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Chapter 1: Introduction to Current MnO , Electrochemical Capacitor

Research

Due to the effects of global climate change, thsren increasing need to alleviate the
world’s dependence on greenhouse gas producing fosks. This has led to the increased
emphasis on renewable energy sources such as wold;, and geothermal power.
However, the energy produced from these sourcedsn&e be stored and transported
efficiently to the consumers without fluctuatiomstihe amount of power supplied or energy
delivered.

Electrochemical energy storage devices such asrlesttand capacitors have been a safe
and reliable way to store and transport energyf@ar a century. However, these devices
will need to be improved in order to meet the dedsaof future portable electronics, for
example plug-in or hybrid electric vehicles or athgectric machinery or instrumerits.
They will also need to be in flexible packagingoirer to power future flexible electronics
such as wearable electronics, paper-like electsprind flexiblebiomedical devices. All
of these applications require high energy and biglver devices with small masses and
small volumes. Therefore it is important that thaterials for these devices will have
both high gravimetric and high volumetric energg aower densities.

Currently, lithium ion batteri€s™ and electrochemical capacitbrs ***®are at the
frontier of the this research effort, as they piaportant roles in our daily lives by
powering numerous portable consumer electronic caésvie.g., cell phones, PDAs,

laptops) and even current plug-in hybrid electebicles (PHEVS).



However, these current rigid, bulky electrochemieakrgy devices do not have
enough energy density at high charge/discharges radth good cycle abilities to
satisfactorily energize current and future portaptaver applications for extended
periods of time. Therefore, an important objectifigg today’s scientists is to
technologically advance electrochemical energyag@mdevices to the point where they
can effectively uptake and deliver high energiebigih power demands while realizing
low masses and small volumes. In addition, thesécds will need to be quite flexible
as future electronics are showing signs of becomatiger elastic.

As mentioned, lithium-ion batteries and electrocloaincapacitors are sharing the
spotlight when it comes to current research ontelecemical energy storage devices.
The reason for this is that they complement eableraticely. Lithium-ion batteries,
which have been more heavily researched to daeekmaown for their high energy
densities. However, their power density is onlyderate. Whereas, electrochemical
capacitors, also known as supercapacitors, have pagver densities and moderate
energy densities. In other words, to use an étecar as an example, lithium-ion
batteries can provide the energy to go long digarmt with slow acceleration while
electrochemical capacitors can provide fast acagter but with little energy to go very
far. This can be seen visually in the Ragone foohd in Figure 1.1 where the energy
density, both gravimetric and volumetric, of comneamplete electrochemical energy

storage devices is plotted versus their power tensi
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Figure 1.1. Gravimetric and ‘olumetric Ragone plots
Energy versus power density plots comparing diffeemergy storage devices in ter

of a.Gravimetric and b. Volumetric aspe. Graph adapted from Simet al?

Therefore, one of the goals of the research predemtre is to increase the ene
density of supercapacitors in order to produceassthat can provichigh power ove

an extended period of tin

1.1 What is an Electrochemical Capacitor”

As can bdearned in an introductory physics course, a ti@akl capacitor is simpl
two metal plates sandwiching an insulating dieledtyel as represented [Figure 1.2.
Applying a potential difference between the platesults in a positively and

negatively charged plate
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Figure 1.2. ElectrostatiCapacitor Graph
Graphic depicting two parallel plates separated bjelectric with a thickness, d, whe

a potential, V, is applied

As this potentialV, is increased, the amount of charq, increases linearly. Th
characteristic ¢/dV constant is known as capacita, C, and its unit of measurement
the farad, Fwhich represents a coulomb per . The magnitude ofhis metric of

capacitanceC, then can biconsidered using the following equation:

where is theelative permittivity constant of the dielectric layer dielectric consta,
is thevacuum permittivit constant,d is the distance between the charged pl:

(thickness of the dielectric lay), andA is the werlapping area of the plate<This
4



capacitance can be directly correlated with thergneE, through the following

equation:

where V represents the voltage applied. Therefane, can improve the capacitance
and thus the energy by either increasing the aréaeqlates or reducing the thickness
of the dielectric area.

As opposed to this traditional capacitor, electssoltal capacitors or
supercapacitors contain an electrolytic solutioroas between the electrodes instead of
the dielectric layer. This results in essentiallyo capacitors in series with the
capacitance being stored between each electrodeface and the electrochemical
double layer of the electrolyte as seen in FiguB RAccordingly, devices utilizing this

type of charge storage are called electrochemmable layer capacitors (EDLCS).
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Figure 1.3 Electrochemical Capacitor Grap
Schematic of an electrochemical double layer capaaihered is the thickness of tr
double layer, while IHP and OHP stand for the inaed outr Helmholtz plane

respectively

Since thecharge separation distal, d, for these devices much smalle than the
dielectric layer thickness of electrostatic capgas, equivalent to the thickness of t
double layer (<3Angstroms fc a 0.3 molar electrolyts aqueous solutic versustens

of nanometers for even the best diele),*” 8

much higher capacitanwalues can be
obtained which is the reason why these capacit@<ften called ‘supe’ or ‘ultra-
‘capacitors.

Traditional materials for these devices have indudegh surface areiporous

carbonssuch as carbon nanotubes, onions, and fibers dssvle most utilize EDLC

material,activated carbc.*® These materials can achieve specific surface apeaer

6



than 1500 rh g*." * Due to their superior surface areas and smallgehaeparation
distances, EDLCs can achieve volumetric capacigmd®0 F crif which are 1000
times larger than those obtained by even the nth&treced electrostatic capacitors (0.1
F Cm'3) 18, 20

1.1.1 Pseudocapacitance

It was first observed in 1971 by Trasatti et aattRuQ films cycled in sulfuric acid
exhibited capacitance-like behavfor.The capacitance values obtained for these films
were comparable to EDLCGS. The high capacitance for these films was thougtie
achieved by a fast reversible charge transfer batvtke electrolyte double-layer and
the electrode. However, unlike a battery, where tiype of charge transfer also occurs,
the voltage profile during galvanostatic chargifameges linearly with the amount of
charge accumulation @&tV is constant). Since this discovery, other metatiex and
even conductive polymers have been observed to thesveapacitance-type behavior,
which has been termed “pseudo-" capacitance aertgm of the capacitance does not
come from traditional charge separation. This tgbecharge transfer process, also
called a faradaic reaction, allows additional stefeor near surface atoms to be
electrochemically active through adsorption aneiitign reactions which contribute to

the overall capacitance. This mechanism can beisdéigurel.4 below.
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Figure 1.4 Pseudocapacitive Chie Storage Process

lllustration of the proposedcation adsorptionand insertion during charging of

Owing to this charge storage behavior, these pseydaitors can reach gravimei
capacitances greater than 1200 which is considerably higher theeven the best
EDLCs (300 F §).%%** Also, theirvolumetric capacitances can be, in principle, 1
100 times larger than those for EDL*® Conductive polymePs®®such as polypyrrole
polyaniline, and polythiophene along wiransition metal oxides such the mentioned

