetotal material costs of a batte?y.

The production of LIB separator materials is commonly done usingrawgt
processs,bothof which use theombination of extrusion and stretching of polyolefin
films. In the dry process the extruded polymer films are heat treated to increase the
crystallinity and crystal size before the membrane is mechanically stretched about 150
250%°8 This stretching causes the crystalline regions to fragtweegionsconnected
with nanosized polymer chainghis typically result in a sliike pore structure as shown
in Figure8a. Not all polymers are easily crystallized however and this makes the dry
process limited in the materials it is compatible with. The wet process involves the
mixing of the polyolefin with a plasticizer or wax patéis which are washed out after the
extruding and biaxial stretching process leaving more spherical Yokésle this allows
a much greater flexibility in the chemical composition of the membranes, there is also a
much higher cost associated with fully removing the wax and plastcizhich can
impact the final cell components if left behird.both cases theorphologycan be

controlled by the stretching ratio, speed, and temperature of the stretching.process
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Figure8. SEM images of typical tiayer LIB separator Celgard 2325 a) surface images,
and b)shows cross sectional image of thddsier structuré®

For LIBs, nonaqueous electrolytemerequiredto prevent reactions with active
materials ad to providehigher operating voltagesd energy densities. Unfortunately
the low ionic conductivity of these neaaqueous electrolytes causes large solution
resistances for a comparable separation distance in an aqueous cell. This has resulted in
effortsto minimizeinternal cell resistance and the minimizatiorseparator thickness for
LIB applicationsis one method to achieve this. Separator film thicknesses of 25 and 16
em are commorkor these LIB applications polyolefins such as polypropylene (PP),
polyethylene (PE), and other polymers such as polyvinylidene fluoride (PVDF) and
polyethylene terephthalate (PET) are typically used due to their chemical stability,
wettabiity, and process ability. Their high tensile strength (>lUBta) allows for rapid
cell assembly using automated high speed winding macHitresrder to achieve tise
goals microporous polymer filn{&igure8) are normally used instead of the rmaven
fabrics commonly used in aqueous systems such as lead acid and alkaline cells.

Due to the sensitivity of LIBs to water ité®@mmon to vacuum dry these
materials at 680 xC, which makes thermal stability importafithermal shrinkagés a
challenge even for highly porous polymer based separators as there is a large difference
in density between the amorphous and crystalline phases of the polyolefin materials

which are commoly used?® This shrinkage should be less than 5% in the transverse or
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manufacturing directions when exposed td@Cor 1h. In addition to temperature
stability for drying purposes, these separators can be exposed to localized heating due to
microshorts caused by either particle puncture or dendrite growth. This localized shorting
can cause runaway heating as the polymer melts and a higher current densi# forms.
Microporous layered RPE-PP composited~gure8b) are used in order to provide a
thermal safety feature by melting at 18and blocking ion transport at that locati8n.
Porosity is typicallyl0%, pore sizes need to be small eno(sghe m) to prevent
penetration by the micron size active material partidiesng assemblgnd to help block
dendrite growth which can lead to microshgrts

Separator ionic resistance must be decoupled from the inherent ionic resistance of
the electrolyte useih order to properly compare perfornte. This can be done by
measuring the resistance of a separator filled with electro¥yte)(and subtracting the
resistance contribution from only the electroly¥ ( determined by an empty cell test).
The ratio of these values is known as the MacMullin number (Y FY )and is
used to characterize the since contribution to the system solely from the separator
with values of 45 being typicaP®*® The ionic resistivityfor a medium power LIB
separatotypically rangedelowl1 kg cmwhich for a typical 2&m separator results in
anarea specific e s i st a n cer.°8dcause2on tBansgort through separators
rarely involves a linear path the concept of tortuosity (T) has been developed which is a
ratio ofthe actual o rpdthslength with the direct distance between electrodes and
typically varies from 1.3 for porosities around 60% and approaches unity for high
porosty sample<® The tortuosity and porosity of a separator are the primary terms used

to describe the separator ionic resistanceb®is:

y
Y Y —=— p (17)

0
where'’Y s the ionic resistance of the separator,is the electrolyte ionic

resistance, T is the tortuousity, and P is the pordBayosity values of separators
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materals are often measured accordingh®TM D2873using solvent absorption using
non-reactive low surface tension solvents such as hexadecane. This measurement can be
done by weighing the sample before and after dipping in the solvent of choice with the
surface excess solvent being removed by blotting. The porosity (P) is then calculated
according to the following,
0 %Z p TUTT (18)

wherevl is the weight of the separator with absorbed solvents the weight of
the pristine separatdr, is the solvent density, amd is the sparator volume.

As energy and power density increases in commerci@r_batteriesa higher
demand for safety has developed with special interest from car manufacturers and airline
operators. Many of these safety issues stem from melting of the pagpemator and
rapid discharge through short circuiting causing thermal runaway events {fines).
incor poration of ceramic particles with high
separator isme approach to addressing this isudditionally, the ceramic particles also
improvethe puncture resistance of these filp800g with a given needl&§with their
high hardness valsg¢husincreasinghe damage tolerance of the battery to outside forces
as well as to penetration by the micron size particles wdoafpose the electrodes.
These films can be created in many waysluding coating the surface of traditional
separators, mixing ceramic particles directly into the wet extrusion process, or applying
the ceramic particles to the electrode surf&&&ork has also been done to produce
ceramic filled nonwoven materials with wet laid PET microfibers being used as a
polymer support upon which ceramiarpicles are applied in a paste and subsequently
dried>’

Al203, SIQ, TIO,, Zr0O,, and MgOparticles have been shown to be suitdbie

use inhigh performance separators and due to their low density, low cost, and good

electrochemical stability ADs and MgO are popular materials fuchstudes®’ By
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incorpom’ting ceramic nanoparticles, tlomic transport propertiesf separator materials
can be increasduly disrupting the crystallization of the polymer, encouraging the
formation of amorphous regions with higher ionic conductivity, and increasing the
wettabilty of the polyolefins with the highly hydrophilic ceramic materfl8Vhile not

all of these materials show electrochemical stability in contact with Li metal in half cell
testing, stable performanaosay be obtainet full cell testing using graphite anode
materials particularly withanadditional polymer layer on the graphite sidkis has led

to the development ofbenmercial ceramip ar t 1 ¢ | e sséparata@sby @inpanjes g
includingCelgard,Targray, Dreamweaver, DuPotony, LG Cherntal, Evonik

Degussa, Hitachi Maxelhmong other8’ Another advantage to using the ceramic
separators is their ability to scavenge the trace hydrofluoric acids which form due to the
reaction of the lithium salt (LiRfrwith residual waterus increasing the battery

stability >®

SecondaryBatteries

Batteries offer the largest energy storage capacity of all of the electrochemical
storage devicesvhich normally comes at the expense of lower charge and discharge
rates compiged with capacitors. This tradff is due to the faradaic charge storage
mechanism and hence are limited by the diffusion time of the redox species through
either liquid or solid statdBatteries can be classified into primary battenésch are
used once and discarded or recychattl secondary batterieghich can be recharged
and used multiple times. In recent years large growth in secondary battery research has
occurred driven byhe development of secondary Li&chnologywhich operates at high
discharge voltage of 3V vs.Li andshowsgreatly improved energy densit00 Wh/kg
compared to 30 Wh/kg for lead acid, or 70 Wh/kg for nickel metal hydride batferies)
This has increased secondary battery usage in a larggywof devicesincluding mobile

electronics, electric vehicles, robots, renewable energy storage solutions. Other types of
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future applications for LIB include microcell batteries, flexible batteries, and structural
batteries. The synthesis methods,enat composition, and manufacturing methods for
these new battery formaasevery different from currently used methods.

Unlike generafaradaic reactionghe simple assignment of anode/cathode based
on oxidation/reduction occurring at the electroda be confusing for the reversible
reaction typical of rechargeable/secondary batteries. This confusion becarsse
reduction and oxidation reactions occur at both electrodes of the battery depending on the
charging or discharginstate of the batteryor this reasorthe electrodeare labeled
according to the spontaneity of their reactidischarge staterathode being the positive

(+) electrode and the anode being the negat)veléctrodeas shown irFigure9.

—
e
discharge
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charge

cathode L,

anode

Figure9. Configuration of secondary{ion battery (LIB) composed of catho@e and
anode(-). The electron anti* flow directions are indicated during charging and
discharging.

The capacity of a LIB is governed by homuchLi can be reversibly transferred
between the anode and cathode. Because the charge transfer is done hyriatenels
which can store large amounts of Li reversibly while maintaining useful potential

differences are ideal for these applicationscémmercially available LIBs, graphigéad
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metal oxides such as (Spé@nd LiTiOs) are usually used as the anode matéraaisl
LiCoO, LiFePQ, LiNiCoAIO2, LiNiMnCoQ,, and LiMnOs as the cathode matesaf
These materials operate as intercalation materials which carlListores between the
crystalline planes without undergoing significant crystaiaphicrestructuringas shown
in Figure6d. While these materials have high cycle stab{fty00 cyclesdue to the
smalldegree ofaitomic reordering which occurs, they also have smaller theoretical
capacitieg~120-200 mAh/g)compared to other storageechanismsuch as conversion

materialsas shown irFigure10a-c.’
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Figure10. Comparison of intercalation and conversion materials with typical constant
current discharge curves for a variety of a) intercalation cathodes, b) conversion cathodes.
c) Typically obsered experimental capacities for intercalation and conversion cathode

and anodes. d) Intercalation of Li into LCO cathode. e) Conversion efcB&fode’.

Of the intercalation anode materials, carbasddl materials are the most attractive due to
their low cost, high stability, and electrical conductivity and have been used the most for

both commercial and military lithium ion batteries.
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Ol @ P U (19
One approach to increasing the capacity of a battery invosreg higher

capacity active materigle/hich includeconversiortype reactions instead of

intercalationtype reactionsA conversion cathode or anode is defined as a material

which undergoes significant crystallographic reorientation upon solid state redox reaction

often with the nucleation and growth of additional phases and sharp accompanying

volumetric changes which céreanywhere betwee?% to400%. These conversion

reactions can further be grouped into twoetyfA and B) as described beldw,

Type AGD DO P O &y e (20)

Type B:w 0 "QoP 0'Qw (1)

Examples of Type A conversion materials under current investigation include metal
fluorides and chloride cathodes (MZXndMX 3 where M= Fe, Co, Cu and X=F, CI)

cathodes and metal oxide anodes such as,3@D. Similarly, commonly studied Type

B conversion materials include Chalcogen cathodes (S, Se) and alloy anode materials (Al,

Sn, Si)®

Values Element Colors

T Gravimetric Capacity Il Type B Conversion Anodes = -
-1 Ne
Ll (mAhg-) I Type B Conversion Cathodes 372
— Vol tric C t e T
'olumetric Capacity Commonly used Transition =
Mg (mAhcm3) I Metals for Intercalation Al Si P S Cl
195 Electrodes 993 | 3579 | 2596 | 1675
322 1383 | 2190 | 2266 | 1935
Br

K Ca | Sc Ti \'J Zn | Ga | Ge | As
410 | 769 | 1384 | 1073 335
1511 1911 2180 2057
Sr Y Zr Tc ‘ Cd In Sn | Sb |
238 | 1012 | 960 | es0
¢ 1159 | 1980 | 1991 | 1889
Cs Hf [ Ta | W T | Pb |PBI
510 550
: i 1906

Figurell Capacity for commonly used elements in secondary LIBs. Elements which are
fadedindicate relative abundance in the edrth

Due to the variety of chemicals necessary to battery operation and the delicate

interplay between the thermodynamic instability of these systems andhétie keaction
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pathways it is unsurprising that batteries may undergo a variety of degradation
mechanisms as shownkigurel12. In fact, carbon is unstable in most common
electrolytes causing electrolyte reductenmd a surface film to form called the solid
electrolyte interphase (SEI). This surface layer remains impermeable to additional
electrolyte solvents while maintaining Li ion conductivity and it is the careful formation

of this SEI layer that has allowedetpopularization of graphite as a LIB anode.

Graphite exfoliation, cracking
(gas formation, solvent co-intercalation)

, j '-') “0©
= / Electrolyte decomposition
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Figure12 Possible aging mechanisntgize anode/electrolyte surfate
Electrochemical Capacitors
Electrochemical capacitofalso called supercapacitorgarly bridge the existing
gap in performance between secondary batteries and traditional capassbisvn in a
Ragone plotkigure2),by o ering moder ate enéaMieny and pc
supercapacitorare designed toseelectrostatic charge separatiagthe primary energy
storage mechanism the form of the double laygthey are called electrochemical
double layer capacito(&EDLCs).Electrochemical apacitors that have a high degree of
faradaic capacitance contribution are called pseudocapatitoveverunlike a battery
the faradaic reactionsarey pi cal | 'y | oc al i z eThese mapidisirface mat er

localizedfaradaic reactionsften result from oxidation state changes in the surface
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functional groups, transition metals, or electrochemically active polytmegentrast to
batteries, supercapacitors addi tG5@d&al |y o
cycles)anda broagr operationtemperaturé-40 to60 C).2 The cycle stability of
pseudocapacitotypically falls betweenEDLC and a battgras the redox reactions

tend to allow for side reactions in comparisorelectrostatic charge storage however the

pseudocapacitor typically forms redox reactions at the surface.

Electrochemical Double Layer Capacitors

Due to the small charge separation distance allowed by the electrochemical
double layerthe energy storeh an EDLCcan be much highe¢han a solid state
dielectric capacitorThe limiting factor to the energy stored in these devices is the
ionically accessible surface aré%§ ©) and the voltage stability window of the
electrolyte ¥ ) of choice TY® Y& ). In order to maximize the energy stored
the maximum operating voltage of the EDL2Y ) should ideally be equal to
Yo with higher potentials leading &ectrochemicatlecompositionof the

electolytes gas evolutionandpossiblecell rupture
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Figurel3. Representative energy diagram for an ideal EDLC showing the applied
potential as a function of device charge/discharge in relationship stethiéty
window &3

While these devices suggest higher performance at ever increpsitiic
surface areaSSA), this is not strictly observed in practiegth a plateau of performance
around 1206B000m? g1.83 Increasing the surface area by creating smafersmaller
pores is effective until the ionic resistance dumtturous ion pathscreasesorthe
access of electrolyter volumetric density is reducedhe pore shape and average pore
size has also been shown to have large effects on the coommibfithe surface area to
the measured capacity of the &IAn anomalous increase in EDLC capacitance for
poreswith diameters<l nmwas observedue tothedisturbance of the solvation shell
around the ions present in the double layer in these Pofes.a carbon supercapacitor
the charging time can be reduced by three orders of magnitude by changing the pores

within individual porous carbon particles from tortuous to strefight.

Pseudocapacitors

While EDLCs have captured a majority of the electrochemical capacitor market

pseudocapacitors have heggrowing ata substantialatewith adoption primarily in
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high capac#inceapplicationsThe definition of a pseudocapacitor has been loosely used
in the literatureo indicate any material which produces the electrochemical signature of
a double layer electrode (constant capacdaner different voltage ranges, rectangular
cyclic voltammetry, current decay upon voltage hold, etc.) but which uses a charge
storage mechanism based on a faradaic rea&imere are many different mechanisms
for pseudocapacitive contributions with the three most common including underpotential
deposition, redox reaction, and intercalafiéfypical pseudocapacitance materials can
be classified as inorganic (VOx, RpInOy) or polymeric (polyaniline (PANI),
polypyrrole (PPy)polythiophengPTh),and wlyethylenedioxythiophenPEDOT)*68
and will be covered in more detail in this sectiddditional classifications of
pseudocapacitance include intrinsic pseudocapacitance where the material shows the
electrochemical response in its biitkm, or extrinsic pseudocapacitance where material
engineering (increasing the surface area or reducing the diffusion distance) induces
pseudocapacitandeehavior in an otherwise faradaic matefal

Conwayexplains the similarity between pseudocapacitance and EDLC behavior
by including the thermodynamics of a system with continually varying density of states.
He defineda propertyy which can be many thermodynamically related parameters
including theextent of surface coverage of an electrode, fractional absorption of H
extent of conversion of oxidized species in solution or in a hydréddeof these terms
areproportional to the charge pasdbdugh a surface based redox reaction aad a
relaedit to the electrode potential through a Langmype electrosorption isotherrBy

taking the derivativef this propertywith respect to electrode potential (Mg following

is attained®
5RO
Qw © i s (22)
Qw Y'Y . w0
p L Qwﬂ,—uY

whereK is the reaction rate constant which can be different in the forward or

backward reactioand impacts the capacitance upon charge or disghandd~, R, and T

37



have their traditional electrochemical definitioBecausey is proportional to charge),
'Q @Q cis proportional to capacitan€® OfQ ¢ A typical pseudocapacitor behavior
during cyclic voltammetry testing is demonstrated far MnQ system aseen inFigure
14 and is a wellstudied pseudocapacitor material where the continuous vayiabthe

fractional hydration of the metal oxide

1

Mn(m)(

W)an(w)W_(W)OOCXHy > Mn()0, + xC* + yH* + (x+y)e-

Normalized current (per g)
o
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Figurel4. Typical cyclic voltammetryperformance of a pseudocapaatmaterial
(MnO2in 0.1 M K2SQy) showing the continuous potential range of redox reactténs.

Inorganic Pseudocapacitors

The RuQ system has been strongly studied due todhedlectronic resistivity
( 40 efoy butkfiilms),®® which allows for thicker film dimensions and more efficient
material utilization in an electrode composite. Commonly reported peafore
capacitace values range from 600 Fg' and an electrode energy density26 Wh
kg1.’® This advantage is limited however by the high pricerarity of ruthenium itself
($1,350kg in 2016). While this electrochemical response is often attributed to multiple
overlapping redox peaks which is observed in the ruthenium oxide)Ry€dem the
same behavior is also observed in other metal oxideskige systems as well as
conductive polymer applications. This discrepancy can be explained by a continuous
change in the electrode materials chemical activity during operation which occurs over a

large compositional range. For RutBis process can be stzibed as,
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Y& @O P Y® 0O (29

wherert @ ¢ and the oxidation state smoothly changes frorff RuRu*" .18

Other lowcost transition metal systems have been studied both in aqueous
systemsawhich are limited to V electrolyte stability windowand inorganic systemith
much broader stability windows allowing for activation of different redox reactidns
increase in gltage window is especially useful for supercapaafplicationsas the
energy storage increasasqV?. Additionally the larger voltage stability windows in
inorganicsolvents can allow the activation of redox couples in more abundant materials
or activate multiple redox reactions in the same material thus increasing the charge
storage and capacitance achievatManganese oxide (Mng§phas been studied as a low
cost pseudocapacitor material to replace Ru@vever the high resistivity (ranging from
10°-10'q cm dependi ng ‘damly dlldws forchangesstagelinlaithmi t y )
layer on the surface even though it is considered an intrinsic pseudocapacitor faterial.
This has led to these of ultrathin flms and material engineering to increase the
capacitance instead of traditional slurry based electrodes. This method has allowed an
increase of capacitance from ~250Ffgr thick film to >1000F g* which approaches
the theoretical vale of 1233 g for a one electron transfar the MnQ systenf”’*

MnO:; charge storage mechanism is different than theoRa€e even though they
both operate in agueous environments. While Ro@lves the hydration of its crystal

structure MnQis an intercalation type material whioperates as follow,

b0 d QP 60U (24)
where M=Mn and A is an alkali metal cation, typically Li or Na. Typically this redox
reaction involves only the transition between theé'\dmd Mr#* states. Unfortunately the
Mn3* species that is formed decomposes in acidic or even neutral conditions which limits

the electrolytes which can be used as well as the cycle stability and device lifetime.
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Vanadium oxide (V&) has attracted intereas an active pseudocapacitive
material due its wide availabilitjow cost (~$12 kd), and the large potential window
for oxidatiorireduction reactions to occ(.5-3.5 Vvs.Li/Li *).”*# In order to make use
of this large potential window inorganic electrolytes are typically used which allow
activation of the ¥ to V°* oxidation states. Siilarly to MnO,, VOx uses intercalation as
its charge storage mechanism in the same for(@%&svith M=V and A=Li or Naand
AyV20s materials are known as vanadium bronx&3, has been shown to be an
extrinsic psadocapacitor where nanostructuring efforts or amorphous materials are
required to achieve pseudocapacitance beh&vBulk VOx compounds show multiple
well defined voltage plateaus which have provided much interest for use in LIB cathode
materials as wef?®

The highest oxide containing \i@hasés V20s (VOx, x=2.5) with the -M3O0s
phase having the highest theoretical capacity of thefa@ily which can contain tlee
Li* ions and reaches a rock salt (NaCl) structure upon complete lithiatiogVeDei*®
V205 forms a series of phases as lithiation progregses g, u, o9, ¥) with
transition from t,hebViOgiothe rdk salt stryceie(e-d ¥ o x i d e (
V20s) occurring® This NaCl struture is not suitable for pseudocapacitor applications as
the lack of weHldefined conduction pathways for the Li ions decreases teapability
and provide large overpotentials upon delithiation.