RuO*" 2 Fg0,> * V,053" % and MnQ* are the typicamaterials used for the:

For conductive polymers, the faradaic process tieguin their capacitan-like
behaviorinvolves the insertion and -insertion of counterens through thir polymer

matrix. Although injection of electrons into th polymer backbones is considel

8



metal-like and thus a charge-separation or EDL@typehavior, faradaic
electrochemical changes such as radical cationaamah formations are observed and
thus conductive polymers are labeled as pseudccitaygematerials®

On the other hand, metal oxide’s charge storagawehis still debated but it is
considered either a surface ion adsorption mechanis a bulk ion insertion
mechanism*** For example, the mechanism of charge storageRfdd, in H,SOy

follows the following chemical reactiof:

RUQ+xH +x€e < RUG(OH)y,

where protons are thought to either adsorb on tine or insert into the bulk while
ruthenium’s oxidation state changes betweefi Bod RG".

Whether it is considered an adsorption mechanisthatrof an insertion mechanism,
there is considered to be a redox reaction taklagepnear the surface affecting the
valence state of these elements.

1.1.2 Why Nano?

Due to the fact that pseudocapacitive charge stoimaghought to take place within
tens of nanometers from the surface, decreasingeadocapacitive materials particle
size should increase the surface active sites wiebeeasing the bulk inactive material.
This has indeed been shown in the literafar&: * 3° For example, Srinivasan et al.
showed that electrospun,®s nanofibers had the highest capacitance values when
annealed at 400°€. This was due to this sample having the highdsT Bpecific

surface area of any of the other annealed samples.



Another reason for nanostructuring is the bufferoigstresses involved during the
electrode cycling. For pseudocapacitors, whereetle a redox reaction, there is a
change in the volume of the crystal structure dpyrihe charging and discharging
process which results in stresses that build uperbulk as is illustrated by Figutesa.
Ultimately, these stresses can result in cracksdofirmed in the electrode potentially
disconnecting regions of the material from the tetetc circuit. These stresses can be
buffered by mitigating the amount of bulk matead creating void spaces between
the nanostructures that allow the expansion of théerial as seen in Figude.
Owing to this, nanostructuring has resulted in drettycle ability performance of

nanostructured materials versus their bulk couarésp

10



d. BuUikK Fiim Eiectrode

Figure 1.5 Bulk versus Nano Electroc

Depiction of (a) llk film and (b) nanostructured electrode before after cycling

In addition, due to the increase in electrolyteeasibility to the surface and shc
diffusion distances of ions into the b, nanostructured electrodes can achieve sug
power dengies. This has been shown when comparing nandstactand thin film
electrodes with bulk electrod*®*? Also, nanotubes have shown to have hic
capacitance numbers compared to nanowires dueeto atlditional surface area a

thin wallssupporting fast ion diffusio®

11



Although nanostructuring has been shown here taaugcapacitance behavior for
materials, it can also have some unwanted sideteffe Due to the increased specific
surface area, nanostructured materials’ stableageltcycle windows can be smaller
when compared to bulk as a result of increased mdetions with the electrolyte.
Nanomaterials also tend to have a low packing tenssulting in low volumetric
capacitances that may not be practical for cerdqiplications. Therefore, all of the
modified properties caused by nanostructuring niestaken into account before one

can assume that nanostructuring is the best dacisio

1.1.3 Calculating Capacitance

Capacitance is the most common metric for compaceqgacitive materials. This
metric for pseudocapacitor materials is obtainettheei by galvanostatic or cyclic
voltammetry which are common testing techniquesafbcapacitors. In galvanostatic
voltammetry (GV), a constant charging or dischaggeourrent is applied while the
voltage is monitored. For capacitors, this resints linear curve for voltageersus
time like the one found in Figurk6a which is in sharp contrast to the typically ngarl

constant voltage GV curves obtained for batteries.

12
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Figure 1.6.Ideal Galvanostat and Cyclic Voltammetry Curves
Curves representing ideal supercapacitor and pdtnavior during (a.) galvanosta

and (b.) cyclic voltammetry testi

The main metriccapacitanceC), is thenobtained using the following equatio

whereQ stands for the charge coulombs and/ stands for potential in voltsThe unit
used for this is a farad, which represents a coblper volt. For GV, equation3 is

rearranged into #hfollowing equatio asQ =it:

13



wherei stands for the current appliddstands for the charging or discharging time, and
V is the voltage window used.

In cyclic voltammetry (CV), voltage is changed atamstant rate, also called a scan
rate (), while current is monitored. For electrochemicapacitors, this usually results
in a square shaped curresgrsusvoltage curve like the one found in Figur€b again
in sharp contrast to the peak-shaped CV curvesirdutafor batteries. Capacitance

using this method can be found by rearranging éguatinto the following:

where the capacitanc€)is found by taking the area under the chargindischarging
current () versusvoltage ¥) curve and dividing by the constant scan rajeir{ volts
per second.

Reports quoting capacitances obtained from thedbads should always indicate
the current or scan rate (power level) used for@\CV respectively. This is because
at low current or scan rates, these materials rhayw igh capacitances, but at more
practical powers the material may fail to demornstra practical capacitance.
Therefore, no capacitance value should be compavigd another without the

accompanying power level at which they were obthine

14



1.1.4 Important Observations

In utilizing both GV and C\ characterizationthe voltage window is an inp
function. In other words, the voltage is chosenthy experimenter. This window
chosen by the careful observation of previous widk#age current versus potenti
cyclic voltammetrygraphsat moderately fast scan rate$ the materic, which is
depicted in Figure 1.7For ideal supercapacitors, this window shoultaomtain wel-
defined slow redox processes or irreversible adebmical reactions either from
material or from the solvenThus, al reactions in the electrochemical stability wind

should be fast and reversit

Expanded Window Cyclic Voltammetry Electrolyte

- Decomposition -,

Slow Faradaic ,~» - -
Redox Process ,*
I

Fast and Reversible
Redox Process

----- \-/
Slow Faradaic
Redox Process

Voltage

Figure 1.7 Choosing Supercapacitor Potential Win:

lllustration representing a typical extended windayclic voltammetry te¢ at
moderately fast scan ra to determine ideal electrochemically reversibleeptl
window (Note: At slower scan rates, redox peaks in theseh reversibility windov
may appear)

15



For conductive polymers this electrochemical stgbilindow is shown to be around
1.2 V for poly (3,4-ethylenedioxythiophene) (PED&T)and 1.0 V for both
polypyrrolé” and polyaniliné® For metal oxides, the potential window rangesnfro
1.4 V for Ru@® to around 1.0 V for Mng* **to a very small 0.5 V for Ni&’

Capacitances obtained using these electrochemiahllity windows are usually
normalized with respect to the material’'s mass rtleo for comparisons to be made.
Theoretical maximums for these specific capacita/iCgyec max Can be obtained using

the following equation:

ZeNA
CSpec,Max = W 6

wherez represents the number of electrons inserted pegriahatnit, e represents the
charge of an electroma is Avogadro’s numbemM is the molar mass of the material,
andV is the voltage window. It should be noted tha theoretical maximum specific
capacitance only includes capacitance associatédl pgeudocapacitance; whereas,
materials with large specific surface areas cameaelspecific capacitances higher than
these theoretical maximums due to the additionalblio layer capacitance. For
conductive polymers, z represents the maximum esuah doping level per polymer
unit, which if exceeded results in a significantigase in the polymer’s conductivity.
For PEDOT, z is 0.33 and results in a maximum djgecapacitance of 190 F gfor
this polymer at a 1.2 V potential winddW.Other maximum specific capacitances can
be calculated as 1110 F' dor MnO, and 2580 F § for NiO assuming one electron

transfer per formula unit.
16



An important point to be made here is that NiO rsagm to be near 2.5 times as
good as Mn@ however, great caution should be used when olvgethiese numbers as
NiO’s large theoretical capacitance comes fromsisall 0.5 V potential window
(MnOy's is around 1.0 V). Equatio shows us that this potential window is
exponentially important when it comes to energw.fdct, if the theoretical maximum
energy density of Mn@and NiO is calculated using equati@dn(substituting specific
capacitance for capacitance), 154 WH*kgr MnO, and 179 Wh kg for NiO is
obtained. So what appeared to be a great advafualgO is marginal at best.

Another pit fall that may come about for a researah the interpretation of specific
capacitance values from a so-called “three-eleetrad “half-cell” testversusspecific
capacitance values from a “full-cell” or “two-elentle” test. Adjusting equation 4 in

order to calculate specific capacitanCeyes the following equation is obtained:

it

CSpec = Vm 7

wherem here represents mass.

Traditionally, supercapacitors were tested utilizithe “two-electrode” test where
both the cathode and the anode were of the samerialat When applying a voltage
here it refers to the potential difference betwgenanode and cathode. Therefore, any
change in the cathode must be accompanied by aal &gt opposite change in the
anode, including potential changesAccordingly, for GV testing, the anode’s and
cathode’s respective voltage windows are half ef bltage window of the full cell

which is depicted by Figurg.8a. Two electrodes are considered active mateeiad;h
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therefore the sum of both masses is included ingaayimetric metric.
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Figure 1.8. Twaelectrode vs. Threelectrode GV Curves

Galvanostatic voltammetry (GV) curves typical of) (awc-electrode an (b.) three-
electrode testing

On the other hand, the “thi-electrode” test involves thmaterial of interest bein
labelled as theworking electrode, an electrode of known potensial the referenc

electrode, and a relatively large area electrode tnly has benign electrochemic

reactions as the counter electrode. In this ctmeanalysis is focused only on 1

working electrode as the potential of this electragldirectly monitored by a referei
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as seen in Figurd.8. The working electrode here is cycled utilizitige same
potential window as that for the “full-cell” or “levelectrode” test. This means that the
electrode functions through both the cathode amdi@wvoltage windows. This means
that for equation 11, the time during charging drstharging for the GV is going to
take twice as long, while the mass will be halfragch compared to the “two-electrode”
test resulting in specific capacitances that ave fiones greater.

This can also be shown mathematically. The taaplacitanceCrot, in the “two-
electrode” test can be calculated using the follgwequation modified from the

equation for capacitors in series:

1 1 1

CTotal CCathode CAnode 8

whereCcatode Fepresents one electrode abqethe other. Since each reaction at the
cathode must have an equal but opposite reactithre &node, the capacitances for each

must be equal. This results in the following erat

1 1 1 2

CTotal CCathode CCathode CCathode 9

This can be rearranged and solvedGe4i, giving the following:

CC thod
Crotar = % = 0.5 Ccathode 10
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Thus, the total capacitance is half what it isitites electrode. Applying this result
to the specific capacitance results in the follgyvequation where the mass of each

electrode is the same:

CTotal _ 0.5 CCathode
masSrotal 2 masScathode

CSpec,Total = = 0.25 CSpec,Cathode

11

This result indicates that in the “two-electrodest; the total specific capacitance is
only a fourth what it is for each electrode. Tagain supports the fact that the specific
capacitance obtained from the “two-electrode” testa fourth of what it is for the
“three-electrode” test. Therefore, all specifipaaitances in this document from the
“two-electrode” test are multiplied by a factor folur in order for the reader to make

accurate com parisons.

1.1.5 Symmetric vs. Asymmetric

As seen in equation 11, the voltage window of thdseices has an exponential
effect on their energy density. Traditional psexagmacitors have consisted of an anode
and a cathode with the same material. These typeapacitors are called symmetric
capacitors. Most materials used for symmetric geeapacitors have limited voltage
windows of less than 1.2 V and some as low as 0.k Vqueous electrolytes as
indicated on page 15. Carbon-based EDLCs havermemipotential windows of 1.23

volts in aqueous solutions which can be increaseelt5 volts in organic solvents™®
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Therefore, one way to improve the pseudocapacititage windows is by using
organic electrolytes; however, due to their lowaslattric constant,., utilization of
organic solvents results in lower capacitariée? Also, since voltage windows for
pseudocapacitors are chosen between slow redos psadeen in Figutke7, expansion
of the voltage window for these types of capacitans be limited.