The electronic conductivity of these materials are sometimes an issue and an
increasingn oxygen deficiency during depositidras achieved resistivity values30
mqgq c¢ m f doweverdhe stable Vi(phase at this composition has a NaCl crystal
structure which is not conducive to'libn intercalatiorf'82 Other @tempts to overcome
the highresistivity have included the nanostructuring of;\M@aterialsto form
nanowires, aerogels, and nanotubewever the resistivity of these materisdsnains
great er t.A%Forth@ esearch hias produced thin films of\d@to high

surface area conductigarbonsgncluding carbide derived carbo(k20 F ¢"),8* CNTs
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(300 F @"),” andcarbonaerogels(2000F g*).8% Unfortunately like Mn, even trace

amounts of acid have been shown to reduce the cycle life of VOx based pseudocapacitors
due to vanadium dissolutidf Efforts to reduce this dissolution include the addition of

gel polymer electrolytes and providing electrolyte additives witaoi passivating

surface films however cycle life is still a concern for these material systems.

Organic Pseudocapacitors

Organic pseudocapacitor materiabs/e been researched extensively due to the
low materials and manufacturing costs compared witrgardc optionsThese organic
options are typically composed of c-onduct.
conjugated bonds in the polymer backbone which allow easier electron transport through
t h eslectron mobility.This allows for the combination of chemicaldamechanical
properties of polymers with the electronic properties of metals or@@miiuctors with a
wide variety of resistivities availabl@0®to 10°q ¢ 3#9®’These materials can be
classified by the ggsence of different necarbon heteroatoms in the backbone with the
most popular being nitrogen and sulfur containing as well as the type of double bonds
present including aromatic and linear bontdse chemical structure of a selection of
these polymersan be seen iRigure15 such agpolyacetylene (PA)yolyaniline (PANI),
polypyrrole (PPy), and polythiopherfPTH. Conductive polymers have become of high
interest due to their chemical stability, corrosion tasise, low cost, and charge storage
mechanisms due to reversible redox coupteadditionto their electrochemical activity
these polymers can be chemically oxidized reducednd are frequently doped in order

to increase the electrical conductivity.
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(¥ = 0.3) and pernigraniline (y = 0) base forms

Figurel5. Chemical structures of selection of most popular conductive polymer species
showing the linear and aromatic and S, N and heteroatom free vétieties

Polyaniline is a nitrogen substituted cyclic conductive polymer which has been
extersively studied due to its optical response, chemical stability, ease of formation, wide
range of resistivity, low monomer costs, multiple oxidation states, and redox reversibility.
Additionally the ability to both chemically or electrochemically polymetiie material
under a wide array of ambient conditions provides a variety of synthesis methods for
device creatiof® While Figure 15 shows the polymers as one molecule, they all undergo
a series of partial oxationsteps each afhich induces a deprotonation. For PAlte
deprotonation occurs at the nitrogen containing group and the degree of oxidation is
determined by the fraction of polymer which is oxidizgdwhich subsequently leaves a
fraction {/-1) unaxidized or in the reduced staféhe fully protonated form is called the
leucoemeraldine form which has all nitrogen groupsNts- (y=1) and progresses
coninuously to the pernigralme form which has all nitrogen groups dehydrated leaving
T NH= groups ¥=0) as shown irFigure16. As the degree of conjugation changes during
this process the electrical conductivity also changes witheh@granilineform showing

high resistivity which often results in electricablation and capacitance loss during
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excessive oxidation. This limits the operatioptthat can be usedith the intermediate
emeraldine formy=0.5) being commonly used due to its rswiubility and good
electrical conductivity

Conductivity in PANI isalso dependent on the incorporation of aniasch are
electrostatically attracted to the nitrogen groups with the anion free polyaniline form
called bases and the anion containing form called salts. Anions are typically added
through a doping process bgdition of acids such as HCI,8Qs, HNG3, etc. and they
can be removed by edoping typically through the use of a base such asdsishown in
Figure16.2 The size of these anions were found to have an impact on the polymer
structure with small ions such as GiGand BR shoving a more compact structure
during deposition. PANI can exhibit mechanical stresses due to the shrinking and
swellingfrom anion incorporatiomuring the redox cycling of the polymer which can
cause degradatidii The emeraldine salt form is the moshductive of all polyaniline
forms due to the formation of unpaired electrons at the nitrogen atoms in conjunction
with cations. These cation electron pairs belespolarons and allow increased
conductivity by their increased mobility through the polytackboneé® These polarons
tend to move in pairs called bipolarons and requirearoan associated nitrogen greup
to propagate thus explaining the low conductivity of the fully doped form of

pernigraniline®®
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Figurel6. Different re&tion pathways for the redox reactions of polyaniline and
polyaniline salts and the corresponding optical colors of the different f§rms.

2.3 Characterization Methods

X-Ray Diffraction

X-rays have been used for many years to study the crystal stratsokds due
to the wavelength of the light having similangth scaleasthe interatomic distances
commonlyseen ircrystallinesolids.Because light can be explained as a wave property
and Xrays interact strongly with the charged electron cloutiénatom causing
scattering, the diffraction equations for constructive and destructive wave interactions can
be applied to Xays.The wavelength of electromagnetic radiation is related to the energy
of the wave through the plafile Broglie relationship. Xrays are typically generated by
electron bombardment of a high Z transition metedetwith good thermal stability such

as Cu or MoThese electron collisions generate a continuous range of white spectrum
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radiation called continuous background whichuwsdrom the deceleration of the

electrons in the material. In addition to this broad spectrum radiation there is also a
characteristic radiation which has sharp spikes at wavelengths corresponding to the core
energy levels of the material being bombardedhown irFigurel7. When an electron

reverts to a lower energy state this causes the emission of a phthtéhe same energy

as thedifference in the electron energylevdlshi s i s typi cadoty 1.54
0.709 | iXeray soMroe§’Kiliers and monochrometers are often used to

remove the unwantedavelength oX-ray radiation and prevent multiple diffraction

peaks from the same crystal plane.
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Figurel?. X-ray emission of a molybdenum target as a functiogiexdtron
bombardment at a variety of accelerating voltages fre2 I8v.8°

A crystal latticeis amathematical relationshiphich describes a repeating,
volume filling pattern in spacé hese relationships can be defined with three vectors
which describe the repeated translations requiredrtergee the entire lattice and are
typically described by three magnitudes (a, b, and c) with angles between tHém of b ,

a n d Bragpp.kaw wasdeveloped in 1918 describe the path of a wave capable of
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constructive/destructive interference-(Xys) through a set of periodically arranged
scattering centers (the atoms in a crystal) and is seen below,
¢ _ cQ OEL (29

where¢ _is an integer multiple of the wavelength of liget is thedistance

i
between the diffracting objects (crystal planes in the case of crystallography)sand

half the angle between the diffted and transmitted beaBecause the wavelength of
X-rays are similar to the atomic distances common in crystalline materials the interplanar
distance of crystalline materials can be measured by the geometry of the system during
active diffraction Becase the values fdR  are fixed by the possible lattice positions
for a certain crystal they can be useddentify crystallingphase by scanningl f o r
observableX-ray intensitiesand correlatingliffracted intensitiesn a databaser

predicted via crystal symmaetrFor large volura powder diffraction experiments the

BraggBr ent ano @Q@édomesr pf ¢ éinFigueldd as shown

Figure18. BraggBrentano geometry for a typical XRD experimeuiith the X-ray tube
(T), crystal (C) located at the origin (O), diffracting towards the detectdt®(D).

In additionto thed i f f r athe pdakwgdthds of interest for XRD analysis as
this can be an indication of crystals of the same lattice type having slight variatiens in d
spacimg. Thesevariatons esul t i n a broadening in the
periodicdislocations induced by a strained lattfo@crostrain - ), and crystal structure

relaxation due tparticle size reduction. Scherrer first modeled the effect of the ditgstal
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size and Williamso+Hall improved upon this model by including the effedts o

microstrain®®

. 0 f s
5 bt o7 -OEF (26)
whered is the sample broadening measured from the full width of the peak

of interest measured at half the total intensity in radian, K is a particle shigreafad is
normally 0.9 for spherical particles, af is the crystallite particle size estimated by the
diffraction planes of interest. This solution leads to a treatment which includes multiple
diffraction line analysis and by the application dingar regression to the plot of

o) z () ¢ +—vs.O E4-the intercept can provide the average crystallite size and the
slope, the microstraif?.

In the syithesis of crystalline nanomaterials it is often difficult to produce large
enough volumes of material to avoidrXy penetration to the substrate when measured
using t r2adige oomeatlr ide s .low @absdarpsiorof Xsraydoy e t o t he
materials, wih this problem being exacerbated upon analysis of low Z materials common
in LIB such as C, Al, Si, Li, andxides thereof with penetration depths on the order of
100em being typicalln order to reduce the information depth of the measureayX a
technque called grazing incidence XRD (GIXRD) is performed where the incident angle
(U) is chosen to be small (>5 ) and const a
shown inFigure19.°t The penetration deptt ¢ ) is defined as the depth at which the X
rays lose #=63% of their original intensity. For GIXRD this penetration depth is

calculatedas,

OFI
t, = (27)
where’ is the linear attenuation coefficient and depends on the radiation used, the Z of
the elements in theample, and the density of the sample. These values danrutin

reference tableand for composites or mixtures of materials accurate estimates can be

calculated. For calculation of the mass absorption coefficient of a compound) a
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weighteal average of the individual mass absorption coefficients can be used with the

coefficient for air being used for porous samples,

_ (28)

whereU is the weight fraton of material in the compound containingtotal

materials.

loexp(-pi)
Iy

aP,
________ d

tI z] Ndz

Figurel9. Schematic representation of the absorption effect for a thin film or information
depth from angle resoved GARD. Thi s simpl i f2degebmet hg
when 20=d.

20 — o

Electron Microscopy

Electron microscopy has long been a primary tool for investigating nanomaterial
synthesis and behavior due to the wavelength ofreles allowing imaging below the
resolution of light combined with their ease of manipulation through magnetic lenses and
generation methodS&canning electron microscoffeEM) and transmission electron
microscope¢TEM) usea magnetically focused electrbram rastered across a material
in order to image either the elastically scattered (backscattered) electrons or the
secondary electrons which are generatiél the primary beam collisioriF{gure20).

Electrons ca be generated by many different techniques ranging from cold field
emission, thermal field emission, and thermionic emission with cold field emission being
primarily used due to its higher beam intensity, smaller probe size, and operational

stability.>® The first TEM was constructed in the 1930%l as the nameiggests the
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electrons used pass through the sample requiring careful sample preparation in order to

thin the material and prevent total absorption of the electfons.
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Figure20. Comparison of the SEM and the TER.

Because both light and electrorehlave as waves, it is not possible to focus them
into a perfect dot. Instead concentric rings of constructive and destructive interference
occur which prevents resolution between two points which are two wavelengths apart.

This was first realized byrBstAbbe and the maximum resolution in a perfect

optical/ electron imaging system is describ
T P_C (29)
teOEI

whereQis the maximum resolution (minimum distance which two objeatsea

distinguished)__ is the wavelength of the probing wave (light or electromagnétis),
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the index of refraction for the medium through which the wave must travel, enithe
half angle of the aperture. As shown hassuming typical experimemtzonditions in a
SEM with¢  p for a perfect vacuum and a highly collimated electron so@de
| . Because_is related to the electron energy through the De Broglie relation which for
an electron with nomelativistic speeds suggest§ V'O 7 and that the maximum
resolving power for a typical SEM increases as the electron energy incigases.
principle explains the increased sa@nometer resolution possible with 2800 keV
TEMs compared to the-30 keV SEM.

Another analysis method fregutly used in conjunction witblectron microscopy
techniquesnakes use of the characteristiaays which are generated througergy
level transitionsn the core shell electrorgenerated by the primary electron bedimis
occurs when the primary elesh beam causes the ejection of an inner core shell electron
upon which an electron from an outer shell (typically the K, L, or M shells) transitions to
fill this vacancy emitting an Xay in the process. ThisXay 6s ener gy i s dir
to the engyy difference of the electron orbitals involvechdEgy dispersive Xay
spectroscopy (EDS3 performed byanalyzing the energy of these characteristi@ys
and comparing the intensity to calibrated standards the atomic compos$i@ianaterial
can bedeterminedBecause the characterisderays require a minimum energy of
incoming electrons to excite the core shell electrons, EDS analysis refairdse
primaryelectron beanhave an energy aypically 2-3 timesthe core shell transition
energy’® Another complicating effect is the increasing electron bid@naction volume
which occurs at higher operating voltages and the absorption of low eneeyg X
produced at a deeper location inside the material of inter@steffect can be used to
determine the approximate depth of certain layers in well deedrsample geometries
with MonteCarlo simulation software such @ASINO or DTSA-II being freely

available to assist in these calculations.
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Constant Current Charge Discharge

Constant current charge discharge tests are the most basic electrochemical test
and are performed on battery materaatsl supercapacitoes they represent a good
approximation to the performanceh#éved during device operatiofhe current and
voltage profilevs.time for a typical batterguring charge discharge testingsisown
below inFigure2la. By integrating the current with respect to time to obtain charge
(Q=It for constant current experimentbgt/oltagevs.chargeprofile can be createak
shown inFigure21b. This type of plot shows clearly the electrochemical potential of the
primary energy storage mechanisf@s), the irreversible capacity lossesqd)
occurred during electrochemical cycling, and the electrode polarizatip¥hich occurs
due to norequilibrium concentration variations as well as other mass transfer related
componentsThis voltagevs.capacity plot is also used to calculate the energy density
(Y _ '0'QYof the cell.

In order to allow accurate comparison between cells of different sizes, specific
current (Qis often used (A/g and A/cin The total current (I) can also be represdrity
the Grate which ighe time it takes (h) to charge or discharge a given capacity rated

battery 6 ) at that current.
0 p (30)

For examplea 1C rate means that the dischargeenirwill discharge the entire
battery in 1h and similarly a 0.5C rate suggeststacharge/discharg&igure21c shows
arate capability studywhere multiple chargdischarge cycles are analyzed for cell
capady and plottedss cycle numberFurther insight into the rate capability of the cells
can be gained byerforming multiple cycles at a variety ofr@tes as shown iRigure
21c. In this particular example a cycteability test can also be performed by looking at
the slope of the capacitg.cycle curve (fading rate) during tihepeated.5C rate

cyclingto determine the percent degradation per cycle
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Figure21. Typical I cycle of a constant current chardischarge experiment performed
on a LFP-graphite based lithium ion battery, a) the current and voltage pvsfiliene, b)
the same cycle presented as voltegispecific capacity, c) the same battery mater

tested for multiple cycles and at different constant current values denoted byattes C
0.1-5C.

Cyclic Voltammetry

Cyclic voltammetry (CV) is used to study the fundamentals of electrochemical
reactions by determining the reaction potential. Thihrigue utilizes a potentiostat to

apply a norconstant voltage waveform, which is described by
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0 0 0o (39
WhereOis the applied potential [V is the initial starting potential [V]) is

the scan rate [mV/s], artds the experiment time in [sPnce the final potential is

reached, the linear sweepreversed by changing the sign of the scan rate. Multiple

cycles may be repeated to study electrochemical stability or establish reproducible

results. Potential scan windows depend on the electrolyte and magkraitechemical

stability window withaqeous electrolyte based experiments ranging #@#0.8V vs.

SHE and organic electrolytes in LIB systems ranging fre\VOvs.Li/Li*. Scan rates

also vary based on the mechanism of interest with liquid state redox reactions occurring

much faster than anysolid state Li diffusiofintercalation processesd a large range of

scan rates may be needed to fully characterize a new system with rates as high as 2000

mV st for fast reactions. Slow electrochemical reactions in solids may be studied with

scan rées around £V s however for liquid analysis care must be taken that natural

convection does not interfere the double layer composition during the measurement

A potential waveform generated from this method using a 10 mV/s scan and a
scan window from0.75V to 0.75V is shown inFigure22a . T h eshafiedd fieatuke
of this figure is characteristic of a reversible faradaic reaction where the current is low
below the voltage required to initiate the faradaic reaction efast. By increasing the
over potential past this point the reaction rate increases rapidly and the resulting current
increases to a maximum called the peak current. Further increase in voltage consumes all
of the available reactants and the reaction besotoncentration limited by the rate of
diffusion of new species through the surface boundary layer leading to a decline in
current. This process is then repeated in the opposite direction during the reverse sweep

producing a symmetric plot for a reverslskeaction.
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Figure22. Examples of typical cyclic voltametry experiments demonstrating a) the
voltagevs.time profile of an experiment using a scan rate oinlMJs and a voltage

window of £0.75V. The esulting currents.voltage profile of a symetric cell showing,

b) reversible faradaic reaction, and c) the electrostatic energy storage commonly observed
in capacitor materials.

When the potential applied provides enough free energy for a faradaic/redox
reaction such as described (@) or (2) to occur, the concentration of reactants and
products changes as a function of tilme1964Nicholson and Shaiderived the reld@on
between current with respect to potential during CV experiments\ariety of
electrachemical reactions, including reversible, irreversible redox reactions, and coupled
chemical reaction® The two most studied for batteaynd pseudocapacitogsearch are

the reversible reactiof82) and the irrevesible reactior(33). The reversible case
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required for the charge storage mechanism in a high cycle stability battery and
irreversible reactions for battery degradation mechanisms.
Dw €Q f YQQ (32
6w £Q°YQQ (33)
The current voltage relationship are shown below for reveré§bleand

irreversible currentf) |

. . “0v ) (39)
Q e "O7 006 ...000
VY
. .. 1 OO0 | (39)
Q £"07 06 L0
Y'Y

with n being the number of electrons transferred per electrochemical equivalent,
A being the electraglsurface are@ andO being the bulk concentration and diffusion
coefficient of the Ox species,being the scan raturingCV,| being the anodic
charge transfer coefficient, andé 6and...& dbeing unitless, tabulated valughich
can be looked up in the literatuté®®

In the absece of a faradaic reaction, which is the case for EDLCs, the system is
modeled as a resistor and capacitor in parallel (RC cimudt}the typical current voltage
response is shown Figure22c. Based on this motlehe current response is calculated
by adding the charges.voltage response of the capacitgr (6 ‘O) and resistor@

Y 'Qi¥Q 0). The assumption that g=0 at t=0 coupled with this model yields:

Q v6 06 QT (36)
Where | is the current (A)) is the scan rate (V/s), aigd and'Y are the
capacitance and resistance of the equivalent circuit model. Wheagheitor reaches

steady statduring the CV experiment (t>>@nd"Q 00 . Thisprovides a simple

method of determining the capacitance of a-favsadaicECSDandworks well for an

ideal electrochemical double layeapacitor.
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For nonideal capacitorsr pseudocapacitar6 maychange as a function of
applied voltage. This is the case with pore or ion size effects or for capacitors which have
faradaic componentfn order to provide a reproducible measurement of capacitance for
these systemsaaverage current@®for one cycle is used to calculate an agervalue of

0 from the CV experiment.

. Pp.e pr QCR@ OQow (37)
(0] ‘—6 - S S
0 D CW W

CV tests are performed in a symmetric cell configuratidmere the anode and
cathode are composed of the same electrode with the same mass and the same anodic and
cathodic capacitance. Additionally, normalization by mass is dormadog accurate
comparison to other systems. Then using the mass of one electrodé {0 provide the
specific capacityields
p- OQuw OQw (39)
0« ®w
To study the mass transfer effects on energy storage in supercapacitors, the

&

averae capacitance is plotted as a function of scan rate over several orders of magnitude.