In order to bypass the problems associated witingryo increase the potential
window for symmetric pseudocapacitors is to crem@mmetric pseudocapacitors. In
this case, the cathode and anode are differentriaatewnith different reversible
electrochemical potential windows. These devicesintain the high capacitances
associated with pseudocapacitance, while incredbmgoltage window. A schematic
for an ideal two volt device and the behavior efaathode and anode material during a

typical CV scan can be found in Figure.
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Figure 1.9.Representatic of an Asymmetric Device

lllustration of cyclic voltammetry testing for asyanmetric device noting the anode ¢

cathode windows

Owing to this, asymmetrisupercapacitodevices utilizing a variety of combinatio
of redox materials, conductive polymers, aEDLC carbonmaterial: have been
prepared’™> The material for the wode and cathode are chosen carefully sothe
total dectrochemical stability window (cathode potentimindow plus the anod
potential window) is maximize. MnQ,, RuQ, TiO,, NiO, and other metal oxides a
typically choseras cathode with carbon-based materials usuaBlecte as anodes™
56-58 : : ; 59 : .

while conductive polymerare able perform in both regarfs>® This research hz

led to asymmetric devices with voltage windowswb tvolts in aqueous electrolyte
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which is greater than water’s theoretical electemultal stability window according to

water's Pourbaix diagrafi.

1.2MnO, Materials for Supercapacitors

As noted on page 7, ruthenium oxide was the fedbx pseudocapacitive material
studied for supercapacitor applications. This matéas many great properties for a
supercapacitor material such as a large (1.2 MVmdtential window, high specific
capacitance, high conductivity, and good electrotbal stability’” However, these
great properties are offset by its high cost, emmental toxicity, limited earth
abundance, and its utilization of a strongly acelectrolyte. Therefore, there is a need
to find another material that can achieve or apgrdhe same good properties of RuO
without including as many of the bad propertiepassible.

Oxides of manganese are perhaps the best choitleigaubstitution. Manganese is
the twelfth most abundant element on €drtind is less toxic than the ever-present
metals of nickel, iron, and copp®r. It is also less expensive than other competitive
energy storage materials such as §d@G, NiO, or \b0s.%® In addition, MnQ has a
large 1.0 V electrochemical potential window (tyglg between 0 and 1 V vs.
Ag/AgCl) and a high theoretical specific capacigit110 F @) in a neutral agqueous
electrolyte®

Furthermore, manganese oxides also have a longh&s energy storage materials.
In the 1860s, Georges Leclanche developed the iradkatell based on the

electrochemistry of Zn and M Owing to this, batteries containing Mp@re by
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far the most common energy storage device on th&eaha&oday thus showing this

material’s practical ability to be incorporatedaifiordable and mass produced devices.

1.2.1 Supercapacitor Charge Storage Mechanism

Recently, manganese oxides have been applied wrcagacitor applications. In
1999, Goodenough et al. first discovered mangaaogrske’'s had a capacitive behavior
in a neutral aqueous KCI electrolyfeThis amorphous material was shown to deliver a
specific capacitance of 200 F*gnd an areal capacity (q &@nof 3.8 C cnf as
compared to 11.1 C c¢frfor RuG. The charge storage mechanism was thought to be an
adsorption of the potassium ion. The ion was psepddo bind to three surface oxygen
atoms which resulted in its low capacity compaeuG.

However, this limitation to the charge storage na@i$m was modified when
researchers were able to obtain specific capa@sarfor MnQ thin films that
approached values for Ru@t 700 F g and even higher at 1380 F.§" *® Thus, the
mechanism for the charge storage for Mm®aqueous electrolyte has been and is still
being further investigated, including by our gragcan be seen on page 104 and 128.
The main arguments are whether there is ion immsertito the bulk or if there is only
ion adsorption on the surface and whether thisy@getin is a proton or the cation from
the solutior?*3® % ®7 The best characteristic mechanism is depictetheyfollowing

reaction:

MnO, + aH" + bC + (a+b)é«— MnOOH.Cy
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where C represents the alkali metal cations in the elégo As mentioned, a and b’s

contributions are disputed, and there is also gnraent whether the overall reaction is
only at or within tens of nanometers from the stefaAlthough the exact mechanism is
still disputed, there is a common agreement thatdfmarge is stored at or near the

surface which is the reason for its capacitive-skagctangular CV curve.

1.2.2 Factors Affecting Capacitance

Manganese oxide’s capacitance performance can he&otted by a variety of
parameters including its morphologye( crystallinity, size, shape, and micro-structure),
chemical statei.e. number of bound waters, valence state), andretiEtcomposition
(i.e. thickness of electrode).

As for crystallinity, MnQ materials with well defined crystallinity tend taave
higher conductivities but at the expense of lowefase area® Also, crystallinity is
most times adjusted by annealing which affectsatheunt of bound water molecules in
the MnQ material®® It is thought that the more physically and chethjcbound water
molecules to the material results in a larger iooamductivity and the maximum
number of these water molecules per Mn@it is found in the un-annealed state.
Therefore, an optimization between ionic conduttjvielectronic conductivity, and
surface area must be found.

As MnO, has many polymorphs,-,y-, ands-MnQO,), where the Mn@octahedral
units are ordered into different morphological stunes, different capacitance
performances can be observed for €&ch. These structures are represented

schematically in Figure 1.10; whereadyinO, contains 2x2 tunnel$-MnO, has 1x1
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tunnels,y-MnO; is spine-phase with 3-D tunnels, ar®d#iMnO, is layered sheets
octahedral Mn@"* Among therr §-MnO, has the highest specific capacitance ve

BET surface area owing to its t-dimensional tunnel structufé.

a-VInO, (2x2 Tunnels) B-VnO, (1x1 Tunnels)

y-MnO, (3D Tunnels} 5-MnO, (Lavered Sheets)

Figure 1.10.Schematic oManganese (IV) Oxide Polymorphs

By reducing the size of Mr, materials, scientisthave been able to increaits
specific capacitancé&wing to this fact, nanostructuring of M, has been research
thoroughly and has shown vast improvements in Spexpacitance, power capabili
and cyclic ability when comped to its bulk counterpaft. This is due to the increa

in specific area which allows grealactive vs. inactivanaterial resulting irmore and
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faster proton or cation adsorptiond/or insertionper unit mass. In addition, the

nanostructured materials allow void space wherentheerial can expand and contr

during cycling resulting in greater cycle abil

The shape of the Mr, material also affects the capacitive performe For

nanostructured Mn§) G-D (nanospheréd, 1-D (nanorodS or nanowire’®), 2-D

(nanoflake$") and 3D nanostructuresporous nanogef® have been produce Among

these, onelimensional nanostructures are thought to be thst pmising as the

allow a lot of ion access points at ir surface while maintaining good electro

connectivity along their leng which is schematically shown in Figurd 1.’

Uniform Size Distribution for Straightforward Characterizations

Electrolyte

0-Dimensional 1-Dimensional 2-Dimensional
Nanostructured Nanostructured

Electrode Electrode Electrode

Nanostructured

3-Dimensional
Nanostructured
Electrode

Figure 1.11.Dimensionality of Nanostructured Electro

Schematic representing the favorable propertiesnahomaterials with differer

dimensionality (0-D, 1D, 2-D, and 3-D).
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Thickness of the electrode is also of concern aitiadal material can add to the
overall capacitance but at the expense of the fpaxapacitance due to manganese
oxide’s intrinsic low conductivity. For examplegBngeret al. were able to produce
thin films (< 5 pm thick) that achieved a specif@pacitance of 1380 F'ghowever,

their areal capacitance was only 0.018 F*¢f

1.2.3 Ways of Improving Capacitance Behavior

It is thought that by composing Ma@lectrodes with conductive components in the

7980 3dding coatings to MnOnanostructure¥) & #2and

form of doping MnQ films,
applying thin films of MnQ to conductive porous networfE® the thickness of the
electrode can be increased without a severe drepenific capacitance. These type of
materials are called heterogeneous or hybrid natesrals and have been reviewed in
detail by our group and othets®*

Another aspect of Mn{Xhat affects its capacitive performance is itsadlistion rate.

This dissolution is typically represented by thioiwing disproportionation reaction:

MnOOH < MnO, + Mn?* + OH

When reduced to the MNOOH state upon the cathoséeg during cycling, M
can dissolve into the electrolyte resulting in loapacitance retention during extended
cycling. Researchers have are trying to mitigaie tlissolution behavior by adding
preventative additives to the electrolyfeand protective coatings on the Ma® %

These measures have resulted in materials withneeldaextended cycling performance.
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Another way of improving Mn@s performance is through hierarchical structures.
lonic pathways for protons or cations are needethenMnQ material to promote fast
diffusion of these ions to the surface active siteShis can be accomplished by
nanostructuring the material to have high porositylowever, these highly porous
nanomaterials must be connected together in sorsleiofa to promote electronic
conductivity. This can be accomplished throughdrighical nanostructures, where one
length scale offers an efficient way of transpayteiectrons while the other scale offers
a higher surface area for greater adsorption oesacof ions as is depicted in Figure
1.12.  Thusly, hierarchical nanostructures of Mn@anostructures have been
successfully synthesizéd®’ These hierarchical nanostructures have shownate h
superior capacitive performaneersustheir single-length scaled counterparts. This

hierarchical nanostructuring is further detailedha introduction in Chapter 4:
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Figure 1.12 Schematic oca Hierarchical Structure
Scheme showin@n imaginary hierarchical structure with tsmaller electroactive
material nanopatrticles electronically connected to a largeone-dimensional

nanostructuref the same mater|

1.2.4 Synthesis Methods for MnC,

One of the great aspects of M, is its many synthesis methods. This makes it e
for this material to béunctional for a variety of applications ¢ morphologies Owing
to this, here are basically two types of products formedgihese methods: powdel
particles and thin films. C-precipitation and hydrothermal methods tend to pce
large amounts of Mn©particles in powdered form, while -gel and electrodeposite

MnO, can be applied as thin filn
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1.2.4.1 Powder Synthesis Techniques
Chemical synthesis or co-precipitation of Mn® perhaps the most popular powder
synthesis techniqgue and was the method used by d&aoadh et al. when they first
discovered Mn@s supercapacitor behavidt. This typically involves the mixing of
potassium permanganate (KMyQwith manganese acetate (Mn(€DO)) in water

which results in the following redox reaction:

2MN(VI1)Ox (ag) + 3MM*(ag) — SMN(IV)Oxs)

where the oxidant, M, reacts with the reducing agent, #nin water to produce a
hydrated Mn@ material.

While KMnQ, is the main oxidant, other reducing agents inclutg@nganese sulfate,
potassium borohydride, sodium dithionate, in additito conductive polymer
monomers such as aniline and even polymers supblg,4-ethylenedioxythiophene)
(EDOT)3* 8298 99 These hydrated manganese oxide materials ardyuam@rphous as
prepared, but typically become dehydrateghase Mn@when annealet.

Another techniqgue commonly used for Mn€ynthesis, especially nanomaterials, is
the hydrothermal method. The advantage for thihatkinclude the ability to control
the morphology of nanostructures ranging from nphegses to nanorods to nanourchins
by adjusting parameters such as temperature, oeatitne, and reactants used.
Various Mn sources can be used, from’Mo Mn"*; however, the majority of products

100-103

made for supercapacitor applications are crystalimphase MnQ. These

products tend to only differ by their nanomorphglog
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Other techniques for creating powdered Mm@nomaterials include ultrasonic and
microwave-assisted techniques which provide lowgerature methods for producing
nanostructure Mn©materials:>*%°

Although the powdered products using the previowthods are promising, it is
difficult to compare the products of each methodles synthesis procedures greatly
affect the chemical and physical properties of rthesultant materials. Another
disadvantage of the powdered products is in théhegis of the electrode. In order to
connect this material to a circuit, it first must pressed onto an electrode. This results
in the need for heavy polymeric binders, which agaght to the electrode without any
addition in energy storage. Also, as Mnknown for its low electronic conductivity,
a bulky conductive additive is needed to make sthre entire electrode is

electrochemically active.