Electrochemical Impedance Spectroscopy

Electrochemical impedance spectroscopy (EIS) is an electrochemical analysis
method which utilizes small sinusoidal signals faradysis.Previously described
electrochemical analysis methods make use of large perturbations of the cell which result
in a wide range of applied/resulting voltag¢S avoids these large voltage changes in the
system byapplying an alterrtang voltage ofsmall magnitudeThis has some advantages
as the experimed response is steady over time thus allowing-pigitision
measurements and averaging. Additionally knowledge of the cell response over a wide

overpotential range is not necessary for extractiagyuseful cell performance
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parameters such as solution resistaBceh an AC voltage signal () can be expressed

as followsin equation(39) and is illustrated ifrigure23,
a) b) A
\'/ [+dI

P

\

AT\ /\ i
/¢ \/ \/ B

Phase-shift E+dE

mYy

Figure23. The current response to an applied AC voltage signal of freqfianclythe
resulting phase shift referenced to the voltage signal used in EIS experiments a) with
respect to time, and b) with respect to agplieltage®’

bo GOBIO 00 (39)
wherew is the voltage amplitude (typically @V ) , t isthe radialme , ¥

frequencywhich is related to the AC frequentg s  ¥,=ar®d j i$ the imaginary number

W pThis expression is often written in the
for complex analysisSimilar relationships for the current response, I(t), can be expressed

including a phase shift componef#) (o account for different system behaviors,

‘D 00ETO % OQ (40)

The mpedancéZ) of alinear electrical systens analogous to the complex
statement of Ohmés Law afN@Utotthas shows below.por t ed

w o o -
% ®Q W A% Q B w @

Wherew is the real component of impedance also known as resistance amthe

(41)

w7z

imaginary component of impedance also known as reactance. The form of e{@jtion
suggets the two common methods of presenting impedance data with the Nyquist plot

(& vs.®) and the Bode plot (logd vs.log( )).
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EIS applies a sinusoidal voltage waveform and measures the current response
over a range of frequenciddecausg the different electrical responses occur at different
frequencies (dipole interactions at high frequency, bulk properties at intermediate
frequencies, and surface andssi@ransport properties at low frequendésje frequency
response of a system can provide information on all of these aspects in one experiment.
This allows for the study of the total impedarof the cell andy developing model
equivalent circuitsa better understanding of the electrochemical responses can be
developedBy comparing the magnitude of the response and the phase shift of the
resulting currentthe electrical response of an §0 can be masured and values of
resistance andapacitancean be obtained.

As in many fields of science there are many approaches to interpreting collected
EIS data and attempts to develop accurate models to peggetimentabehavior have
been fregant. The mathematical basis for analyzing the results of EIS were first
developed by Heaviside between 1880which Dolin and Ershléf and Randle$
used to developquivalentelectrical circuit EEC)analysismethodsThe most basic of
these models includes a resistor and capacitor in s€ige€24a) which can be used to
describe a planar electrochemical double layer capacitor with rdafar@actios
(pseudocapacitance) and no mass transport limitatidrtss includes the solution
resistance (B and the double layer capacitancq)(@nd leads to an impedance

described by,

P 42
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Ree  Zw

Figure24. Equivalent electrical circuits commonly used to model a) basic supercapacitor
behavior, and b) complex faradaic reactions including battery and pseudtarapac
behavior®®:100

The Randles equivalenircuit, shown inFigure24b, has been widely used in EIS
EEC analysis for modelinfgradaic reactions witfast charge transfdineticson a
planar electrodeRs is the solution resistance and depends on theretectseparation,
ionic concentration and conductivity, and temperatutgisRlescribed as the charge
transfer resistance amldetermined by the reaction kineti€xi is the double layer
capacitancelThe Randles circuit also includes an element deeelap 1899 by Warburg
to address #mass transport/diffusional aspect of these reactions called the Warburg

impedance elemefiZy),
i (43
Where 0 is the Warbur g c o esfofdiffesioreohthe whi c h i

oxidation species and the reduction species as described &low,

Q 0 (44)

0O 0O
With kox and keq being the forward and backwards kinetic rate ofr6tox reaction and

Do and [x being the diffusion coefficients for the oxidized and reduced reacWhite
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components such as resistors and capacitors are familiar, the Warburg element has no
physical analog and is instead represented by aisénite resistivecapacitive
transmission line with a series resistance per unit length and a shunt capacity per unit
length10?

Figure25 shows a representative faradaic reaction predicted by a Randles circuit
as represented in a Nyquot of the real and imaginary impedance contributions. At
high frequencies the resistance contributions due to the so{Bipare easily seen with
the kinetically controlled semicircig&c) being observed at more moderate frequencies.
At lower frequecies the diffusion of ionic species is observed through the straight 45
line commonly described as the Warburg 12l.
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Figure25. Theidealizedresponse of andle equivalent circuit commonly used to
evaluate electrochendtimpedance response of ECSH5.

It must be mentioned that due to the ease of which modelbe developed using
EECs care must be taken to minimize the number of elements used to match the data to
avoid large standard errors in the mod€ts?In fact, there are an infinite possible
arrangement of EEC which can provide the same impedance output, thus catdéshoul
taken to use models based on physical analogs and not simply good fit to ti@neata.
method commonly used to evaluate the validity of the suggested EEC is the application

of a KramersKronig transformationwhich requires that the impedance be &nialued
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for ¥ approaching zero and i ndusanmdfinipg, and t
valued functiont?® The present day application of Kramé@onig transformationss

commonly provided in software through complex nonlinear least squares (CNLS)

analysis programs such A¥iew, Gamry Echem AnalysendEQUIVALENT CIRCUIT

and the mathematical details are widely available in the literstti®.

Four Point Probe Resistivity

Electrical esistivity( }Jis)a material propertyhich describes the resistance of
electrons to flow under an applied electrical field eambes from 108to 10t°q  cfana

variety of materialsl t can be described in the form o

., O (49)

0
whereOis the electric field (V cm), andvis the current density (A cR). The
relationship between resistivity and resistance requires a definition of the plane of current

flow and the sample size,
"0 (46)

whee R is the measured resistanceoin the plane of the current fiswhe bulk
resistivity, 0 is the length of the electron path, anis the area perpendicular to the
current flow. While” is a material property and sample geometry independent other
measures of resistance are often used for the characterization of films and foils and
change based on the sample geometry. The sheet residtance( q s qor q/ 1) i s
often used as a process control parameter and describes the resistieuteoafraotion

in the plane of the film (not perpendicular to the film),

v (47)

o
whereois the thickness of the film or electrode being measured in cm. This
results in decreased sheet resistance witteased film thickness for the same material

as expected from an analogy with a wire diaméfer. i s reported®an uni-t
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avoid confusion with simple sample resistance R. Valuéé of for CNT films have
been produced witty  of 51 0 }.1%s g

Four point probe was first developed in 1915 by Wenner to measure the resistivity
of the earth by soil resistivity measuremefifsThe accurate measurement of a high
resistance sample was difficult using a two probe approach as the variable contact
resistance would cause current dependent measurement errors. Foorga@arements
eliminate this issue as the current is passed with the outer probes and the voltage is
measured through a high impedance probe anywhere within the current flow region. The
first paper describing the four point probe method for use in sethictors was by
Valdes for analyzing germanium for transistors in 1954 and the technique has been
widely used sincé®’

A commercially available four point probe station is showRigure26a with the
linear probe arrangemeryrrent flow, and voltage measurement position shown in
Figure26c.1% While it is not necessary to have a linear arrangenresxually spaced
probes this configuration greatly simplifies manufacturing as well as mathematics during
analysis. In order to insure repeatable measurements the probe tip spacing (s), and tip
radiusare carefully controlledThe probes are also typicatiy a controlled force spring
to prevent damage to the sample surface and the probe tips themselves. The tip spacing
should be selected in relation to the sample geometry and for energy storage materials
such as electrodes and current collectors the asaiyislikely be performed on films of
thickness, and ford i 7u the measurement errors will be ~1%A typical probe
spacing is 1 mm which means samplesontdesor of 200 e m can be

remaining in thin film geometry.
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Figure26. Four point probe details with a) showing a commercially available four point
probe station. Schematics of b) a two point probe measurement andegrddur point
probe array with equal tip spaciiy.

As described aboyeneasurements are performed by applying a cui@mt
probes 1 and 4, and measuring voltgebetween 2 and 3. For a thin film geometry

with & i 7u the relationship betwee¥to/ ‘Gand resistivity aré®
< Yo VG
| £ O Il £ O
Interestingly this result is independent of probe spacing (s). Commonly this

measurement would be repeated over a rang&/ oheasurements to ensusdiable

results. Common measurement errors incluaiar contact leading tocBottky contact

behavior, high currents leading to heating and resistance drift, and carrier injection

through light interactions or high electric field between the inner probesi¥25
Additionally, resistivity can be an anisotropic value even though it is a bulk

materal property. This can occur due to crystal symmetries and is true for bulk graphite

with the resistivity through the plane compared to in the plane being fdWérile

CNTs also exhibit this anisotropy, typidallk measurements are f|mmed onnon

woven unaligned CNT fabric which will have isotropic properties to particle

averaging effects. This also causes the measured resistivities on the bulk CNT fabric to

differ significantly from the values of the individual CN¥s.%
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Mechanical Measurements

The measurement of the mechanical properties of electrochemical devices is not
as developed as for other material systems. This is due to the inherently low strength
requirements and low mechanical stresses that energyestetisgare generally exposed
With the increasing introduction of battery packs into electric vehicles and with some
systems even being built into the structural frame of thelemechanical properties of
theseECSDswill proportionally become importanthe mechanical properties of most
interest include the you)nufihae tanslastrdngtrs ( E) ,
(6s), elongatidonaatd b adsThanéostcothmdnly wsedtest
method for acquiring these values is thedile test where a sample of known geometry
(cross sectional area, A) is applied with a controlled load (F) and the resulting
displacementx() is measured-or materials such as metals with low degree of strain
before plastic deformation occurs the glistrength is commonly defined as the stress
observed using a 0.2% offset, while for materials with higher degrees of elongation
Young6s modulus is measured through the 1
the tensile measuremenir materialsuch as polymers or namoven fabricsvhich do
not have a weltlefined linear stress strain response region the instantaneous slope may
beused®l t must be noted that t he g¥eraemstié s modu

modulustensor and is described as follgws

A (49)
X0 (o

Tensile Test Methods

Composite electrodes produced from 1D materials are effectively composite
fabrics and as such there are many possible types of tensile tests and different specimen
preparations which can be employadny which diffefrom bulk material preparation
for metals or ceramic§ he most common include a strip tastl a grab test both which

utilize a tensile test frame. A strip test uaespecimen where the grip size is larger than
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the sample widtland a grab testhere thesample size is larger than the grip size as
shown inFigure27.11° These test methods have been used extensively in textile
characterizatiomndstandard test methods have been developed for each with the strip

test being described by ASTM D5035 and the grab test beicgloks by ASTM

D5034.
c)
Brittle: T << Ty Polymers

X - -
[y Limited plasticity: T= 0.8 Tg

1]

© A F
2 |lf | >
O | o, Colddrawing: T=Ty [

o ||/ I

Viscous flow: T >> Ty [
y 1% strain

Strain ¢ = Al/l

Figure27. Tensile test geometry for namoven fabrics using a) cut strip sample and b)
grab tesshowing the beginning of out of plane buckling at high elongatior)
Schematic tensile tests of polymer samples showing different failuresmotterespect
to temperaturé®®

Modulus of tougpness is a value that is used to estimate the damage tolerance of a
composite. This value is measured inJand is easily measured by integrating the area
under a standard tensile test stretgain curve and represents the sum of the energies
consumedy various microfailure processes, namely, fiber fracture, matrix cracking or
yielding, debonding, and fiber pulloti

Each of these methods has its advantages and drawbacks which make test
selection important for accurate measurementspfeificmaterial.Invesigations have
been performed to compare these methods and allow comparison of these different tests
via empirical and theoretical approaches. Grab tests have been shown to provide tensile
test measurements which are higher than strip speciduen® the rachanical

contributions which occur outside of the gripped aré&rab tests are also not suitable
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for fabrics made obrittle fiberssuch as glass fiber ma&urther for samples which

exhibit dongation at failure greater than 119t of plane fabric buckling can distort
resultswhich excludes many polymer based wovensand CNT composite8° This

makes cut strip tests more suitable for CNT composite based electrodes which tend to be
nonwoven fabricswith high elongatio.

For most nanowire basetnwovenfabrics the orientation of the fibers can be
approximated as randodue to the solution/fluid based laying procé&fen a non
woven material is placed under load the mateesponse is similar to the polymer case
described inFigure27c. It first strains linearly with respect to the stress in the linear
elastic region. After this region a ndinear yielding of the curve is observed which may
plateau or decrease until failiseeobserved. In some cases an increase in observed stress
occurs immediately before fabric failure. This plateau behavior is different to that
expected from a bulk material and has been shown through SEM failure analysis to be
caused by fiber alignmentlfowed by pullout and for nanowires slippage between wires
aligned in a bundle. The strengthening behavior observed close to failure occurs after
fiber realignment has completed and the increased fiber fraction which has been aligned
parallel to the tensdl stress causes strengthening.

Sampledimensionsare determined by the degree of accuracy of testing needed
with reproducible sample preparation. ASTM specifications recommend sample
dimensions exceed 1@0m x 5mm for cut strip samplesith large elongabns This
ensures suitable parallel edgelreproduciblesample width area for stress calculations
Sample edges should be inspected to avoid tears and samples which fail at the grips

should be discarded.

Dynamic Mechanical Analysis

As in many fields dditional data can be acquired through the use of a sinusoidal

waveform to study the dynamic properties of a system and this is also true for the
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mechanical properties. This is particularly useful for the study of materials which are not

strictly viscoelasc and show flow behavior in addition to the stiffness which is

commonly studied using tensile test methdis. r i n g

the 7006s

sever al

produced commercially available dynamic mechanical analyzers (DMA) for the thermal

and rheological fields whichelped propel the use of DMA for material

characterizatiof!* DMA applies a sinusoidal force using a load cell and measwges th

resulting displacement usindiaear variable differential transform@rDVT) as shown

in Figure28a.
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Figure28. Skematic of a PerkinElmber DMA8000 dynamic mechanical analyzer (DMA)
with a) showing the sample geometry and fixture in bending mode with the resulting
oscillation indicated by arrows and b) showing the applied force and resulting

displacement and phase fdg.

The sinusoidal stress which is applied is typically small in order to maintain a

linear viscoelastic response. Resulting strains of 0.5% are commonly used. The stress

waveform can be defineda
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where, is the stress amplitude, is the radial frequency of the applied force,
and t is time. This applied stresslucesatime dependent strain function which can

either be in phase oubof phaseKigure28b) as described below,

“o - O0B16 ] S
where- is the amplitude of the resulting strain responsg aisdhe phase
angle/lag in radiansdiween the stress and the strainsigdal. appl yi ng Eul er 0o

expression can also be formed into a complex equation as described below,

. @ - 0BT QAIIO (52)

where- is the real strain component and is related to the storage of energy and
- is the imaginary strain component and is related to the loss of esradgis the
imaginary numberThese definitions can be combined to provide a real and complex
modulus also @led the storage modulu®{ and loss modulud ) respectively.

o0 A0 =0gI (53

The storage modulu® (also called the elastic modulus or real moduisis)
similartotheYoungdés modul us previously described
observed as Youngo6s Imnealreglomvath thesstorage meduluse d o v
being measured only at a single poiftie loss modulu® is often associatedith
internal friction and is used to study molecular motion and relaxation processes in
polymers as well as phase transitions and other structural heterogeneities.

In many instances the tangent of the jghasgle, an{( ), is of interest as it
provides assample geometry independent correlation between the storage and loss

modulus as shown below,

ol - © (54
AT - ©
DMA experiments are typically run atHz and measurements wfodulus can be

OAl

performed every complete sine wave thus allowing for rapid data acquisition and

68



averaging to increase measurement reproducibility. This rapid measurement capability

allows for measuremesito be performed while changing the temperature @sistem

and is sometimes called thermomechanical analysis (TMA) or dynamic

thermomechanical analysis (DTMA). This method is used frequently in the polymer field

to help identify different mechanical strengthening mechanisms, glass transition and

other phae transition temperatures as showRigure29. Because these phase

transitions mark a change in the viscoelastic properties of the matiwgi®ften show

clearly in a0 A Tvs.temperature plot. In the sa below, a 50C temperature phase

change is observedh i ¢ h i

s attributed

t

0

a

b transi

the evaporation of small amounts of moisture. This is followed by a large change in all

properties at ~22QC, which is a clear idication of the glass transition temperature

followed by an increase in storage modulus due to the onset of oxidation and

carbonization above 35C in air1®
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2.4 1D Nanomaterial Synthesis Techniques

1D nanomaterials hav@ecome an important area of research for many years with
the number of types of materials and synthesis methods explored increasing every year
Nanomaterials in thislassification are high aspect ratiare-like or tubelike structures
with dimensions less than 100 nm in at least one dimendiany of these same methods
are also commonly used for thin film processing however the conditions required to
produce a highesurface area nanomateraak quite different~or 1D nanomaterials to
have wide practical applications many areas of research still need to be addressed

Three main synthesis approaches have been investigated for the growth of 1D
nanomaterialsall which require the facilitation of anisotropic growth to prevent 2D film
formation The first is the natural crystallographic growth of solid materials such as
exhibited by many naturally forming materials such as kaolinite, brucite etc.
asymmetrically along #hcaxis. Templatecontrolled growth is also commonly used with
both hard and soft materials. Finally kineticatbntrolled growth is used with
supersaturatigrcatalystspr an appropriate capping agéttThese processes can also be
further classified by the environmental conditions required for synthesis with the
temperature and pressure dictating much of the growth mechanisnsgassshown in
Figure30. While ambient temperatures and pressures are generally preferred due to the
lower cost and increased safety, much 1D nanomaterial synthesis occurs outside of these

parameters.
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Figure30. Comparison of the typical pressure and temperature required for different
processing methods’

Vapor Deposition M ethods

The two most popularapor deposition methods gsbysical vapor deposition
(PVD) and chemical vapor deposition (CVBpth are compatible with a wide range of
materials used for engy storage applications, as well as 1D material synthegid.
involves the transfer of atoms from a source to a substrate using physical processes such
as thermal energy (evaporation) or through impact via gaseous ions (sputtering). The
substrates usedrf PVD are maintained at room temperature to coat a large range of
materials, which is the case with metallization of polymers. PVD may be done by heating
a metal to form a vapor and directing the metallic vapors to a low temperature substrate
and condensig the vapor onto the surface. At these low pressures, the molecular gas

flow moves linearly with few atomic collisions, leading to line of sight deposition. For
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applications in electrochemistry where high surface area is needed, line of sight
deposition $ not suitable for the porous materials that need to be coated.

Some success has been achieved with deposition of 1D materials using PVD;
however, the mechanisms required to form anisotropic depositions in this case are
different than those used for sirgdilm formation. Glancing angle deposition (GLAD) is
a modified PVD method used to create 1D materials. This technique uses a vapor source
at a shallow/glancing angle (<9@o the substrate during depositidADuring growth,
the glancing angle geometry causes faster deposition at taller features, such as the
nanowire tip, and the shorter featubexome blocked and stop growing. By changing the
rotation rate of the substrate, the growth angle of the wires with respect to the substrate
are controlled. Additionally, intermittent rotation yield helical nanowires growth. During
substrate rotation, amnnar growth can be observed due to extreme shadowing effects.
These shadowing effects combined with limited surface mobility of the deposited
material are used to adjust the diameter of the nanowires with diameters as lomras 10
and as long as ~XIn. Unfortunately, the quality of the nanowires produced is low with
nontuniform diameter, polycrystatie or amorphous compositiditO, CNT, Si, Ge, Si,

Si02, Al, Ni, Co, Mn W, and Cd&'2° nanowires have beemayvn using this GLAD
coupled with a catalyst and a heated substrate and has resulted in more desirable single

crystal nanowires thought still Etw growth rate€0.1-0.5 nms?).
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Figure31l. PVD systenfor production of 1D nanonterials.The schematic on the left
shows ANW g r o wnxwihno sibsBafe rotation on the toght and slow
substrate rotation on the bottaight.*?°

Chemical Vapor Deposition

CVD on the othehand allows much more complexity due lte toupling of a
chemical reaction to the deposition procdssese chemical reactions can take many
forms with the most commonly sl in industry being pyrolysis amdmpound
formation Pyrolysis using only thermal decomposition of the precursor andaamip
formation using a secondary gas to react with the precursor or precursor decomposition
products Both processes use a gas phase precursor flown into a reaction vessel with the
gaseous bypuahcts continuously removednlike PVD which is typically pedrmed at
high vacuum (16 Torr), CVD is typically performed at rough vacuum to atmospheric
pressure (0760 Torr) where the gas is in a viscous flow rattgéligh pressure and
low gas flow velocity create thick boundary layers with low pressure adflow rates
creating thinner boundary layers. The thickness of these boundaries layers are important
to the mass transfer properties of the system as the reactants and products must diffuse
through this layer to interact with the surface and le@ke.undary layer is defined as

the region in which the gas flow has 99% of the-B&eam velocity??
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Figure32 Schematic of the mechanisms involved in CVD reacttéhs.