1.2.4.2  Thin Film Synthesis Techniques
A popular way to create MnQhin-films is through the sol-gel technique whiehs
first developed by Bacht al.*®” Sol-gel offers advantages of homogeneous mixfng o
reactants, control over size and shape of prodactd, compatibility with thin film
processe$® In this technique, organic acid (fumaric acid, #CH=CHCQH,
produced the best results) is mixed with an algation-MnQ solution. A gel is then
formed within 30 minutes of mixing. This first pten the gel formation is represented

by the following reaction:

HO,CCH=CHCQH + 2MnQy (4g+ 8H;0" <> 2CO, + HO,C-COH +2Mri*+ 13H,0
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where HQC-COH is the chemical formula for glycoxylic acid-his aldehyde is then

oxidized under basic conditions to oxalic acid ga8adCO,H) by the following reaction:

HO,C-COH + 2Mri* +3H,0 <> HO,C-COH + 2Mrf* + 2H,0"

This formation of MA" reacts rapidly with any excess M@ produce Mn@ The
overall sol-gel MnQ@ formation is represented by the following reactessuming a

KMnO, manganese source:

3HO,CCH=CHCQH + 10KMnQy <

[1OMNO;, + 3(KCQy); + 4KOH + 4H0]gey + 6CO

This sol-gel process and variations of it have bessd multiple times to create thin
films of MnO, for energy storage applications though casting gbke onto current

collectors’® 108 109

Other synthesis using sol-gel have involved usampdized
aluminum oxide (AAO) templates as a host for thiefgiowed by removal of the AAO
producing MnQ nanowire array$® Typically, these materials are hydrated and
amorphous, but becondephase Mn@upon annealing**

Perhaps the best method for controlling the sibaps, physical and electronic
connection, and mass loading of energy storagérethss is electrochemical deposition

which is reviewed in 1.3. Electrochemical synteesf MnG, can be completed by

either cathodic or anodic deposition.
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For cathodic deposition, this usually involves glyathesis of Mn(OH) This is first
accomplished by applying a reducing voltage tolaatede in a Mfi" aqueous solution
which results in the production of OHom either the electrochemical reduction of

water or a supplementary nitrate ion as the reastitepicted her&? 13

2 HO(l) + 2e — Hy(g) + 20H(aq)

NOs (aq) + H:0(l) + 26 — NO, (ag) + 20H(ag)

The OH produced here then combines with the?Mim solution to form Mn(OH)

depicted by the following reactidii:

Mn?*(aq) + OH(ag) — Mn(OH)(s)

The manganese hydroxide is then either electroataiyior thermally oxidized to
MnO,. Munichandraialet al. has been the pioneer in this work even going asiga
simultaneously depositing a Ma@athode and anode utilizing the cathodic process t
produce one electrode and the anodic process tiupeche other electrod®

Another cathodic process developed by Zhitomirgity al. involves the direct

electrochemical synthesis using the Mnion represented by the following reactidf:

MnOy (aq) + 2H,0(l) + 3¢ — MnOy(s) + 40H(aq)
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where the morphology of the film is controlled Imgtconcentration of MnOwith high
concentrations resulting in smooth films and lowa@ntrations resulting in fibrous,
porous filmst411°

Anodically deposited Mn@involves the oxidation of a Mf species and heavily
relies on the concentration and diffusion ratehid species thus more control over the
morphology of the film is thought to be had. Chapret al. was the first to utilize this

method for supercapacitor applicatidis.This synthesis reaction is depicted by the

following:

Mn#(aq) + 2H,0(1) — MnOy(s) + 4H'(aq) + 2€

Due to the controllability of this method, a widarety of morphologically controlled
nanostructures and coatings on nanostructuresdeas firoduced by both template and

template-free methods. These include nanostrucasisting of thin planar filns,

117-119 §.20, 121 §6, 122, 123 §22, 125
) ) )

nanoflower nanowire porous films:** nanotube and

127 and colloid

nanoflake$’ in addition to coatings on high surface area casb
crystal template¥®

In addition to sol-gel and electrodeposition me#)odther thin film synthesis
methods for Mn@ involve electrophoretic deposition and electroclvamoxidation of
manganese met&?**

As will be mentioned in the next chapter, as thése films tend to be directly

deposited onto current collector either chemicalyelectrochemically, their electronic

connectivity with the circuit is more ideal for eteon transfer than the physically
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pressed powdered electrodes. This leads not orbgtter performance of the material,
but also a better ability to analyze materialstf@ir fundamental properties. Therefore,
these thin films, mainly electrochemically depodiféms will be the main focus of

remaining chapters.

1.3Controlled Electrodeposition for the Synthesis of I&nostructures for
Supercapacitors

As eluded to earlier in section 1.2.4.1, currentérgy storage electrodes consist of
about 100 pm thick filmg® with 80-85% powdered electroactive material an€20%
binder with large volume conductive additives (bglidensities < 0.5 g cM.? These
electrodes are typically made by mixing the elexttive material, binder, and additives
with an organic binder solvent into a slurry. T®harry is then coated or pressed onto a
conductive foil and the solvent is combusted witthermal oxidizer. A schematic of
electrodes made this way can be found in Figur8.1.This represents a problem, as
promising nanostructured Mn@lectroactive materials can have their high enengyy

volumetric densities negated by these electrodéiaelsl
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Figure 1.13.Current vs. Future Energy Storage Electr
Figure depicting a (a.) typical energy storage tebele and a (b.) proposed futt

electrode

Furthermore, isce this electrode is just physically pressed @ah&current collecto
this can result in as much as 20% loss of materials energy coming from th
electrical contact resistance between the curr@igator and the electrode material ¢
to contactsurface imperfections that act as ohmic resist: as is illustrated itFigure
1.1423* Therefore, directly connting MnO, through chemical means to a conduc
substrate to create continuous contact betweeeldotrode and current collector w
reduce these ohmic losses. This can also resuiigimer gravimetric and volumett
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energy density devices not only eliminating the need for these bulky additives liy
also eliminating any electrochemically inactive eratls that could result from de
spotsassociated with incomplete distribution of the asctdye additivesfrom these

heterogeneously mixed matels.

[ e B B B B R

Current Lines

Figure 1.14.Physically Pressed versus Electrodeposited Eleg
Graphic depicting the current lines for an eleatrdtat is pressed on to a curr
collector versus one that isectrodeposited with the resistarmepresenting the conte

resistanceRq
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One way to achieve intimate contact between theentrcollector and Mn@is
through direct electrodeposition of MpQOonto a conductive substrate. Large
gravimetric and volumetric energy densities canadgbieved through this method
mainly by the deposition of thin metal, metal oxide conductive polymer film§>*%’

Although these thin films show great material métion, the performance of the
material tends to deteriorate as their thicknessaseased. Therefore, there is need to
nanostructure these films in order to allow theesigy materials utilization at greater
thicknesses for practical applications that reqbigh areal capacitances in addition to
high specific capacitances.