Figure32 depicts the primary deposition mechanisms involved in CVD reactions.
These steps include 1) transport of the precursor vapor into the reactiorechamb
precursor decomposition/reaction to form reactive components, 3) diffusion through the
boundary layer to the surface, 4) surface adsorwf reactive components, 5) final
surface reaction of the adsorbed species, 6) diffusion through boundargflagaction
product gases, 7) exhaust gas removal from reactor sy&teofithese steps can have
different kinetics depending on the precursor and substrates used, and the deposition
conditions(temperature and mass flow) with the surface reactioeapqt and 5) tending
to have the highest activation energidgntifying the slowest reaction step in this
system (rate determining step, RDS) is important for predicting growth rates, surface film
contaminants, coverage uniformity, and gas phase praeipit

CVD allows for a deposition of a large variety of materials however the
continuous mass deposition can cause issues for processes that require uniform coatings
on complex geometry substrates. For these applications a surface limited reaction can be
used which typically uses an initial precursor which chemisorbs strongly to the substrate
in a monolayer with no further reaction. When the residual precursor for the first step is

completely removed a second precursor is added which only react withsthe fi
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chemisorbed precursor to form another monolayer. Thus by alternating these precursors,
atomic control can be attained if suitable purging is performed between steps and time is
allowed for full surface coverageExamples of suitable ALD precursors inde AICk

and HO for Al,Os formation, vanagl tri-isopropoxide and kD for VO formation!?*
Figure33 showsthe difference between the traditional CVD and the atomic layer

deposition (ALD) which was developed in 1974 by Suntéia.
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Figure33. Reaction mechanism for a) chemical vapor deposited films, and b) surface
limited atomiclayer deposited film&2®

If we consider the mass flow of materials during a traditional CVD environment
we have two main categes. Reaction precursors haveditiusethrough the boundary
layerto reach the surfacand once there they have to react and de3twb diffusion
through the boundary layean be described as follos

(59

O,

Q T 0O O
where’Qis the molar flux through the boundary layer (mbksi?), D is the

diffusion coefficient for the reactive gas of interest{ai),] is the boundary layer

thickness (cm)andCqy and G are the gas concentrations in the bulk gas and at the
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substrate surface respectively (moldnirhe flux of gas which deposits at the surface

and desorbs is controlled by an Arrhenius surface reaction rate descriféd as,

0 08 (56)
whereand’Qis the molar flux to the surface afdis the surface reaction rate
constant (cm¥. If we assume the flux through the boundary layer is the same as the flux

deposited at theurface wecansolve(56) for the gas concentration at the surfé&ze

and substitution int¢55) yields %3

- 0 (57)
pfQ 170
Because the deposited flux is proportional to the growth raterdlation is
useful to predict the temperature relatibip of growth rate, and cdrelp identify

whether the rate detaining step is surface limiteal mass transfer limiteals shown in

Figure34.
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Figure34. Schematic diagram illustratinge different control regimeand deposition
rateas a function of temperature, pressure, and kinktics

CVD of 1D Namomaterials

Historically, CVD research has attempted to provide conditiong#®igrowth
conformalthin films with controlled, reproducible, and high growth rates. Because these

conditions are not always suitable for production of 1D nanomatanaliifications are

76



often neededCVD has become a powerful method to produce conductive nanowires,
nanotubes, and other high surface area materials useful for current collectors for ECSDs
including Cu, Al,andCNTs 1?6

By far the most common growth mechanism for producing controlled diameter
high quality 1D materials is the vaplquid-solid (VLS) methodwhich wasfirst
demonstration fothe production of micron scale whiskers of S&8dSi by Wagner in
the 196082’ It is currently most widely used in the production of large scale volumes of
CNTsand the primary indication for its occurrensdhe presence of a catalyst particle
of roughly the same diameter as the nanowire found on the end of tHg3MLS
growth uses a catalyst material which easily alloys/reacts with the source gasses. This
catalyst is typically a liquid at the temperatures used for the growth thuapgbefrom
the reaction gas interacts with the liquid catalyst depositing the solid nanomaterials,
hence called VLS growth. Theource gas absorbed and increases in concentration
until the material gets redeposited after reaching the saturation @tien. catalysts are
chosen which form eutectic compositions with the source gas of interest, with Ag
catalysts for Si NW and Fe/Co/Ni catalysts for CNTs. These catalyst particles can form
either at the tip of the nanowire and move away from the substrdtee during growth
or they can form at the root of the nanowire where the nanowire is pushed up away from
the substrate surfaees shown ifFigure35a,h The different growth methods depend on
the relative diffgivity of the reaction products at the boundary of theligasd or gas

solid interface as well as the solubility limits for the catalysts as showigume35b,c.
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Figure35. Nanowire gowth mechanisms commonly described as VLS growth with a)
showingtip, root, and catalysree CVD growth mechanismb) three methods of tip
growth including the location of the liquid (L), and solid (S) phases and the diffusion
paths of the source atontg,root growth VLS mechanism with the diffusion path of
source gasses shown, d) geometry relationship between the contact angle of the liquid
solid interface and the radius of the resulting nanatgfre
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These catalysts can be deposited on the substrate prior to reagjeremted in
situ via evaporation as is observed for R@EICNT productions?® Sutstrate based CNT
growth methods have been shown to produce very uniform diameter and length
MWCNTs and in many cases vertically aligned dense CNT forests can be grown. These
forests can be removed from the substrate and used as free standing mategals or t
CNTs can be collected by fiber pullout with en defWaals bonding between CNTs
allowing yarns of pure CNT to be produced.

Due to the need for large scale nanomaterial produftiitomse in device
manufacturingcontinuous flow productiomethods hae been develope®ne
promising method for this synthesis has been the use of fluidized\t@dFB-CVD)
reactorsA fluidized bed is a group of particleshich, due to a fluid flow (typically gas)
maintains a fluid like characteristic with particlesggended in the carrier gas during the

high temperaturdeposition. This carrier gas is typically an inert gas such as methane,
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helium, nitrogen, or argofror CNT synthesis this FBVD method is more efficient as
the traditional CVDsystemsare severely ihited by inhomogeneous gas/solid contacts
and temperature gradienf@he intense mixing found in FBVD systems ensashigh
carbon utilizatiorper catalyst*° During deposition the catalyst is fluidized along with
the continuously growing CNT&nce the particles are suspendedper process control
is required to maintain the suspension as improper gas velocities maybthehe
particles out of the reactor or allow the particles to fall into the gas inlet. For 1D
nanomaterial synthesis this is critical as during the growth process the size, shape, and
mass of the particles change drastically. Size is a particularlyriengt parameter as the
gas velocity required for proper fluidization varies as the square of the particle size
however this allows for simple separation of the produced CNTs from the residual
catalysts-*® Typical catalysts for CNT growth include Ni, Fe, Co, Mo, and W which are
typically infiltrated onto high surface area heterogeneous catalyst support materials such
as AbOs, MgO, TiQ; etc1*° The catalyst mass loading has been shown to influence the
form of carbon produced with moderate-2%wt. % producing primarily MWCNTSs and
SWCNTSs generally produced with loadings less tham®. 586121

Due to the premnce of the catalyst in the final product dufifigS type growth
thesenanowires typically require post processing@twify thembefore use in other
devicesVaporsolid (VS) reactions avoid contamination through having a third phase
however they are less well understood in CVD syst&¥isle the VS growth mechanism
is less understood than VLS the three main mechanismsiaocgrapicgrowth, déect
induced growth, and setfatalytic growth Self-catalytic growth mechanisms have been
observedyettheseare more difficult to control due to the balance required between the
nucleation and growth requiremeiatsd the sensitivity to locanvironmental conditions
Some examples of 1D nanomaterials grown usingcsgéflytic VS includé&sSnG
nanowires growmn quartz through pyrolytic CVE*! ZnO, SnQ, In,0s, and CdO

nanowireggrown using a sublimation method at temperatures dependent on the melting
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point of the corresponding oxidé¥,and bnary nanowires GaN, InAs, Inhndternary
nanowres InGaAs|nGaN grown using CVD oNH3z and pure metalat800-1100 C and

low pressuré® An interesting subset of sathtalyzed nanowire formation is called

oxide asisted growth (OAG)which starts with an oxide based mateaich as Si@or

Ge(Q andinvolvesheatingthemin a vacuumproducingreduced Si, or Ge wireés?

CuNWs have also been deposited without a catalyst by the use nétivilefectin an
organometallic precur si@Wiie theresaretmanyn ont o
examples ogelf-catalytic growth for nanowiresnore research is needed to better
understandhe mechanisms moudkrectly and control the properties of these produced

materials.

Hydrothermal /Solvothermal Synthesis

The term hydrothermairiginated from the natural geological procesgdsch
involve high temperature and pressure reactions undergrotiich facilitae the
formation of a variety of rocks and minerals. Since its origination the usage of the term
has been highly uneven with definitions. The broadest definition suggests that a
hydrothermal reaction is any homogeneous or heterogeneous reaction whishimecur
solvent at temperatures or pressuvdsich allow the dissolution and precipitation of
materials that are not obtainable under ordinary conditions. This field has been further
divided based on the solvents used with many researchers reservingéydedtto
agueous systems and other tersugh as solvothermal syste(mgth terms such as
alcothermal, glycothermal, ammonothermal etc. being used for alcohol, glycol, and
ammonia solvent systems respectiyéfy Additional divisions have been made using the
hardiness of the environment with low temperature and pressetbods being
classified as soft solution processing methdtiss is normally accompligd by
combining a solvent, mineral, and/or mineralizer in a sealed container called an autoclave

which is then heatedy using an enclosed system, gyathesis of low temperature
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phases with high vapor pressean be performed whilglowing greater coipositioral
control 138

This is a broad field with its roots based in geology, mineralogy, and even
petrology and was popularized due to itesum producing high quality single crystal
guartz and zeolites and progressed to the synthesis of artificial gemstones such as ruby,
emerald, sapphire, and diamonAdditional attention was applied when it was shown
that purification of bauxite ores fardustrial aluminum production could be performed
efficiently using hydrothermal method&.While water is by far the most commonly
used solvent due to its @llent solvation properties, low cost, and low environmental
impact other solventsuch asLO, NH3, HF, HCI, HBr, Bg, $Cl>, H>S, GHs0H, CS,

CCls, GsHe are also commonly usééf All of these solvents can be forced into a
supercritical fluid at high temperatures grdssures which allows fonore processing
options due to theiffierencein dielectic constant and solvent density compa@the

liquid or gas phasé-or materials that do not have high enough solubility in the solvent of
choice at experimentally achievable temperatures and pressures, mineralizers such as
NaOH, NaCOs, NH4F, and KkHPQ; are sometimes used to form more soluble
complexes.

Hydrothermal synthesis often creates regularly shaped crystals due to the
equilibria conditions under which growth is conducted. In order to fble@asymmetric
growth required to formiD nanomaterialsusfactants, chelates, and other organic
capping moleculeare usedo control the nucleation of the desired phasdto increse
the size, shape, and dispbilify of the particle$®® Theseshapingmaterials are typically
surfactants which arerganic moleculethatcontain both hydrophobic and hydrophilic
surface functional groupSurfactants that arcommonly used include sodium
dodecylsulfonate (SDS), sodium dodecylbenzene sulphonate (DBS), cetyltrimethyl
ammonium bromide (CTAB), and hexadecylpyridinium chloride (HBCSurfactants

can be selected with a variety of parameters in mind includingsptKa, isoelectric
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point, and chemical compatibility with desired phastgh pressures temperatures tend
to produce higher crystallinity samples with lower defect concentrations than other
solution processing methods due to the higher energies avaiable.

Solubility can be studied by looking at ttreermodynamic predictions as well as
the solvéion energy. For solubility predictions of ionic solids the solvation energy must
overcome the attractive forces in the crystal lattice. This solvation occurs without an
electron transfer thus can be treated using approaches from electrostatics based on th
Poisson equatiori.he Born modelvas developed it920and provides a good

estimation of the free energy of solvatiofi@ ).**

0 2_1 0 Tg (59)
wheren is the charge of the ion being dissolved, r is the effective Born radius of

both of the dissolved species, anis the dielectric constant for the solvent. This -

term is thus very important in allowing solubility of species with highelectric

materials such as watér £75). For water the dielectric constant is known to decrease

with rising temperature and to increase with rising pressure with the tempefétate
dominatingand these values are readily available in literature as shokigune36.1%8

Degite the simplicity and lack of quantum contributions the Born model has been shown
to provide accurate measurements for equilibrium solvation energies and is often used in
determination of pl, redox potentials, and the electrostatic contribution to mtdec

solvation energies.
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Figure36. Commonly used water properties to predict conditions during hydrothermal
synthesis. a) Isdielectric constant lines for water as a function of temperature and
pressure. b) f curves for diferent autoclave fill fractions®

Electrodeposition

Electrodepositioms a film growth process which produces a coating onto a
conductive bas material through theseof an electrochemical redox reaction to deposit
materials fronthe electrolyte and is often called electroplatter is the most
commonly used electrolyte as it has good ionic conductivity and good solubility for many
materiads of interest. The part which is to be plated into is typically submerged into a bath
containing the electrolyte and a counter electrode. The part and the counter electrode are
then connected to a power supply which supplies the electrons need foromedéitie
metal ion specie€lectrodeposition has long been used due to the wide range of
materials which can be produced and the detailed patterning which can achieved in
ambient conditionsSomeexamples of usage include gold plating of electrical atsta
Cu deposition of microelectronics interconnects, and even purification of high purity

metals.
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Fundamentals dElectrodeposition

The fundamentals of electrodeposition are similar in natuteetéaradaic
reactions which occur in battery systelnmgvever because the desired outcome is control
of metal deposition qualityThe general electrochemical equation for electroplating is

shown below,

6O RO GOW G 9
where M is the metal which img deposited, L is a ligand species which can be

a molecule or ionic species which is tightly bound to the ionic metal species forming a
complex speciesb 0 . This reation may or may not be reversible however because
the end goal is fomass deposition reversibility is often not required. This equation
shows the stoichiometric depositiondimols of 0 Jwith the exchange af mols ofQ .
Far ad ayshewn In(@0vand isised to showhe relation between the amount of

charge passed and the mass of material deygosssuming perfect efficiency.

., LD 60
U Vo S (60)
whereYd is the mass of aterialdeposited, Q is the charge passed calculated
from0 _ "'OQ is the molecular weight of thaetalspeciest is the molar
equivalent of electrons, ari@ s F ar a d a lod reversilerreadti@ns vith no
coupled chemical reactions or side reactions this provides a highly accurate relation
between the mass deposited and the charge passed which can be controlled and measured
easilyusingbalances angotentiostad For reactions with coupled chemical reactions or
parasitic side reactions such as hydrogen evoluticdeposition of competing roc
species, partial ion reduction, and even oxide formation there is a significant fraction of
charge § ) which is not involved in the deposition process directly. By measuring the
actual mass chang¥d ) and comparing this with the total charge passed \ve can

describe theurrentefficiency (CE) of the systems shown ir{61). Current efficiency is

often represented as a percentage.
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Values can vary widely depending on the temperature, deposition rate, pH, metal

and eleablyte of choice and typically range from-200%. Poor values for CE can be
indicators of electrolyte oxidation/reduction-deposition of unwanted species, and
reduction of surface contaminants such as oxides which mansfmrntaneously during
the depsition}#2 This reduces the fraction of electrons involved in the electrodeposition
and is importanparticularlyfor cost reduction itigh currentor large production volume
applicationsas well is for isolating production inefficiencies.

Frequently for electrogmsitionF a r a d a ig €ombinledawith the density and
geometry of the sample to estimate the thickness of the deposited films as shown below

for planar coatings

ya 00
0 o e (62
YH E OY”
whereois the deposited film thicknes% s t he actual surface

density of the deposited material.
Generally the electron transfer process in electrodeposgi@tems is much
faster than the mass transport of metal ion spécies ms compared with {10 s).242
Thus for high overpotential experimental conditions the deposition rate is limited by
mass transport. Mass transport is the sum of the convection, migratiodiffasion
contributions and a good approximation for this is shown bétéw,
€ 00" 6 (63)

1
wherei is the maximum curren®is the diffusion coefficientb)” and® are the

concentration of metal ion in the bulk and at the surface respectively,iarde
diffusion layer thickness often 0.63.05 cm in aqueous systems or ~0.001 cm during
stirring. In the mass transfer limited case the bulk concentrafiovill remain constant
but the surface concentration will drop effectively to zero providing the limiting

current density'Q),
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£ "0t (64)

|
Typical deposition rates occur at current value€ofrgd "Qto avoid surface

0

roughening and possible dendrite formation which may occur if there are loeal non

uniformities in the current density over the surface of the electrode being deptssited.

Pulse Deposition and/aveform Selection

Direct current (DC) and direct voltage (DV) plating were the first large scale
electrodeposition methods used primarily due to the lowpeaemt requirements for
producing a constant deposition waveform. DC was commonly used as the calculation of
the charge passed was simply “Oand thickness of the deposited coatings were linear
with respect to the deposition tinf€ Electroplating with pulse current (PC) is batng
increasingly popular because it offers several advantages over direct current plating, such
as mass transfer enhancement and the availability of additional process parameters (on
time, offtime and pulse current density) which can be varied indepépdernfluence
deposit propertiemcludinghardness, grain size, and morpholdti*4*An example
currentwaveformfor a reverse current pulse cy@deshown inFigure37 with the peak
current("Q) and reverse peak currgff2 ) as well & the on timg¢o ), off time(0 ),
and reverse tim@ ) indicated for two complete deposition cycté$Rectangular
waveformswithout reverse pulses are possible as well and are calteghgular pulse
depositionCare must be taken tosiure that the total charge passed in the cathodic
direction is larger than the anodic direction or no material will deposit in a reversible

system.
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Figure37. Example waveform for a reverse pulse deposition method for depasit{cun
in a through hole on a printed circuit boatd.

One significant advantage to pulse current deposition methods theregtplied
current can be orders of magnitude larger tKeas there is now an off period where the
consumed metal species can diffuse back into the boundary layer and replenish the
depleted surface concentration. While this prevents an increased deposition rate as the
average current of thaufse depositiomust still be below the limiting current, other
benefits can be observethehigher current density increasthe nucleation rate forming
fine grainedsmooth deposits. Reverse pulses can be quite useful for cleaning the surface
of reaction products orgsticles which may be incorporated into the matetf&iThe
shape of the pulse has also been shown to impact the deposition FesUXE. pulses
square wave was shown to perform better than sine shaped signal for filling AAO
membrane$® Triangular pulse deposition has been shown to provide better adhesion and
film density for Zn coatingen Mg alloys when compared with square, sine, and
sawtooth pulse¥® Platinum deposition for fuelells providing low Pt loading and

suitable performancié?

Electrodeposition of 1D Nanostructures

Electrodeposition is an attractive route for 1D nanomaterial synthesis as there is a

wide range ofmaterialsthat can be deposit&d however these depositiods nottend to
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intrinsically form 1D structures. This can be overcome using hard templates such as
anodized alumina membranes, zeolites, and soft templates such as metal organic
frameworksor patterned polymemwhich allow careful control of the pore size of the
template which translates to a monodispegowirediametert* Hard carbons in
particular have shown popular use due toehse of control of the pore diameter and
ability to withstand etching procességlditionally electrodeposition can be used to coat
a conductive 1D material in an easily controlled manoctvis common for CNTs and
CNFs.Many 1D nanomaterials have beeogiced for LIB applicationssing a porous
alumina templatéo deposit Cu nanorods which were subsequently electrodeposited with
FesO4, NiSn, Bi, Sbor Sn® Templated galvanostatic and pulsed electrodeposition was
also used to deposit Al nanowires onto Al current collectors where the pulse condition

was shown to provide better height control and a (111) groinghtihn >

Electrodeposition of Conductive Polymers

Traditionally, metals have been heavily studied for el@d@position applications
however deposition ofntrinsically conductive polymerkas received renewed interest
for sensor and energy storage applicati@tectrodeposition of polymers provides
advantages of chemical polymerization as it allows for ktometric control of the
amount of materi al deposited through <charg
of the location of that deposited material to conductive surfaces, and control of the
initiation and termination step of the polymerizatiétThis is important as many
polymers such as PANIrequire a minimunmolecular weighto become conductive.
Also because the polymerization is initiated with electron trajisfere are no residual
oxidizing materiés which need to be removed.