A wide variety of synthesis methods for Mn@ave been developed for preparing
nano-architectured electrodes by electrochemicpbsion. A lot of these methods
include sacrificial templates which promote theyeadoption of their nano-morphology
either by positive or negative replication.

For example, Li et al. was able to make mesoponoaisganese dioxide by using a
triblock copolymer species (Pluronic P123 and F1&%)p sacrificial templat€® The
material showed a larger specific capacitance @@on-porous film in addition to
better cycle ability. In addition, Nakayama et aded a colloidal polystyrene (PS)
crystal template to produce porous manganese dRateachieved 163 F'gcompared
to 21 F ¢ without the utilization of P$®

Additional templates have been employed for thigppse; however, AAO template
synthesis will be emphasized here due to its unpyoperties and its utilization in our

research.
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1.3.1 AAO Template Synthesis

The anodized aluminium oxide (AAO) template synihemnomaterial fabrication
method was developed in the mid-197%s. AAO is thought to be advantageous for
nanostructure templating due to the ability to aataly control its physical features
which can lead to controllable nanostructures #énatneeded for fundamental research.
In addition, it has a high pore density {Jres crif) which is promising for practical
aspects of supercapacitor research that requiredngpl mass loadings.

AAO is typically made by anodizing aluminium fon ia strong acid electrolyte at
high overpotentials anywhere from 2 to 500 volt$ie magnitude of this overpotential
affects many parameters of this porous structuh sas pore diameter, pore wall
thickness, pore density, interpore spacing, etdlewthe time for anodization affects the
length of the pores. This results in good cormfdhe aspect ratio for the pores in these
membranes. A graphical representation and SEM entdcan AAO template can be
found in Figure 1.15. A comprehensive review @& #ynthesis of this template was

done by Sulk&*°

40



i:nﬁrpcré Spacir%g — 1

Figure 1.15. GraphiRepresentatioand SEM Image of AAO
(8) Threedimensional representation of an AAO template SBM tof-view image of

AAO (courtesy of Ran L), and (c) Close up of AAO pore structure

For electrochemical syhesis, typically the remaining aluminium is cherfiici
etched along with the barrier layer that forms leetw the alumina pores and -

aluminium. Thena thin layer of conductive metal is either spttieor evaporate
onto one side of the membrane. material, either current collector or energy ster
material, is electrodeposited from the bottom uphe template is then chemica
etched with either strong base or acid typicallgism hydroxide or phosphoric acid
reveal free standing o-dimensonal nanowires or nanotubes directly attached

conductive substrateThis synthesis process is represented by the gphFigure

1.16
41



[ —on on. ou an

Electrochemical Deposition
—>  ® ® ® ® ©®

aepdura] jo uonnjossi(

Figure 1.16.Scheme RepresentiiElectrochemical Synthesis using A,

In addition to the pioneering AAO template work doby Kawai et al**° in the
1970s other groups have utilized the AAO template todoce nanomaterials throu
electrodeposition. For example, Ajaye laboratory at Rice University has utiliz
AAO as an effective template to produce electrodd#pd energy storag
nanomaterials. They have shown that by first edelefpositing short gold curre
collectors in the AAO pores, the contact resistabetéwveen the chemical vapol
deposited carbon nanotubes and their current ¢otles reduced due to the intims
contact between each «-dimensional structure and the current colle'*"**? They
have also looked at the difference between eleotnmically polymerized PANI coate
on electrodeposited solid gold nanotubes and on pogald nanowires synthesiz:

from the dealloying of electrodeposited gold allbgsh utilizing the AAO templat**®
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Simon and co-workers have also synthesized a yasfestructures using the AAO
template synthesis process. In their work reviewetke, they utilize the AAO pore
structure to make electrodeposited one-dimensioaalo-current collectors such as
copper nanowiréé **by pulsed cathodic current in an aqueous solutomJuminium
nanowire$®™ ® by pulsed cathodic current in an ionic liquid s$iwin in an argon
atmosphere glove box. Utilizing these metal namnesyi they were able to
electrodeposit F©,* Sn**’, and Bi** on the copper nanowires and by atomic layer
deposition they were able to grow Bi¢f onto aluminium nanowires. All of these
composites showed good rate capabilities owindpéadritimate contact of the electrode
material with the current collector.

In addition, our group has utilized this method mames to create various
architectured nanomaterials as energy storage iaateil he first materials analyzed by
our group were conductive polymers such as polgbgr(PPY), polyaniline (PANI),
and (3,4-ethylenedioxythiophene) (PEDGT. In the case of PEDOT, it was found
that at high overpotentials (>1.4 V) controllingetrmonomer concentration and
potential applied during the electrosynthesis oésth conductive polymers, the
morphology of the nanostructure in the AAO porelddie controlled. Accordingly, at
high potentials and low monomer concentrations hdres were favoured while at low
potentials and high concentrations nanowires wereoudred. However, at low
overpotentials (<1.4 V), morphology was unaffedbgdconcentration or potential and
only nanotubes were formé®. The mechanism for this is thought to be assatiate
with the shape of the metal electrode at the bottbthe AAO pores. In this case, gold

metal was sputtered on one side of the AAO witheofthe metal actually depositing

43



inside the pores. Due to this, the bottom ele@rbds an annular or ring shape. This
electrode morphology is thought to produce higharge densities at the sharp edge of
the ring along the pore wall which initiates polymation of the monomer during
conductive polymer synthesis. The monomer tlemigues to be polymerized up the
wall forming nanotubes. The mechanism has beepasted by experimentation using
flat-top metal electrodes instead of ring-shapedtebdes.

By exploiting this mechanism, PEDOT nanotubes wearnwestigated as
supercapacitor material3. This material was shown to have little to no gleatransfer
resistance from electrochemical impedance spedpys¢EIS) owing to the good
electrical contact between the electrochemicallpwgr PEDOT and the current
collector. The benefit of the PEDOT nanotubulaucure as opposed to the solid
PEDOT nanowires was accessibility of more of thefagme of the material to the
electrolyte resulting in lower diffusional resistanof the charging ions. This low
resistance resulted in only a 20% drop in capacitd®50 to 120 FY when the power
level was increased 5 times (5 to 25 mA™3m Also, the intrinsic electrical
conductivity of PEDOT allowed for only a 20% losssdpecific capacitance when the
charge passed during electrodeposition was inale38dimes. This means that areal
energy density can be increased without much losthé gravimetric or volumetric
energy density.