A typical reaction mechanism for the electrodeposition of a conductive polymer is
described as follow$0olymerization typically is initiated by the formation of monomer

radicals where the radical site can vary among manytlooa on the polymer due to
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resonance. Following the radical formatisnbsequent or simultanegoitonationor
deprotonation may occur depending on the pH of the solution producing a variety of
intermediate specie¥hese species couple, forming smalhim polymers which are
slightly soluble and are able to subsequently oxidize to form radicals and continue
coupling to form larger molecular weight polymdtss common during this process for
anions to bind to the charge centers which leads to chargeatity® An example of this

polymerization process is shownkigure38 for PANI.
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Figure38. Typical conductive polymer electrochemical reaction path including radicle
formation, coupling, ath propagatiorf®

While chemical reduction methods are also possible, electrochemical reduction

has many benefitgncluding higher monomer utilizatiokgrger achievable molecular
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weights,controllable deposit thicknessémgh density filmspetter conformalityand
higher electrical conductivitie®.olymerization kinetic studies of polyaniline have been
performed using quartz crystal microbalance experiments which show the reaction rates
are dependent on the mobility of the anion species in the polymer and the mionome
solubility in solution with HCI solutions showing the fastest growth kinetics as well as
the highest polymer film conductivitié®’ For the mass transfer controlled early stage of
polyaniline growth in a DC type deposition system, a compact conformal surface layer is
typically observed with filament type growths observed at longer time periods or where
thecurrent density is increased. Pulserent and pulse voltage deposition methods have
been shown to improve the conformality of the initial surface coverage layer and extend
the conformal growth regime to create thicker fifffs.

For deposition of thickilms the adherence is often poor leading to particulate
growth anddetachmentrom the surface at thickness >ith. Adhesion and conformality
is typically good for thin films <Jum and is possible on many substrate materials
including commonly used curreoollector and reference electrodes such as glassy
carbon, Pt, Au, SS, Cu, Ti, and even Fe in the correct electrolyte sysStdmsper
electrolytesubstrate systems were important as the pH of different solutions can cause
substratalissolution befor¢he polymerization potentials can be reached. Initial attempts
to electrodeposit conductive polymers were attempted iragoeous electrolytes due to
the higher monomer solubility. This allowed for faster polymerization rates and helped
prevent the anodic dissolution of the deposition surface.

For processes such as energy stgraere free standing 1D nanowires are not
needed and electrical conductivity is a prigrékectrodeposition onto 1D conductive
carbons such as carbonfibeaa nof i ber , and n an-oobjugltesls ar e

polymers tend to have high bond strength with the graphite strdéture
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2.5 Multifunctional Energy Storage

The traditional approach to building a structure is to address the mechanical
demands first and then deal with the other functional reqemésrseparately. This
results in duplicate weight and add on attachments that cause a further penalties.
Multifunctional design is an approach which attempts to solve all of the functional needs
in one material. The unmanned aerial vehicle is an exammeevihe weight restrictions
are severe and where a mechanical and energy storage multifunctionality from
incorporating a battery into the wing surface could provide better performance than
having them be separateAlmost by definition these materials need to be composites
and especially for energy storage purposes hanocomposites have become attractive
options. Of the nanomaterials which supply mechamsiepport CNTs show the most
promise in this field and their conductivity and chemical compatibility make them a

likely candidate for attempts to create multifunctional energy storage devices.

Introduction to Composite Mechanics

A composite is a materigthat is composed of one or more materials with
complementary properties (typically mechanical) that have better characteristics than any
single component. Traditionallshis is done by embedding a material with high
mechanical properties (the reinforcerf)@nto a matrix material of lower mechanical
properties but good fracture properties or lower cost. These composite materials generally
benefit from having an fiber reinforcement however this makes predicting the mechanical
properties more complicated ey are a function of the filler orientation and amount as
well as the intrinsic mechanical properties of the filler and matrix alor@der to
mai ntain the compositeds electrochemical
access to the activeaterials. Until structural solid state electrolytes are better developed,
high porosity composites such as neoaven fabrics can be used as energy storage

composites.

91



Matrix Reinforced Composites

This was first studiedor a perfectly alignednfinite length,reinforced composite
using a simple approach basedcontinuum mechanics type calculatidrhis approach
also assumes perfect bonding between the filler and the matrix and results in the classic
firule of mixtures relationship for thenodulus orstrength of the composite in the

direction of reinforcement alignment.

0O Oo 0O (65

whereO isthec o mp o $omgitudidakelastic modu¥) , andO are the
modulus of thdiber, and matrix respectively, and andw are the volume frdion of
fiber and matrix respectiveh}?152153or composites reinforced with nanomaterials, they
are almost exclusively necontinuously reinforced due to the limited length of the 1D
materials to typically 0.0 mm. Additionally, they tend to also not be well oriented and
in some case@ir laid and vacuum filteredre completely randomly oriented. In these
cases modifications to the rule of mixtures have been suggested by tiedDakel

model,

0O --0& 0 (66)
where— is afiber orientation distribution facto(  oZ{for completely

random distribution}>*and— is the fikerlength distribution faior (<1 for chopped
strands and nanofiber fillers). Work Byafferin 1999observed much lower predicted
fiber lengths by applying the Cd«renchel model than the observed nanotube length
suggesting large decreases in observed properties due to nanotztere reduced
shear stress transfemnd CNT telescopinty® Fortunatelythe mechanics of these type
of reinforcement can bagdictedwell using theempirically basedHalpin-Tsai equations
at low volume fractionshowever large deviations have been observed at large fiber

reinforcemenfor CNT filler.*11%3
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Nonwoven Fabric Mechanics

These equations all assume good load transfer from reinforcement into a solid
matrix, however this solid matrix may be undesirable for an electrochemically active
compositeln such a situatiara nonwoven fabric may be more desired. Nonwoven
fabrics ardextile products that are manufactured from continuous or discontifibeus
into sheets, webs, or tsa These fibers can be randomly oriented or directionahend
bonded together by either friction, cohesion, or adheSigpically these materials have
a large degree of porosity (>50% with samples around 80% being typical) which is
attractive for electroly access and subsequent active material deposition needed for
ECSDs such as pseudocapagibattery or separatoapplications.

Backer and Petterson first pioneered a fiber network theory to help describe the
load/stress transfém a nonwoven fabric wihout binderd®® This work assumes the
fibers are completely straight, the bond strength between fibers is high enough for failure
to initiate by fiber failure, and the shear stress and straimegligible. It also makes use
of a fiber orientation distribution functiqi®OD, orq ( pwhich is typically measured

using XRD or SANS or assumed to be randigpending on the processing parameters

f— 0- | RID v—OENAI Oml © (67

whereO is the fiber mogulus, is the fabricstraih, —i s t he poi ssonés

the direction of applied stregs,is the angle between the fiber and the directicinef
applied stress, If we evaluate this for a completely random fiber orientation distribution
functi on qi(-B) @14, thé relatianshigevaluatedo, ,x & ©- .2’ This
result provides a useful upper estimate for the stress of a randomly orientedvem
fabrichowever does not include importgrarameters such as fiber curvature, fiber

slippage, high strains, fabric density variations, and fiber length/aspect ratio which will

all decrease the observed properties.
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As mentioned previous)yorous noAvovens have showed interest to the MF
materiab for electrochemical energy storage due to their increased surface area and
strength compared to traditional electrode designs howevewawens alone have not
shown high enough strength and conductivity to produce comparable structural
properties. Onepproadt to increasing these namovers mechanical properties involves
the infiltration with a structural solid state electrolyte to allow better stress transfer
betweerfibers.Development of solid electrolytes to use in multifunctional materials have
beguwn to address these issu€sirrent efforts to find high ionic conductive room
temperature solids have begun with limited success and results often show an inverse

relationship between mechanical properties and ionic conducisisjhownn Figure
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Figure39. Room temperature ionic conductivity for a variety of potential electrolyte
polymersvs.their compressive moduld

Carbon Fiber Multifunctional Anodes vs.Carbon Nanatubes

Caron fiber is an attractive material to use in multifunctional batteries due to its
combination of high strength and timercalationbehavior of lithium ions into graphitic

carbonsThey are created by carbonizing polymer fikgypically polyacylonitrile,
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rayon, or pitch) whiclare typically drawn mechanically to help align the polymer
moleculesThis helps oriented the resulting graphite planes along the length of the fiber
thus increasing modulu€arbonization occurs under tension at 23D0n an inert
atmosphere to drive off all nezarbon components leaving highly oriented graphite
behind.These graphitic domains range frémm wide to200 rm longand run parallel

to the fiber axi$® The carbon fiber industry is well developeatth ready sources of
materialsandhigh reproducibility and mass productidsnfortunately theindustrially
available carbofiibers typically have polymeric surface coatings called sizing that
increase stress transfer between the fiber and the polymer matrix and to protect the fibers
during manufacture and handling. These sizing layers prevent the fibers from accessing
lithium ions from the electrolyte and while removal is possible it has not been shown to
help performancé®!®The usage of carbon fiber as an active materialitmisitions as

the lithiation of a structural material often severely reduces its mechanical praperty

can even cause exfoliatiovhich is an even larger issue due to the micron size diameter

common in these carbon fibe&rs39:40

Carbon Nanotube Composites

Carbon nanotubes can be described as seamless tubes made from rolling graphitic
sheets having diameters froml10 0 6 s of nanomedafewcm.dheyd | engt |
can be found in two different types based on the number of concentric graphitic tubes
with single tubes called single walled carbon nanotubes (SWCNT) and multiple layered
tubes being called multiwalled carbon nanotubes (MWCNT). First\#sed in 1991 by
lijima,% carbon nanotubes show large promise for mechanical properties due to the C=C
bond beingone ofthe strongest faud in nature. Thisllows them to have axtremely
high modulus (270-1200GPafor SWCNT and 12200 GPafor MWCNT from
measurement and simulatiohi§ This modulus coupled with their high flexibility

reversible bending with a radius of curvature of as low 3made them an ideal
g
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fiber reinforcement. Furthermore these mechanical properties are dependea
different levels of impurities and defects which is in turn dependent on the production
method of the CNT.SCVD produced MWCNTs show an order of magnitude lower
modulus than simélr aredischarge produced MWCNTSs but much of this decreased
mechanial strength can be recovered by thermally annealing the &RTs

With the increased production rate of these mateniéilgzation of high volume
fractions of CNTs in composites is becoming more economically fea$itg.
application as structural reinforcementsvewer face a large difficulty due to the small
lengths, thus requiring their use in composites (typically polymer composites). This
makes the ability to transfer load efficiently between the composite matrix and the
nanowire of utmost importance for th@icorporation into a structural materidlypical
CNT lengths fron PVD/HIPCO/CVD/carbon arc are on the order dfQlem however
these aspect ratios are not high enough to provide efficient load transfer to a matrix and
often produce fragile free standing\T films and composite®*%Interestingly, simply
increasing the CNT lengik not sufficient to increase the mechanical and electrical
properties of the resulting composites as the processing carsbftgan the tubes and
disrupt bonding®® Some work has been done using longerr(wi) CNTs for producing
composites from solution with less success since they still require dispersing and vacuum
filtration.*®” The most promising CNT buckypapand resultant composite results appear
for samples prepared without solution processti¢*°New materials such as Miralgn
tapes and sheetse being produced witBNT lengths exceeding 1 mm which aile for
higher mechanical properties not only due to shear transfer into a matrix but also due to
CNT entanglemerf There are also reports of CVD grown CNTs with lengths of 550
mm though bulk mechanical properties have not been measur€f yet.

Including CNTs into composites has traditionallgbdifficult due to their
tendency to aggmerateupon mixing into the polymer matrix at volume fractions larger

than 12%. This agglomeration is driven by the high surface area and high aspect ratio
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combined with thevan der Waaldorces between tubes in solutithus is more severe
for the hidher performance SWCNT$? Furtherdegrachtion duringdispersal using
ultrasonication or high shear mixing can often ocMany approaches to overcome
these issues have been attempted with the formetifsae standing CNT filmand
subsequentfiltration/coating These free standing CNT filnase typicallymade
through vacuum filtratiomising a Buckner filtration system thus giving the nickname
fbuckypaped.>3 Solvent free methods have shown higher performance due to the
avoidance of bundle formation and agglomerationctiniccurs during dispersion in
solution. Once thedauckypapes are producednfiltration can be performed using many
different methods including precipitation;$itu polymerization, mechanical/vacuum
infiltration, chemical vapor deposition, and eveactlodeposition.

The failure modedor multiwalled CNTs (MWCNTS) under tensile stresaes
bending/bucklingsliding/telescopingnormal to the bundle axis, or twistif§Composite
strength is due to interfacial strength which duéhtodmooth surface can be low. Surface
functional groups are typically used to increase shear transfer to the matrix and this can
be done by oxidatioor polymer graftingBecause these functional groups are covalently
bonded to the CNTshey inherently itroduce defects into the graphite structure by
changing the carbon bonding fron? $p s hybridization. These defects can in turn
reduce the reinforcement capability of the tubes significantly.

Past mechanical testing on high volume fraction (>70% by was
disappointing as the strength and modulus of buckypapers and initial composites were
many orders of magnitude lower than theoretical. In many of these tests the mechanical
properties are surprisingly low with strengths of less than 50 MPa beinga@oend
pure buckypaper samples showing even worse behf@&Ntore commonly tests are
performed at mass loading aroun@@wt. % with a variety of polymer composites:
Poly(p-pherylene benzobisoxazole) (PBO) (>hd. % SWCNT),!’ polymethyl
methacrylate (PMMA, 2. %),*"?and polyethyl and methyl methacrylate (PMA&-
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EMA) (1,5,10wt. % MWCNT).1”®Many of these reports are unable to accurately
measure their CNT lengths due to agglomeration and solution pragdssivever this
parameter has been shown to be critical for increased strength of CNT com/5®Bitess.
to the availability of short ~100m long CNTs which are easily dispersed and filtered to
form buckypaper there are many mechanical tests with low results. Buckypapers with

substantial strength increases have been observedtih@NT length exceeds ~1.3

mm .166,167

Design of Multifunctional Systems

Multifunctional materials can offer significant advantages in energy storage and
mechanical functionally particularly in situations that arass sensitive such as
aerospace (particularly unmanned aerial vehi@dad)transportation. In order to develop
a metric to measure the benefit of thesdtifunctionalitiesfor supercapacitor
appl i cat idevelspedmuBifunctemal efficiencyterm(— ) which is based
on the assumption that the system design criteria must remain met and the total system
mass must be lowergd*
L, (68)
where the electricat and mechanicat efficiency terms are additive and for

positive weight savings p. The electrical and mechanical efficiency terms are

defined in relatiorio the component that is being replaced with the multifunction
component. For design criteria based on energy storage capacity and modulus these
efficiency terms are as follows,

Y O (69)

- vt o
With Y  energy storage capacity for the multifunctional matetialbeing the

energy storage capacity for the currently used device (~120 mAh/g for a typical LIB),

'O being the modulus of the multifunctional material, &deing the modulus of the
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structural component the multifunctional battery will repladgs provides a convenient
estimate of the system mass savings simply by comparing the electrical and mechanical
performance of the multifunctional componewitgh the usual components.

Interestingly the additive property of these separate multifunctional efficiencies
allows for substantial reduction of the multifunctional propestigs respect to the fully
optimized properties while still achieving weiglatvings.This is demonstrated by
comparing a multifunctional composite which only achieves 60% of the electrical and
mechanical performance of the original component{  1@) which leads to a 20%
increase in total multifunctional efficiencyhis process can similarly be applied to other
multifunctionalities that scale with mass such as volumetric and gravimetric battery
capacity and capacitor capacitancewell as mechanical stiffness or strengphorder to
achieve these efficiencies drastic changes must be made to the traditional cathode, anode,
capacitor electrodes as current design is based on particles embedded in a polymer binder
applied to a soft etal (Al, Cu) current collectdr”® Current attempts to make
multifunctional battery materials have not succeedextimeving positive
multifunctional efficiencies however structural supercapacitors have been able to provide
beneficial'’* For batteries the most success has been achieved by simply embedding
commercially available battery systems into the structure and using the battery packaging
itself as mechanical reinforcement. This has resutted26% increase in flight time for a

UAV without changing the weight of the systéht.®
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CHAPTER 3
ALUMINUM NANOWIRE SYNTHESIS FOR SUPERGAPACITOR

SUBSTRATES

Reproduced with permission frainBenson, SBoukhalfa, A Magasinski, A
Kvit, G. Yushin, Chemical Vapor Deposition of Aluminum Nanowires on Metal
Substrates for Electrical Energy Storage ApplicatighSS Nang 2011, Copyright2011

American Chemical Society

3.1 Introduction and Motivation

Potentialuse of metal nanowires (NWSs) is rapidly growing. Earlier studies of
metal NWs were largely motivated by fundamental studies of the effects of constrained
dimensions on electrical and thermal conductivities in one dimensional (1D)
conductor$’“*® and magnetic properties of transition met&482 The sizedependent
breakdowns of superconductivity in small diameter NWs draw a particular interest in the
last decadé’”1"® Other important potential applications include sen&Snsltra-high-
density magnetic recording and spintrogiftdnterconnects® transparent current
collectors (charge collector)r touch screens and organic solar ¢Eficatalysis'8’:188
fuel cells'® active anodes for Lion batteries® '8 hydrogen storag€® current
collectorsfor Li-ion batteries-°* supercapacitor¥1%and capacitors®®

Currently, conductive carbon nanotubes (CNTs) rpasduced by chemical
vapor deposition (CVD) are explored in some of the discussed above applications.
However, the CNT structure safs from the lack of surface sites available for the
formation of chemical bonds with the deposited functional layers (such as metal oxide

coatings)’**°1% While surface oxidation of multvalled CNTs allowsor the
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formation of defects and carboxylic surface groups on their outer walls, the concentration
of the functional groups on a CNT surface is significantly smaller than what is available
on the metal surfaces. As a result, the quality of a CNT/metdéanierface is generally
inferior to that of a metal/metal oxide otfé More importantly, due to the low
concentration of free electrons in CNT, the dc electrical conductivity of CNT is orders of
magnitude smalkethan that of Cu, Al, Au or Ag. Therefore, for most applications
requiring high surface area conduct®t$18:1%493jith low resistance and high
concentration of bonding cites on their surface, NWs ofdo# lightweight highly
conductive metals (such as Al) may provide superior performance than CNTSs.

The most common route for synthesis of metal NWs is electrodepasttion.
183191The use of porous alumna tempasdtached to the conductive substrate surface
has become a routine approach for the growth of aligned N1 The slow
deposition rate and the need of tubular templates, however, preverddatge
comnercial synthesis of metal NWs using electrodeposition approaches. Several
promising wet chemistry approaches have also been explored for metal NW synthesis
inside the pores of seffssembled organic nanotud&s'® Yet, the lack of sufficient
control over the NWdimensionsand limited yield prevented successful
commercialization of these synthesis routes. Similar shortcomings are also present in
another interesting approach glancing angle deposition (&D), in which a metal is
sputtered on a target at a large incident at§l€he random initial nuclei formed on the
substrate act as seeds for NW growth, while the growth at other areas is restricted by the
shadowing of those initially grown nanocryst&ly.

The rapid growth and large scale synthesis capability of CVD combined with a
high precision in controlling the metal NW dimensions makes CVD otteeahost
promising approaches for metal NW synthesis. Surprisingly, in contrast to the significant
progress achieved in CVD growth of CNTs and semiconductor nanowires, very limited

studies report the templateee CVD growth of metal NW5>136.1920 The |iterature
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search revealed only reports on CVD growth of Mo NWs on SQ#4nd steel' Pt

NWs on SiQ, Ni alloy, and SrTiQ(100); 1 Ni NWs on SiQ, 1% Cu NWs on Si@and

Si 13136and Fe NWs on Si©?°° However, for use of metal NWs in energy storage
devices 2193118918193 gy ghundant, loweost, highly conductive, corrosiemsistant and
lightweight Al could be of higher demand. ParticularlyAINW s are gown on

conductive metal foil substrates in order to establish a good electrical contact within an
electrode. To the best of our knowledge, however, there have been no regdNs\bn
growth by CVD on any substrate. Furthermore, we were unable to findsepothe
patterned CVD growth of metal NWs, needed for discreet device fabri¢&tion.

In this manuscript we report for the first time a patterned growth of freestanding
AINW s on Ni, Fe, and Cu surfaces using trimethylamine alane (TMAA) as an
organometallic CVD precursor. We further demonstrate that the deposition of metal
oxides onAINW surfae@ allows one to achieve one of the highest specific capacitances
reported to date for supercapacipplications In our proofof-concept studies we
utilized vanadium oxide (V@ as a coating material due its chemical stability, wide
availability, and théarge potential window for oxidation/reduction reactions to oéur.

80 1n order to synthesiz&INW i VOx composite electrodes we employed atomic layer
deposition (ALD) to uniformly deposit Vdnto AINW substrate. To the best of our
knowledge, ALD technique has never been employed for supercapacitor applications and
the achieved gravimetric capacitance of up to 887 F/g (based on the mass of Al
nanowires and a metal oxide) is higher than the specific capacitaég# B/g recently
demonstrated in Mn© nanoporous gold nanocompositéThe VO coated Al

nanowire electrodes with 380% of the pore volume available for electrolyte access

show volumetric capacitance bB8901950F/cc, which exceeds the volumetric

capacitance of porous carbons and many canbetal oxide composites by more than an

order of magnitude>189.201206
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3.2 Results and [scussion

Synthesis and Characterization

The uniform large area (tens of §nieposition oAINW's was successfully
achieved on Ni, steel, and Cu foilidure40a) at temperatures as low as 225 Most
of the prodiced NWs had smooth surface with no crystalline facets visible, wet2®0
nm in diameter and had multiple branches, as visible from scanning electron microscopy
(SEM) analysesHigure40b). The overall morphologgf the NWs was highly tortuous
with frequent irregular bend§&igure40b). The length of the straight segments of the
NWs rarely exceeded 300 nm. This wormlike structure of the NWs was observed in all
experimentsindependent of the substrate employed. SEM inaagédysis revealed a high
volume of pores between the NWs (> 93 %). Energy dispersive spectroscopy (EDS)
studies confirmed the compositionANW s and detected a trace amount of oxygen
(Figure40c), likely from the presence of a native oxide on the Al surface. Importantly, no
carbon contaminates were detected at temperatures bel®€ {Sg@ure40c).

(©
Al

Intensity (a.u.)

O

0O 1 2 3 4 5
Energy (keV)

Figure40. AINW s grownon a rough Cu foil at 125 °@) optical micrograph showing
uniform lage-area deposition dhAINW s, b) SEM micrograph showing a high resolution
imageof curvedAINW s produced, and) a typical EDS spectrum taken at a region
contaning AINW s 32

Deposition temperature was found to have a profound effect on the NW growth
rate. CVD deposition @00°C was very slow with only isolated Al nucleis#rved on
the metal substrates after synthesisFigure4la). The successful growth of the NWs

was achieved on all substrates within the temperature range of3IEBC (Figure41b-
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e). However,nicreasing synthesis temperature above®@0€aused noticeable -co
deposition of carbon, likely due to the pyrolysis of tfiethylaminecomponent of
TMAA. At the highest synthesis temperature 604C the amount of the depted C
reached-50 at. % according to EDS analysis and theporous nanocrystalline film

formed instead of NWd~{gure41f).

Figure41l. SEM micrographs of CVD deposition AINW s ontorough Cu fds at
different temperatures: a) 100 °C, b) 125 °C, c¢) 150 °C, d) 208)°8)0 T, and j 400
OC.32

The maximum growth rate was commonly observed at teatypes between 100
and 200°C (Figure42a). Temperature of 10@ and below was too low to provide
thermal energy sufficient to overcome the energy barrier needed for the rapid nucleation
and growth of Al from therapor phase. Significant decrease in the Al growth kinetics at
temperatures above 300 %idure42a) was hypothesized to be linked to the € co
deposition. The choice of metal substrates was also found to &&dtNW growth
kinetics. For examplehe peak in thé&INW growth rate on Cu and Ni foil substrates
takes place at slightly different temperatures, at 125 °C for Ni and 150 °C féidiue(
42a). The slight diffeence is explained by the differences in the energies of the Ni/gas,

Ni/Al, Cu/gas and Cu/Al interfaces, which should affect the nucleation barrier.
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Additionally, we cannot exclude a possieléect of the H absorption by Ni on the NW

nucleation and growttHydrogen desorption is known to be the 1etatrolling step in

TMAA decomposition and the increased removal of surfaceud to its absorption by

Ni may similarly explain the increased growth kinetics observed at lower temper&tures.
In contrast to our initial expectations rationalized by the higher mobility of

surface atoms at elevated temperatures, increasing the synthesis temperature did no

increase the average diameter of NWSs. In contrast, this temperature increase, in fact,

reduced the average diameter of NWs grown on metal substfagased2b). The

observed decrease in the diameter could lageck to the smaller size of stable nuclei,

expected at higher temperatures where the nucleation barrier is lower. Figure 3c shows a

typical NW diameter distribution with an average diameter of 63 nm and a standard

deviation of 17 nm, as measured using SEMge analysis. Very similar distributions

with average diameters of €47 nm and standard deviations of 25% were observed in all

substrates and deposition parameters.
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Figure42. Diameter and deposition rate of Al nanowireswetal foil substratesa) mass
of Al nanowires deposited on metal foil substratedifierent temperatures for 1h)
average diameter of Al nanowires grown on several metal substrates as a function of
deposition temperature) diameter distribution oAl nanowires deposited on Cu foil at
125 °C3?
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The virtually no dependence of the average NW diameter on the length of the
deposition process or on the distance ftbmmmetal foil substrate suggests that
incorporation of Al takes place primarily on the NW tips and not onto the sidewalls of the
NWs. This was surprising because no metal catalyst was used and, therefore, one may
expect that a sticking coefficient of ateranto different Al surfaces should not
demonstrate very large differences. We propose two possible explanations: either the
growth process is setfatalytic or there is a large TMAA concentration gradient at the
gasALNW forest interface. This concentrati gradient may arise if the decomposition
of the TMAA on theAINW surface is so fast that only a small fraction of the TMAA
molecules diffuse into the depth of tAENW forest. Alternatively, a selfatalytic
growth may take place when a fresfilymed Allayer on the tip has sufficiently lower
energy barrier (in other words, it has a higher surface energy because of the higher
nanoscale roughness or higher concentration of defects at the NW tip) than the sidewalls
of the NWs. We should additionally noteat the NW tips may have higher local
temperature because of the heat released upon the exothermic decomposition of
TMAA. ?°’ This higher temperata at the tips may significantly reduce the energy barrier
and support the tipased growth.

The transmission electron microscopy (TEM) studies showed the crystalline
structure and dense (no voids) morphology of the NWifgu(e43a, b).In spite of the
tortuous shape of the NWs, TEM studies demonstrated most of the NWs to be free from
extended defects. This indicates a stress relaxation (commonly by slipping of extended
defects to the NW surface) either duringafter the growth. We found only a few mirror
like twin boundaries iAINW's, commonly in those having larger diamet&igre43a,

b). Although twinning is an important and quite common mechanism for plastic
deformation in metals, pure bulk Al very rarely undergoes twinning due to its very high

stacking fault energy (SFEj*208
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Figure43. a) Low andb) high resolution TEM micrographs showingnaart boundary

within anAINW grown on the Cu surface A25 °C;c) EDS spectra taken from a single
AINW 22

According toWarneret al 2°® twinning during deformations were never observed
experimentally in Al, and only happened at high strain rates in computer simulations or in

nanocrystals thateform under very high stresses at low temperafi?é& Therefore,



our observation of twin boundariesAfNW s in fact suggests significant stresses during
their synthesis. We postulate that these stressescaesed by the local temperature
variations caused by the exothermic nature offt&A precursor surface
decomposition procegst EDS performed on individual NW#&igure43c) showed
spectra identical to that of the NW foreBigure40c), confirming high purit and

uniform oxide content in the produced NWs.

Surface Patterning Capability

In support to our hypothesis on the negative effect of carbon on the NW
nucleation and growtt~gure41f), we found various carbon dipolymer coatings on
the metal foilsd surface to &NWs Duewthe!l v pr
low synthesis temperature and the absence of oxygen in our system (Ar is used as a
carrier gas), most polymers remain intact or carbonize ditha®W deposition. In
contrast to native oxidec o at ed met al surfaces, polymerséo
of the stable Al nuclei, emphasizing the importance of the subgttatéeractions.
Using this simple polymer coating method we successfuigymred patternediNW
forest on Cu foilsEigure44). We expect the patterned growth to be important for some

of the future device applications.
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Figure44. Patterned Al nanowire growth) schematic of the proces3,SEM

micrograph of a patterned Al nanowire growth on a rough Cu foil at 125 °C. In this case
the growth on a portion of the Cu foil was prevented by the deposition of a thin layer of a
methylmethacrylatédased polymet?

X-ray diffraction (XRD) analysis was used to independently investigate the
crystallinity of the synthesizeflINW s on the variety of substrates and to confirm the
lack of crystalline aluminum oxide and aluminum carbide impuritiegyre45). A brief
Williamson-Hall analysis estimated the grain size to be in the range-d0@@m, which
agrees well with the values for the NW diaarstobserved in SEM and TEM studies
(Figure41-Figure43). This analysis also suggested microstrain of up to 9 %. The
intensity profile forAINW diffraction pattern matchabat for powder diffraction, as
expected from the unaligned nature of the syntheg\idV forests Figure40b, Figure
41b-e).
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Figure45. XRD pattern ofAl nanowires grown on a rough Cu foil at 125%C.

High Surface Area Current Collector for VOx Capacitors

To evaluate the electrochemical activity of thevgnd\INW's we compared
cyclic voltammetry experiments performed on the NWs with that qui Al foil
samples. The experiments were performed within the voltage range of 1 to @01 V
Li/ Li* at a scan rate of 1 mV/s. These results showed an order of utghigher Li
ion insertion and extraction current densities for the NW sample than that for the plain Al
foil (Figure46), confirming significantly higher electrochemically active surface area of

AINWSs.
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Figure46. Electrochemical activity of Al nanowires in Li half cells: cyclic voltammetry
recorded at 1 mV/s showing reversible electrochemical interactiori afris with Al
nanowire electrodes and flat Al she#ts.

Electrodes produced by the atomic layer deposition (ALD) of vanadium oxide
(VOx) on the surface AAINW s were evaluated for supercapacitor applications to provide
an experimental demonsti@n or a proofof-concept for th&INW application. In our
view the 1D geometry of nanostructured NWs may offer some unique advantages,
including higher thermal and electrical conductivity and higher power density of the NW
based energy storage devié&dn an ideal case of perfectly straight and aligned NWs
(Figure4T7a), the pores between them would allow for the shortest ion transport distance
within the electrode, thus contributingrtanimizing the charging or discharging time. In
fact, in our prior studies on pure carbon supercapacitors we demonstrated that changing
the pores within individual porous carbon particles from tortuous to straight can reduce
the charging time by three @ of magnitud& When nanopores are not straight but
relatively large (> 2 nm) (Figure 1f), very high rate performance can still be
achievecf?3:206

Both SEM and TEMtsidies of the VQALD -deposited on the surface of the
selectedAINW samples showed high degree of coating unifornktgyre47b,c). TEM
studies additionally showed highly disordered nature of the deposited whiitke SEM
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analyses detected reduction of the remaining-v¢@atedAINW electrode porosity to
below 50% (Figure 8b). EDS studies, in turn, confirmed high purity of the deposited VO
layer (Figure 8d). TEM studies as well as SEM image analysis beforetand¥ @t

depositions were used to estimate the coating thicknesses.
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Figure47. Al nanowire- based supercapacit@)} simplified schematic of the electrode;
b) SEM andc) TEM micrographs of V@coated Al nanowiresl) EDS spectnn of VO-
coated Al nanowire®) cyclic voltammetry recorded at 0.1 mV/s for ¥€oated Al
nanowire electrode in comparison to that of porous carbon (capacitameenained by
the active massj) average capacitance as a function of a slew rate fonb0O,
coatings in comparison to that of activated carffon.

An electrochemically active Vffers some of the highest capacitance ever
demonstrated in organic eledyes’>%° (alsoFigure47e), but suffers from very low
electrical conductivity. The use of lightweight highly conduct&W (Figure47a)
overcomes this key limitation. At a very slow slew rate of 0.01:3Wvhe specific
(gravimetric) capacitance of the 50 nm coating approaches-8644ut it drops to 836
F-gland further to 483 %' at 0.1 and 1 m\&?, respectively. The ohined values are

moderately high as compared to 62160 Fg* reported in aerogels and xerogels when
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measured with a osticky carbono technique
conductivity during measuremeritdn spite of the relatively large oxide thickness,
gravimetric capacitance advantage over activated carbon used in commercial devices can
be maintained even at high sweep rakégure4 7f) and even when the mass of Al is

taken into account. Indeed, assuming a density of 8c3 épr VOx and 2.7 gec? for Al,

we can easily calculate that the relative weight of Al in a-sbedl NW Figure47a)

composed of a 45 nm diameter Al core and a 50 nmsW@ll is only 8 wt. %. This is a

typical contribution of either a binder or conductive carbon additives in commercial
activated carboin based supercapacitors. The/ leelvantage of the proposed technology

over conventionally used porous carbons, however, is significantly higher density and
thus volumetric capacitance. Indeed, assuming the true density of the discussed above
coreshell NW to be 3.2 gc! and the remaing electrode porosity to be & vol. %
(Figure47b), the volumetric capacity of the NW electrode reaches-1380 Fcc?,

which is 10100 times higher than the volumetric capacitance of various porous carbon
electrodesg®189.20206 This demonstrates the high potential of &iRW technology for
supercapacitor and other energy storage applications. We expect that if we maintain the
same corshell ratio and decrease thleell thickness while optimizing the VO

microstructure and electrolyte composition, we will increase both the rate capability and
the overall capacitance of the supercapacitor electrodes. Similar techniquealdbithe

growth and ALD oxide deposition clolibe applicable for the fabrication of electrolytic

and regular capacitors as well as electrodes for regular and-i®D batteries.

3.3 Conclusions

A catalystfree, lowtemperature method of producing high puA}NW s on
various metal foil substratesing low pressure CVD technique has been demonstrated.
The lack of droplet at the tip suggested a vegmbid growth mechanism. The presence of

twin boundaries in the formed NWs suggested significant plastic deformation during
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growth. Various factors afféiog and explaining the NW growth have been discussed
including substrate material and temperature. Thin polymer coatings were found to be
highly effective in suppressing the NW growth, thus opening multiple opportunities to
produce controlled patterns Af NWs. The ALD technique experimentally demonstrated
the opportunity to form uniform oxide coatings on the NW surface for use in various
energy storage devices. Our future studies will be directed towards thesirelled

growth of aligned Al NWs usingatalystassisted deposition.

3.4 Experimental Details

Our choice of solid TMAA 13AIN(CH3)3, >95 % purity, Gelest, USAgs an Al
precursof'®was motivated by prior studies of CVD deposition of aluminum films for
applications in semiconductor industry, where other organoalumpmecursors, such as
trimethylaluminum(TMA), tri-isobutylaluminum(TIBA), and dimethylaluminum
hydride(DMAH) showed tendencies for aluminum carbide contamindtioit*For
CVD synthesis we used a lepvessure (2 Torr) hewalled horizontal quartz tube reactor
having 44 mm inneridmeter.Ultra-high purity (UHP) Ar (99.999 %, Air Gas, USA)
was used to carry the TMAA vapors to the reaction zone by flowing through a packed
bed of TMAA powder aithe flow rate of 50 cin®. The low pressure in the reactor was
maintained using a meahiaal pump and monitored using a convection gauge. CVD
deposition experiments were performed at 100, 125, 150, 200, 300 a?f@ #0A hour
periods respectively. Substrates were prepared of Ni, Cu and 304 stainless steel foils
(Alfa Aesar, USA). In addion, rough Cu foil with the coarse surface produced by
electrodepositing Cu on Cu (Fukuda, Japan) was employed to study the effects of surface
roughness on Al nanowire deposition rate and morphoigyilarly the surface
chemistry was studied using smo@th foils with a 10 nm layer of thermally evaporated
ultra-high purity (99.999%) Fe. The mass of these samples was measured before and after

deposition using an analytical balance having 0.01 mg precision.
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ALD deposition was done in a custdmilt ALD sysem consisting of a quartz
tube feated in a furnace to 200 °C through which precursor vapors were introduced
alternatively. Vanadiumtm-pr opoxi de oxi de ( Gel eisnized | nc,
H2O were used as precursors and were heated to 100°C during the deposition. High
purity Ar (99999 %, Air Gas, USA) was used as both carrier and purging gas and the
residence and purging periods weresléhd 1s, respectively for the 0 precursor and
2 s each for the vanadium precursor. All the precursor gas lines were maintained at 100°C
duringthe deposition process. The pressure of the system was maintained at 4 Torr
throughout the deposition by means of a rotary vacuum pump.

X-ray diffraction (XRD) experiments using &y radiation were performed with
a XoPert -1IRiRr@ctométgp (Panalytical, USA) equipped with a
monochromator. Scanning electron microscopy (SEM) and energy dispersive
spectroscopy (EDS) measurements of the nanowire morphology, diameter and
compositon were performed using a LEO 1550 microscope (LEO Electron Microscopy
Group, DE). ImageJ software was employed for the SEM image analysis to determine the
nanowire diameter distributioR&> Transnission electron microscopy (TEM and STEM)
experiments were done &l Titan 80-300 microscope with field emission gun
equipped a CEOS profsde aberration corrector, HAADF detectors, Gatan Tridiem
system an energgispersive Xray (EDX) system. Poirtib-point resolution of this
microscope is 2.45 A in TEM mode and 0.8 A in STEM mode. All TEM experiments
were done at 200 kV.

For electrochemical testing the working electrodes were spot welded to 2016 coin
cells and assembled in an Ar dry box (<2 pps@Husing a 2325 Celgard (Celgard,
USA) separator. The counter and reference electrode was 0.75 mm thick battery grade
metallic Li (Alfa Aesar, USA). We selected\ LiPFs salt solution in dimethyl, diethyl,
and ethylene carbonate solvents 1:1:1 by volume (Nt&@echnologies, USA) as an

electrolyte. Electrodes of X Al foil were cleaned by acetone and ethanol before
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assembly, while Al NW, and Vi&coated Al NW electrodes were used as produced.
Commercial carbon electrodes were produced using 90% wt. activated carbon (Sanwa
Components, USA) and 10% wt. PVDF bindeuf&ha, Japan). Cyclic voltammetry was
performed using a Solartron 1480A (Solartron Analytical, Wih the potential being
swept from the open circuit potential (OCV) to 0.0¥4/Li at a scan rate of-0.01

mV/s. Capacitance measurements were perfoneas produced Viroated AINW

using cyclic voltammetry with the potential being swept freth\8vs.Li at a scan rate

of 100:0.01 mV/s.

11¢€



CHAPTER 4
ALUMINUM OXIDE NANOWIRE SEPARATORSFROM AL -LI

ALLOYS

Reproduced with permissidrom D. Lei, J. Benson, AMagasinski, G.
Berdichevsky, and G. Yushifiransformation of Bulk Alloys to Oxide Nanowirks.

Preparation, 2016.

4.1 Introduction

Advanced energy storage and energy harvesting devices, catalyst support, sensors,
flexible electronic devices, lightweigktructural composites, building materials,
insulation, cutting tools and membranes are examples of the important and rapidly
growing applications ofree dimensional (1Ddielectric and semiconductor (ceramic)
nanomaterial$'®2?2 Nanowires, nanowhiskers, nanofibers, nanotubes and other 1D
nanostructureBave demonstrated truly remarkable abilif@senhancing electrical,
optical,thermal and mechanical propertefsa broad range of functional materials and
composites!®2223225 Sych performance enhancements significantly exceed that offered
by the additions of micresized or nanized particles, even when 1D nanostructures
are utilized at substantially lower mass lad in composites.

Unfortunately, the vast majority of the synthesis routes to produce 1D
nanomaterials, such as catalgssisted vapor deposition, physical vapor deposition,
hydrothermal synthesis, the use of sacrificial templates and gthé&%are relatively
expensive and difficult to scale. It is not uncommon for the price difference between
particles and 1D structures made of the same material and having the same diameter to
exceed 100 and even 1,000 tan&his high price and elaborate synthesis process
severely limit the opportunities offered by current technologies to satisfy the growing

industrial demands of lowost 1D ceramic nanostructures with controlled dimensions.



Since the discovery of graphesynthesis by exfoliation of graphite partigiéa
broad range of 2D nanomaterials have been produced by similar routes, where 2D
structures are produced by the separation of individual layers in layered bulk éfstals
234 Such processes may theoretically be inexpensive and highly scalable, but the
separated 2D layers tend to stack back together creating scientific and engineering
challenges, which significantly increase cost amtiice production capacity normalized
by the reactor volume. Furthermore, in many applications 1D materials may be more
attractive than their 2D counterparts. But in contrast to thousands of papers on 2D
materials, examples of the formation of 1D materiaafthe bulk are very rare. In one
interesting example, small nanowires of T#&hd VQ have been produced from 2D
layers?3>2%|n spite of the promise, this approach involves exfoliation from layered
NaTizO7 ard V204, which increases synthesis complexity. In another fascinating
example, dense carbon nanotube (CNT) arrays were produced blyigifttemperature
vacuum annealinghduced evaporation of Si from the surface of siraggiestalline SiC
wafer€®’ Unfortunately, the use of a similar methodology withdowst SiC particledid
not yield CNTs**®

Here we reportor the first time alirectconverson of bulk materials intarrays
of nanowires at room temperatuhe.our procesan alloy of a reactive material, lithium
(Li), and a nonreactive material, aluminum (A)exposed to alcohols, which produce
solubleLi alkoxidesandaligned Al alkoxide nanowire8ecause no catalysts are used in
the synthesis process and because the value of the produced byproducts (Li alkoxide) is
high, the cost of the produced 1D nanostructures may approach that of Al metal. The
producedalkoxidenanowires may be further converiatb 1D Al>O3 nancstructures by

heating in air
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4.2 Conversion of aluminum to alkoxide nanowires

E x p o s u-Alld alloyfto dfy alcohols at low temperatures (80 °C) results in
alloy delithiation Figure48). Li component of the alloy reacts with alcohols, thus
forming Li alkoxides. These exhibit high solubility in alcohols and dissolve from the
surface. The remaining Al atoms mayarganize and/or react with alaalk or
impurities. In case of smaller alcohol molecules (engthanol, CHOH, ethanol,
C2HsOH, or isopropanol, §H;0H) formation of Al alkoxides was found to take place
(Figure48) according to the following retion:

BADENDO B MY 0 QO YO (70)

The solubility of most Al alkoxides in alcohols is very low, in contrast to Li
alkoxides?*®?%As such, they tend to remain in a solid phase. Whilk Al is known
not to be reactive with alcohols withoutatalst?*-?*’the fresh Al atoms with
unsatisfied bonds formed upon Li dissolution from AlLi particles are evidently
sufficiently reactive to induce formation of alkoxides.

As the Li outdiffusion and dissolution proceeds from the surface of the particles
to the core, more fresh Al atoms become available for the reaction with alcohol, provided
Al atoms and alcohol molecules are ilmximity. The later mostly depends on the
diffusion of alcohol molecules through the formed surface layer, which, in turn, depends
on the morphology of such a layer, size of the alcohol molecules and temperatti (Al
significantly less mobile than tin t -Alei plas$.?*®In addition, the reaction of
porous Al with alcohols with the formation of Al alkoxides induces significant volume
expansion and thassociated strain energy, which should slow down the reaction rate.
Higher mobility of smaller alcohol molecules and smaller volume changes accompanying
smaller Al alkoxide formation may explain their significantly higher reactitgyre

48).
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Figure48. Qualitative summary of the experimental results: a) formation products upon
exposure ob-AlLi alloys to water and selected alcohols, NW stands for nanowire
morphology of the samples) belected XRD spectra of the produced samples, showing
formation of Al and remaining AlLi alloy for O, MeOH,i-PrOH,t-BuOH, and PhOH
solvents. *Phenol is solid at RT thus delithiation was only performed at 60 °C.

One fascinating observation we mad@um experiments is the formation of Al

alkoxides in the shape of aligned 1D (nano)wires in case of the reaction of Al with

ethanol. These structurgstiated at the surface of the alloy grain and grew oriented

perpendicular to the surface into the cenfahe grain. Their length gradually increased

as the reaction proceeded to the point whertA# i alloy particles were completely

converted tAl alkoxide nanowiresFigure49 shows schematic of this processlan

representative SEM images in case of the room temperature reaction of the alloy with

ethanol and the corresponding formation of Al ethoxfdétO)s. After 24h

t-Alki Db

alloy is completely converted into the nanowirEsgy(ire49d). By controlling the size of

t h @AlLifgrains one may control the Igth of the nanowires. Because identical

nanowires were formed from AlLi alloys produced from 99.999 % pure Li and both

99.999% pure Aland 1145 Al alloy (comprism;n99.5 % Al and 0.5 % of Si, Fe, Zn, Cu,
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Mg, Mn and other alloying elements) we conclude that their formation was likely neither
catalyzed nor strongly influenced by impurities.

High resolution transmission electron microscopy (TEM) studies also confamed
lack of catalysts at the tips of the formed wires. TEM ar@Xdiffraction (XRD)
additionally revealed their amorphous microstructéigyre50a, c). Selected area
electron diffraction (SAED) showed a diffupattern, similarly indicative of the
amorphous nature of the nanowirégyre50a). Energy dispersive spectroscopy (EDS)
analysis confirmed the expected chemical composition and the lack of detectable
impurities,although it picked up a Cu signal from the TEM sample holder.

]

AlLi grains coated withy
AI(EtO); surface layer

- ) Aligned bundles of AI(EtO);
nanowires

Aligned bundles: of Al(EtO),
nanowires

B-AlLi

alloy ‘

particle

Al(EtO); nanowires
Al(EtO);

\
\
nanowire formation

Figure49. Formation of Al ethoxide nanowires: SEM micrographs showing a) the initial
grain structure of the as produdedlLi alloy, b-d) low and high resolution SEM
micrographs showing formation of the aligned Al(E#®nowire forest on the surface of
the b-AlLi particles after exposure to dry ethanol at room temperature for 30 sec; f)
misaligned redispersed Al(EtQ)nanowires produced after completion of the conversion
reaction; g) schematic representation of the nanowire formation.
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As might be expecteflom the low melting point Al(EtQ) the heat generated
during TEM imaging (300 kV) was inducing visible damages #&raghs distortion of
nanowires, preventing us from recording Riglsolution micrographs during longer
collection scans and also possibly affecting the electron diffrattfdimus, XRD was
additionally conducted. In order tovoid hydrolysis from air interactions and possible
crystallinity changes during drying the produced Al(Bt@gnowires, we conducted
XRD studies on the samples not exposed to air and suspended in ethanol using a

specialzed sample holder.

4 6 8 10
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Figure50. Characterization of Al ethoxide nanowires produced at room temperature: a)
HR-TEM micrograph and SAED pattern showing their amorphous structure, b) EDS
spectrum, showing its elemental compositign{BD spectrum of the nanowires
suspended in EtOH (with the background subtracted), d) FTIR spectrpaicased
nanowires (blue) and commercial Al(Et®owder (black), showing identical vibrational
modes.
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While the literature agree on the monoclinia/R2structure of AI(EtQy) there is
still a debate on the correct lattice and unit cell’4tZ8%due to the known difficulty of
producing high quality crystalline Al(Et@3amplesYet, according to a reference
pattern very broad peaks at around 10 and 22 degr. could be assigned to diffraction on
(001) (10.3 degr.), (020) (20.35 degr.) and (021) (22.7 degr.) planes of A(Et@)re
50c). Their large full width at halfnaximum gives an estimate of the grain sizerdy e
1.5nmfor the (001) peakwhich is considered to be-Kay amorphous. The mostly
amorphous nature of the produced Al(EtB)very typical, according to literatufé®-24’
Fourier transform infrared spectroscopy (FTIR) analysis conducted on both the nanowire
samples and the commercially produced materials additionally confirmed the Al(EtO)
composition of the nanowiregifure50d). The shift and broadening of the 3340%cm
and 935 crit peaks to higher and lower frequencies, respectively, are typical of AYEtO)

samples and suggests a partial hydrolysis during BfilRysis*3%-248

4.3 Alkoxide nanowire growth mechanism

Formation of the aligned solid nanowires viaaa-catalytic, norepitaxial
process at room temperature is quite remarkable and deserves further discussion. As
nanowires formuniformly around the crystalline graifBigure49), there is evidently no
dependencef nanowire formation kinetics dmAILi grain orientation and no
preferential growth on specific crystallographic planes. This is in contrast to the
previously obsena dramatic dependence of CNT formation on SiC wafantation?>’
a rare example of a somewhat rethprocess where new 1D structures form upon
preferential extraction of one component of the matertak suggests that the formation
kineticsis controlledvia mass transport (diffusionds the nanowire formation process
involves both the extraction &f from theb-LiAl alloy (with the associated tensile
stresses at both the surface layer and the interface with the unreacted alloy) and the

insertion of EtO groups (with the associated compression stresses) acco(db)gwe
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propose that interfacial stresses are responsible for the 1D shape of praldat@jk
products.

Thetensile stresses may induce intermediate formation of nanosized cracks within
the thin Al layer on th&-AlLi surfaceandtheresultantcrackseparated) nanosized
islands.Suchislandswould transform into Al(EED)s and serve as stable nuclei for further
nanowire growth. The anisotropic swelling of the islands during this chemical
transformation reaction by promoting vertical expansiorieMuppressing lateral
expansion, previously observed in case of Si islihigtion,?*°is expected in case of the
formation of a sharp boundary between the transformed (expanded) and untransformed
amorphoussegment*® exactly as observed in our experimerfig@re49d). In order to
minimizestrain energy at the Al/Al(Et@)nterface the transformatiofinduced strain
will align with the direction normal to thisterface, as previously showf? As theb-

AlLi delithiation and transformatioaf Al Y Al(EtO)s proceeds the strain energy
minimization lead to the Al(EtOj expansion in the vertical direction, leading to the
formation of AI(EtO} nanowires igure49d, e).Figure5l1a shows the schematic of the
proposed form&in mechanism anBigure51b illustrates details of the morphological
e v ol ut-Alldl sarface fegion inté\l(EtO)s nanowiresvia strainenergy
minimization at the reaction boundary.

The large pores between the individual nanowires assist with EtOH diffusion
towards the unretedb-AlLi surface and increase the rate of thedifftision ofLi* and
the reaction products,2rnd LIEtO. Because of the signifidgr 600%) overall volume
increase upon transformationfRAILi alloy into Al(EtO)%2*°the particles increase in
diameter.

Formation and sizefdoth the Al and Al alkoxide nucleF{gure51a) depends on
the interplay between the strain engerglease upon the crack formation and increase in
the interfacial energy. As such, the morphology of the Al alkoxide surface layer should

be influenced by the alcohol composition.tt e r e st i n g | -l tosmallen s ur e

124

of



methanol molecules at room tparature unexpectedly resulted in the formation of a
passivating layerHigure48). This may be related to tipeevention of nanasland
(nuclei) formation in the surface layer due to faster reaction of delithidtedh smaller
methanol molecules and thus reduced fraeitudecing surface tensile stresses.

a EtOH EtOH EtOH EtOH Pore between EtOH

rg id EtOH
ranE[on ot

2l =

Li(EtO) dissolution Li(EtO) dissolution Al(EtO); nuclei g UQJ

B e B Li* Li* Li* formed upon = g
R, SR transformation

b EtoH EtOH EtOH EtOH
Morphological (shape)
change to minimize
strain energy at the
Al(Et0),/Al and Al/B-AlLi
interfaces

Figure51. Schematic of the proposed Al(Egd)anowire formation mechanism@a) major
process steps, such as (a.1) selective dritaf Li from theb-AlLi alloy and its
dissolution in ethanol resulting in the formation of strained delithiated Al surface layer,
the stresses in which induce formation of n&lands of amorphous Al, separated by
surface cracks; (a.2) chemical transfiation of the Al naneslands into Al(EtO3

inducing formation of nucleation cites for (a.3) further growth of Al(Bt@nowires

upon continuous dissolution of Li frobAlILi alloy until (a.4) allb-AlLi is consumed

and transformed into suspended Al(Ef®anowires)) detailed initial steps of the
Al(EtO)s nanowire formation, such as (b.1) shape change in Al upon formation of the
initial Al(EtO)snuclei and (b.2.4) Al(EtOk nanowire growth caused by minimization of
the strain energy at the AI(Et¢DAl (and possibly Al/AILi) boundaries, which aligns the
transformatiorinduced expansion with the direction normal to these boundaries.

Because mobility oAl®*ions and Al alkoxide molecules increase at higher

temperature, the size of the nuclei and the tastuhanowire diameter should be
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temperaturalependent. To test this hypothesis we conducted synthesis experiments at
moderately elevated temperature ofx@0 This relatively moderate temperature was
selected to avoid boiling of multiple alcohols test®uiilarly to the room temperature
case, exposure 6fAILI alloy to larger molecular weight alcohols resulted in the
passivation of the surface layer and finenation of porous aluminum with varying
degrees of residu@tAlILi. Smaller EtOH andnow both M&®H, i-PrOH, and-BuOH

yielded Al alkoxides. Interestinghl methoxide (Al(MeO3}) samplewas in the form of
acrystallinepowder Figure48 and52), while Al(EtO), Al isopropoxide (Al{-Pro)k) ,

and Al tertbutoxide (Al¢-BuO)) formed nanowiresHigure51, 48, and53). High degre

of crystallinity in Al(MeO) produced at 6&C may result in the formation of cracs
openingsat grain boundaries and prevent the surface passivatmenlack of Al(MeO)
nanowires in this experiment may be related to their pulverization due téidiesify

high ductility and elasticity of Al(MeQ)equired to accommodate chemical
transformationinduced interface stresses of the relatively large (up to ~ 1 um) diameter

crystals Figure52c).
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Figure52. Selected characterization of the Alg)s powder produced upon exposure of
b-AlLi alloy to MeOHat 60 °C: a) FTIR, b) XRD (with the background subtracted), c)
SEM micrographs recorded at low and high magnifications.

Higher temperature also allowed reaction of delithiated Al with larger
isopropanol molecules, which successfaibyverted to 1D Al¢PrO) (Figure48, 53)

nanostructures of 1.1 pumdiameter Figure54d,e 53c). Faster diffusion of still
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moderately sized isopropanol molecules allowed this transformation reaction to proceed.
In spite of the relatively large diameterAl{i-PrO)s 1D structures, they did not pulverize
into smaller crystalsThis may be related to (i) partial dissolutionfdfi-PrO)z into i-

PrOH (due to its significantly higher solubility in alcohols compared to thAt(M eO)s

and Al(ED)s)?*! and associated accommodation of the interface stresses by the
dissolutioninduced poredp (ii) different growth direction and smoother surface (and

thus reduced probability of surface crack formation and propag@fion to (iii) their

slower reaction ratethen compared tthat of Al(MeO} (and thus lower stredeading

rate, which should lead to higher fracture toughyp®$s
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Figure53. Selected characterization of the IARrO) nanowires produced upon exposure
of b-AlLi alloy to i-PrOHat 60 °C:a) FTIR in comparison with that of the commercial
Al(i-PrO) powder, b) XRD (with the background subtracted), c) SEM micrograph.

Increasing temperature from 20 to>X8D approximately doubled the average
diameter of the Al(EtQ)nanowires from 41 to 78 n(kigure54a,b,e). These
experiments emphasize flexibility of our approach to produce 1D nanostructures of
tunable diameter. The discovered formatwdmanowires and other 1D structukes an
interplay of the sukce tensile stresses upon the dissolution of one of the alloy
component and strain energy minimization at the chemical transformation reaction
boundary(Figure51) may be applicable for a broad range of chemisttiess providing

a new methodology for the lewost synthesis of 1D (nano)materials.
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Figure54. Diameter of nanowires tunable by synthesis temperature and alcohol used:
a,b,c,d) image analysis of nanowire diameter distribugpayerage nanowire diameter
for four synthesis conditions.

4.4 High performance battery separator synthesis

As an example practical application we produced flexible bifrdernonwoven
fabric c oAOmanevdredd®NWs)using a simple tape casting of the
initial Al(EtO)snanowire suspension in ethanol, followed by alesitment in air
(Figure55). Heat treatment of Al(Et@nanaviresin air at atmospheric pressure converts
them intoAONWSs. In-situ X-ray diffraction (XRD) was used to show the gradual phase
transformation of Al(EtQyto Al-Oz by heating on aiSvafer substratérom room
temperature td000xC (Figure55a). We usedrazing incidence techniquesorderto
reduce the Xay penetration depth &b0um to avoid measurements of thex®%
heatingstagsT he amor phous st art i-Al2Q:atmaotnd 7581 s t r ar
xC, in agreement with the previously reported reSffS EM i ma g eAONWs$ t he 0

produced by hedteatment at 100€C do not shovany signs of pulvézation or
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significant microstructure changes compared to the initial Al(Es@nplesFigure55h).

Such morphology retention is an important aspe&@RNW synthesis for practical

applications.
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Figure55. Transformation of Al(EtQ)nanowires intcAONWSs: a)in-situ HT-GIXRD

study of AlI(EtO} nanowires upon heating in air at the heating ra&°@fmin; b) SEM
micrograph of freestanding nonwoven ADs fabric produced upon annealing of
Al(EtO)3 nanowires a800°C for 2 h and c) its optical images. Diffraction spectrum from
the amorphous Al(Et@nanowires is weak and thus is almost not visible.

The overall morphology of the fabric is somewhat similar to that of a paper with

cellulosef ber s

nature of thus produced frset andi ng

repl aced

h e r eAOMWSt Due te the fibroug e r

f

ms

and

and -AONWSs, theypa | |

exhibit good flexibility fFigure55c). This is in shrp contrast to anodized &)

membranes of comparable thickness that are known to be extremelyamatttificult

to handle.

12¢

di



The pr oduc e-AlOspfabncwamd vetated nraterials may find multiple
applications in polymer metat and ceramic congsites with enhanced wear resistance,
strength and thermal stability, catalyst support and battery sepgratamsong others.

Due to the rapidly groimg adoption of the environmentaifsiendly batterypowered

electric vehicles, the development of safer and higher enesgy lbatteries (LIBS)

becomes particularly important. A porous separator is an inactive but very important LIB
component that hasmaajor impact on cell safety. A separator should be sufficiently
strong to withstand stresses during the battery assembling and operation, provide small
resistance to ion transport and, in an ideal case, exhibit excellent thermal stability to
prevent shriking during sekheating (particularly in large format automotive and utility
LIBs) which may induce formation of internal short circuits and lead to thermal
runaway’® Commerciapolymer separators suffer from low thermal stability, limited
mechanical strength and, in many cases, allow poor wattingny electrolytes®>8
Formation of eramiecpolymer composites onlyanimprove performance to a limited
degree®8

Figure56 compares results of simple wat tests on commonly used commercial
olefin (polypropylene, PP) separator (top), a less common cellulose fiber (CF) separator
(mi ddl e r ow) -AONW sepamtonproduad in aur study (bottom row). In
this experiment3 L o f ¢ ommo n | ylelecsobtd (1IN solatioreof LiPF ia
carbonates) was dropped onto separators and the wetted area was measured as a function
of time. The wADOssdparagoris sighifeantty higherhas determined
by both the final wetting area and thgeed of wettingRigure57). Additionally, the
uniformity of wetting is increasedr{gure56a) because thegsr o d LACNW o
nonwoven membrane material is rdinectional Thermal stability tests were performed
starting at room temperature and increasing tox@0@ith separator samples placed into

the furnace for 2 minutes at each temperattigufe56b).
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Figure56. Selected tests conducted AONW separator in comparison to that of
commercial polypropgne and cellulose separataa¥wettability test showing time
resolved optical images of a 5 ul drop of 1M Lk EC:DEC:DMC (1:1:1) on the
separatosurface and revealing faster and more uniform electrolyte wettidgOdiNV
separator; b)hermal stability test showing optical images of the separators after 2 min
exposure to selected temperatures in the range from 25 to 800 °C and demonstrating
dramatially higher thermal stability of the &ONW separator.

The results effectively demonstrate the clear advantage of having a flexible
porous ceramic separator with operating temperatures in excessxa.da@ontrast,
the most commonly used olefin segara typically start melting at around 120 °C and
oxidize at around 30€C.°° Finally, the strength of ceramic fibers is known to
significantly exceed that of the olefins, which should eventually allow formation of
thinner separators in automotive LIBs without sacrifice of their mechanical properties.

This, in turn, will increase cell energy density. For example, reduction in separator
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thickness fom 25 to 5 um shall lead to 415 % increase in cell energy density, which

typically translates into a similar reduction in the cell cost on thepsystnergy basis.
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Figure57. Electrolyte wetted area MONW separator as affigtion of time in
comparison with thadf commercial cellulose fibemal polypropylene separator (as
shown inFigure56).

Figure58 shows the electrochemical performanddudl cells with graphite
anode, lithium iron phosphate (LFP) cathode and all three types of separators. While cells
with all three types of separators exhibited comparable performance at low (0.1C to 0.5C)
current densities, the cells wiB8ONW separata show significantly higher capacities
retained at high (1C to 5C ) discharge rateégyre58a). The lack of detectable oxidation
during cell charging to 4.2 \FF{gure58b, d) showed the chemical compatibility of the
AONW separator was similar to the commercially available separ&igiee58b show
noticeably smaller 0.5C chargischarge hysteresis in cells wWA©ONW separator. &ch
a difference in hysteresis became even more apparent at higher current déigitres (
58d), suggesting better transport properties and lower cell polarization provided by the
AONW separator. Independent ei@chemical impedance spectroscopy (EIS) testing of
these three separators using symmetric coin cells with stainless steel working and counter
electrodes showed consistently higher conductoitk\ONW separatas (Figure58c),

thus demonstrating their additional advantage in LIB applications.
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Figure58. Selected electrochemical characterization ofABNW separator in
comparison with that of commercial propylene and cellulose fiber a&tepsra) rate
performance and lol) typical chargalischarge profile of a full cell comprised of
identical graphite anode and LiFeP@FP) cathode in M LiPFs/ EC:DEC:DMC
electrolyte aD.5Cand 2C rates; c) ionic conductivity of the separators fikét 1 M
LiPFs / EC:DEC:DMC electrolyte, as measured in syt stainless steedtainless
steelcellsusing an electrochemical impedance spectroscopy technique.

4.5 Conclusions

Il n summary, by -Alsallay fprthe formatiwraeofalalkoxides,
we have demonstrated a novel methodology for catédgstsynthesis of organometallic
compounds of nonreactive metals by selective dissolution of reactive metal(s) in metal
alloys. More importantly, we additionally diseered a promising mechanism for the
formation of 1D nanostructures from bulk materials. Such a mechanism is based on

minimization of the strain energy at the boundary of chemical transformation reaction
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front, which aligns the transformatieinduced expansion with the direction normal to

this boundary. Tis novellow-cost synthesis route may be applicable to a very broad
range of chemistries. As such, the reported findings provide completely new avenues for
scaldle synthesis of metalorganic nanowires, which may be transformed into various
ceramic nanowires and, in many cases, further reduced to metallic nanowires, thus
covering a majority of the applications of nanotechnology. As an example, we have
demonstratedbrmation of flexible thermally stabl@RONW-based separator for safer Li

ion batteries. Other chemistries and applications will be explored in our future studies.

4.6 Experimental Details

Materials

Battery grade 0.75 mm Li (Sigma Aldrich) and two typealof1145 alloy or
99.999% pure Sigma Aldricl) sheets were used as alloying materials. Approximately 20
wt . % (50 at. %) of -Alliandweaslayareddetweenalumirum fibil c e
to provide better mixing duringelting?>* Samples were rapidlyeated to 750 °C at a
heating rate of ~895 °C/min in a graphite crucible with an induction heater (Fluxeon
Roy1500, USA). Temperature and heating rate was measured using an optical pyrometer
(Calex PyroUSB 2.2, USA). After reaching 750 °C the heatingstggped and the
molten sample was immediately flattened inside the crucible using a graphite plunger and
allowed to cool in Ar (cooling rate of ~150 °C/min). During chemical delithiation
experiments all pellets were placed in 20 mL of anhydrous solvetitdatesignated
time (<24h for full reaction) without stirring/agitation. After initial reaction the samples
were decanted and washed withmL of anhydrous solvent to remove soluble Li

alkoxides. All organic solvents were anhydrous and were used agekce
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Characterizations

SEM images were collected on a figdhission (FE) LEO 1530 microscope
(Zeiss, Germany) at an accelerating beam voltage of 5 kV and a working dsténce
mm. Image analysis was performed using ImageJ softiaManowire diameter
measurements were performed on at least 150 particles for each sample type. TEM
studies were conducted dEOL TEM 4000EX (JEOL, Japan) operating380 kV. XRD
studies were performed using a Panalytical MPD (Netherlands) while the high
temperature (HT) grazing incidence (GIXRD) studies were conducted using an Anton
Parr HTK-1200 hot stage (Austria). GIXRD samples used a consteidence angle of
¥*=5A, which provides a pemrepunrbasedoomassiept h o
absorption calculations. A heating rate of 4 °C/min was used with a 5 minute soak and 30
minute Xray collection period in 50 °C increments from 600 T. A GCray KU x
source was used with applied voltage of 45
ranged from 20 to 85°. For Al(Etehanowires suspended in ethanol a XRD was
performed in transmission geometry with mylar sample holder and a tradRiafral
geometry in order to increase the diffracted volume. FTIR was conducted with a Thermo
Scientific Nicolet iS50 (USA) with an optical velocity of 0.6329 and resolution of'4'cm
Thirty two scans were collected to average for both sample and backgigonats. FTIR

samples were prepared in KBr inside an Ar glovebox and analyzed under air.

Electrochemical measurements

Electrochemical studies were performed using commercial carbbaséel
electrolyte (IM LiPFe, ethylene carbonate : diethyl carbonatémethyl carbonate
(EC:DEC:DMC) mixture, 1:1:1 by vol.) in 2032 coin cells. Graphite anodes were
purchased from MTI (USA) and LFP cathodes were obtained from Sila
Nanotechnologies Inc. (USA). Chardescharge tests were conducted using Arbin

battery systen (USA). Electrochemical measurements were additionally performed in
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symmetric stainless stesfainless steel coin cells using electrochemical impedance
spectroscopy (EIS) techniqoa a Gamry Reference 600+ (USA) with arb®
amplitude in the frequencwnge from 1 MHz to 100 Hz. Temperature was controlled

during EIS to an accuracy of £0.2 °C using a Tenney environmental control chamber.
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CHAPTER 5
PANI-CNT COMPOSITES FOR MULTIFUNCTIONAL

SUPERCAPACITOR APPLICATIONS

Reproduced with permission frainBenson,l. Kovalenko,S. Boukhalfa,D.
Lashmore, M. Sanghadasa Yushin Multifunctional CNFPolymer Composites for
Ultra-Tough Structural Supercapacitors and Desalination Deyigdsanced

Materials, 2013 Copyright2013 WILEY-VCH Verlag GmbH & Co. KGaAWeinheim

5.1 Introduction and Motivation

A large market push to develop higkrformance materials has been observed in
mobile structural applications and the energy storage sector. Unmanned aerial vehicles
(UAVs), aerospace and space exploration vesjdatellites, energgfficient aircraft and
ground vehicles, smart textiles and flexible electronics demand both strong and light
weight structural materials and high capacity energy storage.

Most of the improvements in electrochemical energy storagerialathave been
focused on increasing their i@torage capacity and cycle Iffln spite of the world
wide efforts, rather moderate increase in the energy storage imeddmeenstrated
(~10%/ year or |l ess) a tr efdVeighhamdvoldmees not
sensitive applicationsave traditionally relied on increasing the gravimetric and
volumetric energy density of their energy storage materials. Increasingly multifunctional
materials have attracted attention as a solution to reduce weight and volume on a system
wide level by canbining the functions of multiple components using conventional
electrode materiafs:2°*Many different modes of multifunctional material

implementations are possible, but the most immediately benefits comedrobining



structural functions, such as strength, stiffness, fracture toughness, and damping, with
nonstructural functions, such as electrical and/or thermal conductivity, energy storage,
electromagnetic interference (EMI) shielding, radiation shieldimathers.

Carbon nanotubes (CNTSs) are well known for their good structural propétties.
Their high strength and modulus combined with low density and the dampening
properties of a composite layup, provide a rolosltifunctional mechanical response.
When used as fillers in polymer composit@8lT must be uniformly dispersed within the
polymer matrix and the CNpolymer interface should be carefully engineered to achieve
the transfer of the mechanical load to indual nanotube$#2%3 Strong chemical
bonding between with CNT and the polymer matrix is critically important for
achievement of high strength and modulus. Traditional synthesis methods employed to
achieve gooNT dispersion rely either on chemical modification or grafting
macromolecules onto the CNT surface. The majority of the reported processing methods,
however, allow introduction of only small volume fractions of CNTs into the polymer
matrix, which does nallow sufficiently high mechanical property values to be
attained?®?

Li-ion batteries (ILB) and supercapacitors are both among the most promising
electrochemical energy storage devices with complementary characteridBissffer
high energy density and moderate power density, while supercapacitors offer at least 20
times less egrgy per unit volume but 2000 times more powet* Early work on
structural energy storage devices simply embedded traditibBaddlls into the carbon
fiber layup?®® This provided serious design problems for mechanical compatibility
between the host composite and the inserted cells, and made electrical wiring and
maintenance difficult. Moreecently structural batteries used the carbon fiber of the
layup as the anode materté!.Unfortunately, this design was complicated by the
polymer sizing used for enhancing the filmeatrix interface and the mechanical property

mismatch between the traneitimetal oxide cathodes and the polymeric matrix. Several
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recent studies explored the deposition of active materials on carbon nanotubes, carbon
and polymer fibers, metal nanowires and other structural mat&tad€6272 The
reported results provide good examples of rultictionality demonstrations, but rarely
show enhancements of composite mechanical properties after the deposition of active
material on the fiber surfaces. In some cases, a reduction oameghperformance is
observed. For example, the CMdinforced anode forlBs demonstrated specific
strength of 400 kN-m-kgt,?*?which showed a great promise for the application of
CNTs in multifunctional composites. But, unfortunately, the active vdpposited
ceramic coating on the CNT surface limited the maxinelongation to less than ~ 1%
(vs.> 6 %in CNTs before the coating deposition) and the modulus of toughness to only ~
1 MJ-md,

In this work, we have used electrodeposition of Fstflength, lowcost
electrically conductive polymer, polyaniline (PANI), onto the nonwoven CNT fabric to
achieve aemarkable combination of high strength and toughness. When tested for
supercapacitor and capacitive deionization (CDI) applications, the produced flexible
composites showed very rapid ion adsorption and specific capacitances significantly
exceeding thatfacommercial activated carbon powders. These properties translate into
high energy and power densities. This approach additionally offers longer cycle life,
higher CNT mass loading and makes use of the CNT interconnectivity to reduce
electrode resistancBy carefullycontrolling porosity and coating thickness to optimize
volumetric capacity and power characteristics, a smooth electrode surface is achieved
which allows thinner separators, elimination of a binder and heavy metal foil current
collectors. Elmination of the metal foils also eliminates galvanic coupling which can

cause degradation of the device.



5.2Pulsed Electrodeposition of PANI on CNT Fabrics

According to our approach, we first produced a +sgglength bindefree CNT-
based nonwoven falor In contrast to the majority of CNT film synthesis routes, we
utilized a commerciascale continuous chemical vapor deposition (CVD) process that
allows rapid manufacturing of uniform higftrength CNT sheets with tunable
mechanical properties. We used 5 pm thick CNT fabric for polymer electrodeposition.

We have selected PANI due to its high conductivity, good environmental
stability, tailorable nanostructure, and good mechanical propéiti€s2’°The stong
interaction between poli'yamdndjiuwnmgatainadn CANfT tt e
rings in polyaniline and the benzenoid rings of CNT resulstriong chemical bonding
and thushighinterfacial shear strength, which tends to be a problem for otii&r C
polymer system&*8151.27Compared to other traditional supercapacitor active materials
PANI is unique in that the ion exchange process by which the polymer equilibrates with
acid solutions also imposes thaaminto the polymer. This has been the basis for the use
of PANI as an anion exchange polymer for mixtures of halide ions and can be used for
desalination applications using capacitive deionization (EB#.*27™

Pulsed electrodeposition was utilized to allow control over the morphology,
uniformity and the amount of PANI deposited. Here we report the effect of different peak
current densities (2, 4, and 16 mA-én the composite microstructure and
performanceTo minimize the effect of other parameters, both the total deposition charge
and the total deposition time was kept constant, while the lengths of pulse and relaxation
time periods varied to maintain equal charge passed. Active mass was calculated after
this drying step and was found to be 31+3 wt.% PANI in all samples.

After the PANI deposition the CNT fabrics not only remained flexible, but have
become more resistant to permanent wrinkle formations during handling, as shown in
Figure59a,h The lowest current density of 2 mA-@resulted in the deposition of a

rather homogeneous PANI coating. However, increasing the deposition current resulted
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in the evident reduction of the deposition conformality andeclesme of the pores
(compareFigure59a,b with d,e). Interestingly, the highest current density of 16 mA&-cm
additionally triggered the growth of elongated PANI nanoparticles (short PANI
nanowires) on the CNT surfackfter deposition the density of the PANI composite was
~ 1.34 g-c&, which indicates a significant amount of the remaining porosity (~26 %)

since the theoretical density of a fully dense composite exceeds 18 g-cc

a)

Figure59. Photographic and SEM images of CNT fabric before (a,c) and aftef)b, d
coating with PANI electraleposited at different current densitfé$.
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Energy dispersive spectroscopy (EDS) revealed low concentration of
contaminantsKigure60a). As expected, ~91t.8% was observed to be from carbon in the
CNT and PANI polymer with smaller amounts of N, Cl, and Fe. The presence of N was
attributed to the PANI backbone. In order to increase the conductivity of the deposited
PANI, we used a Cl dopant through the iduotion of HCI during the electrodeposition.
Fe is a byproduct of the CNT synthesis process. Raman analyses showed typical PANI
spectra Figure60b).281The 1008300cm region show conformatiedependent
features. The 416 chpeak is indicative of @-C out of plane deformation modes, the
565 cm' peak is related to the deformation mod@mftonatecamine groups, and the
813 cm! peak results from a mixture of vatis torsion angles between the two aniline
rings of the PANI structure. In the 170000 cm' range, bands that are sensible to the
PANI oxidation state can be found. For example, the peak at 1508 ciue to an NH
bending deformation band of protorci@mine. The peak at 1589 ¢iis indicative of the
C-C deformation band of benzoid ring. Finally, the peak at 1178igmittributed to the
C-H deformation band of the benzoid ring. The presence of the bands at 1589 and 1170
cmit suggests that the deptesl PANI film is fully oxidized?®!

a ) 20001 b) 5
18001 )i ¢ Element at. % G G"
—~ 1600 - 565  1170: 1540
= 1400 C 91.5 = o 813
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‘G 1000+ 2
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4001 | i
200] N Fe cl Wil Ji_CNT fabric
0 , ; , : : . : . . —
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Figure60. Chemical charactezation of the deposited PAN&) energy dispersive
spectracopy of a PANdcoated CNT an®) typical Raman spectra of CNT and PANI
coated CNT fabric&®
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5.3 PANI-CNT Fabrics as Supercapacitor Electrodes

The deposition of PANI on the surface of a preformed CNT fabric allows one to
maintan the high conductivities of the fabric because the low resistanceCINNT
junctions can be preservedMLH>SOy electrolyte was selected as most common in
commercial lowcost aqueous supercapacitors. All tests have been performed in fully
symmetric configrations. As we discussed in our prior publicafi#the specific
capacitance of PANtontaining electrodes strongly depends on the measurement
technique. A threelectrode cell cafiguration commonly results in®-4 time higher
capacitance than the same electrodes measured in a symmeteiec¢tvode cell
configuration?®®284The potential window in our electrochemical tests was maiedhi
within the-0.6 to 0.6V range to avoid the conversion of emeraldine to pernigraniline,
which leads to subsequent dissolution of PANI %6, electrolyte.

The generated cyclic voltammograms (CWigure61a) revealed excellence
performance of the PANCNT nanocomposite electrodes and a clear dependence of the
reductionoxidation (redox) peaks on the PANI deposition conditions. The highest
capacitance was observed in the CNT electrode that was most uniforrahgdaovith
PANI (Figure60b). The capacitance of 240 F-{Figure61a-d) corresponds to ~700
F-geani (Figureb1le, f), which isone of the highest capacitances ever observed in
symmetric tests on various PAfbntaining composites as reported in prior stififge®
and indicates excellent ionic and electronic access to the redox re@esoingreasing
the sweep rate from 10 to 2,000 mVshowed a very high capacitance retention for the
utilized capacitance loading (~0.7 F-émThe shape of the CV curves remain nearly
rectangular at a very high 1 VAsweep rateRigure61b). Figure61c summarizes the
capacitance retention of the nanocomposite electrodes at increasing sweep rates and
shows the best rate capability of the PANI electrode pidg®sitedht the lowest current

density of 2 mA-cr.
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Figure61. Electrochemical characterization of PAbbated CNT fabrics in M1 H2SQy
electrolyte insymmetric tweelectrode cellsa) cyclic voltammetry of the CNT fabric
samples witlPANI deposited tdifferent current densitieb) effect of sweep rate on the
capacitance retention for the sample prodwste2lmA cm2 current densityg) effect of
the sweep rate on the capacitance retention of FBNIT samples in comparison with a
commercial activated carbon YPAT and agproduced CNT fabriaj) effect of the
current density in charggischarge tests on the specific capacitance of FAINT
samples in comparisowith asproduced CNT fabricg-f) specific capacitance of the
PANI componehof the composite as a function of sweep rate and current défisity.

When compared to the initial CNT fabrPANI deposition increased its
capacitanceteh ol d. Ans tia mddaursd & ya c t-17D, prodeickd flom r b o n
coconut shell precursors and utilized in the majority of commercial devices due to its

combination of high capacitance and rapid iongpanmt rates, clearly showed inferior
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performance at the identical capacitance loadrigufe61c). The volumetric
performance of PANI/CNT composites is even more impregsikie achieved
volumetric capacitance 6308 F-cn? is 3-5 times higher than that of commercial
activated carbon electrodes as well as electrodes produced from othpeHmimance
porous carbons utilized in supercapacitor de\feé¥292%7

Galvanostatic chargelischarge (CD) measurements confirmed the capacitance
values estimated from the CMaigure61d) and demonstrated capacitance in excess of
200 F-g'(>260 F cd') retained at a very high current gég of 20 A-g*. These results
corroborate an attractive combination of hgbwer and higkenergy capabilities of the
supercapacitor devices built with the produced composite materials.

Electrochemical impedance spectroscopy (EIS) recorded in the- D00@1HZz
range provides complimentary characterization and can be used for the estimation of the
frequency response of the assembled devices. The initial CNT fabric show remarkable
frequency response due to the very high rate of a double layer formatioa external
CNT surface. When operated at a characteristic frequércgf(~50 Hz such a capacitor
can charge to 50 % of its maximum capacitafigure62a). The slower redox reactions
responsible for thpseuacapacitancen PANI reduce the rate performance to fhef
~2.5 Hz in the best performing composite sample. When charged wshimd device
can store up to 80 % of its maximum energy, which is still quite impressive compared to
the activated carboglectrodes operating nearly an order of magnitude sldvigure

62a).
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Figure62. Electrochemical characterization of PAdbdated CNT fabrics in comparison
with other materials in M H>SQq electrolyte insymmetric tweelectrode cellsa)
frequency response of the PARNT electrodes in comparison with a commercial
activated carbon YP1D and asproduced CNT fabridy) cycle stability of a PANCNT
electrode produced at 2 mA-&urrentdensity in comparison with that of pure PANI
(chemically synthesized) electrode in chadigcharge testes performed in thetage
range from-0.6 to +0.6V, c) energy and power density of PARNT electrodes
discharged from different maximum voltagé®.
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