The PEDOT nanotube synthesis mechanism was furgix@toited to create
core/shell MNG/PEDOT nanowire§? This was achieved by the simultaneous
deposition of PEDOT nanotubes along with a highrgynéensity Mn@nanowire core.

The mechanism of formation for this material canfbend with the annular ring-
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shaped electrodes promoting the coaxial nanosteicamd the flat-top electrodes
promoting a PEDOT covered Ma@anodome. The advantageous core/shell structure
was able to improve the areal and volumetric enatggsity at high power when
compared to the PEDOT nanotubes alone. A comptiente utilizing this material as

a cathode in shown in Chapter 3:

Owing to our own previous promising research, thiézation of this template
method to create heterogeneous and hierarchical ,NMm&derials for fundamental and
applied research is the method used in this thésiaddition, this method of deposition
can be utilized for more fundamental science dueth® ability to control the

nanostructures morphology such as length and deamet

1.3.2 Conclusions

Electrochemical deposition offers a great way tsuea good electrical contact
between the Mn@and the current collector which is the major t@sise loss in current
electrochemical energy storage systems. In addis\O template synthesis offers a
great way to control this deposition, resulting nanowires with chosen diameters,
lengths, and areal densities.

In addition, electrochemical deposition with AAOn#lyesis is shown in our group
and in others to have been utilized to create gnstgrage nanostructures that have

superior charge storage properties with great otahility.
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Chapter 2: Characterization of Nanostructured MnO,

In order to evaluate different nanostructured niaerof MnQ, each must be
characterized well. The following sections willosh how the MnQ structures are
typically characterized. Some of the electrochamiechniques such as CV and GV
that are used to characterize a materials’ perfocemdave been mentioned previously
on page 12; however, here methods will be presehezd that have been used to
characterize the structure of the Mn@anowire material produced later in this thesis.
This material is typically produced using the AA@nplate electrosynthesis method
reviewed in the previous chapter and representdéidiyre 1.16. (Note: The following

chapters will include the detailed synthesis ohestcucture.)

2.1Electron Microscopy (SEM and TEM)

All TEM images in this manuscript were obtainedyLi-Chung Lai

Obviously, since nanostructures are being dealh \Witre, instruments capable of
visualizing these materials. Scanning and transioniselectron spectroscopy (SEM and
TEM) are great methods for accomplishing this goal.

In SEM, a focused electron beam raster scans etectmto an object while a detector
collects secondary electrons (SE) and back-scdt@ertrons (BSE) and converts the
intensity of these into an imad®. This method gives very good surface topography of
a material at resolutions at or below 5 nm. Cotidacsamples are needed in order for

high resolution imaging.

46



Sample preparation for this instrument is fairlysyedor the research done in the
following chapters.  Electrode samples consistinfy fee-standing nanowires
electronically connected to the current collecter easily prepped for SEM by simply
attaching the electrode to the sample holder bieeepof double-sided carbon tape. A
typical SEM image of a sample consisting of a Mm@nowire array can be found in

Figure2.1

10.0kV 5.4mm x7.00k SE(U)

Figure 2.1. SEM image of MnNanowires Attached to Current Collector

In TEM, a focused electron beam is transmittedubhoa material while a detector
collects the transmitted electrons and convertsiritensity of these into an imadg.
Since the electrons pass through the materialkribEses must be kept below a few
hundred nanometers. Advanced TEMs can resolveithdil columns of atoms with

resolutions down to less than O@ﬁgstroms.
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TEM samples in the following chapters were prepargdsonicating free-standing
nanowire arrays in ethanol which caused the namswio detach from the current
collector and disperse into the ethanol. The teguihanowire suspension was then
drop cast on a carbon-coated copper grid. A tygi€aM image of a Mn@ nanowire

can be found in Figure 2.2.

Figure 2.2. Typical TEM Image of Mnpanowire

2.2Energy Dispersive X-ray Spectroscopy (EDS)

All EDS data in this manuscript was obtained by IDfChung Lai

SEM and TEM are both capable of another analytieahnique termed energy-
dispersive X-ray spectroscopy (EDS). For thisetedtor is used that collects X-rays
during the electron bombardment of the sampleThe data is then represented as

intensity of X-rays versus the energy of the X-raySince each X-ray’'s energy is
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associated with a known elemental electron tramsitf the material, the qualitative
and quantitative elemental content of the sampbebeadetermined.

For SEM, the signal can come from over a microo thie sample. This means that
care must be taken when analyzing the data asutbeugace and even the substrate
may contribute to the overall EDS spectrum.

For TEM, samples should be dispersed on a holepooargrid with samples
positioned over the holes. This results in a ratt@n of any contamination from the
carbon film or other contaminants that may haveodmsd on the film. As with SEM,
the signal for EDS in TEM comes not only from theface of the material, but from
the whole bulk of the material. Even so, the ridistribution of materials in core/shell
nanowires can be determined using this method. example, Figure.3 shows a
typical core/shell nanowire with the Ry;Lspectrum indicating of a shell of Rp@ith
larger intensities at the edges of the nanowiretaedn K,; spectrum typical of a core

MnO; structure with the largest intensities in the nedaf the nanowire.
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Figure 2.3 TEM Image and ED Spectra of a Mn@RuO, Core/Shell Nanowit
2.3Electron Energy Loss Spectroscof (EELS)

All EELS data in this manuscript was obtained by ®er-An Chiou

TEM is also capable of another elemental compasitechnique called electrc
energy loss spectroscol(EELS). In this method, a detector analyzes thergynof
electrons after they have passed through the se*° Due to the interaction of tt
electrons with the atoms in the sample a loss efgnis observed. The magnitude
this loss can be correlated directly with the sfie@lement that caused the loss.
advantage of EELS over EDS is that EELS can probe diemical state of th
elemental atom. In other words, data such as valstate and bonding structure car
obtained.

Samples hereshould be fairly thi (<50 nm for dense solid sampl, as samples

thicker than the mean free p can result in more than one electron energy
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interaction,reducing the signal to noisratio of the EELS spectra pea A typical

EELS spectrum of an Mr, nanowire can be found in Figure 2.4.

Figure 2.4 Typical EELS Spectrum of Mr, Nanowire

2.4 X-ray Photoelectron Spectroscop (XPS)

All XPS data in this manuscript w obtained by Dr. Karen Gaskell

Another elemental spectroscopy technique used oftenX-ray photoelectroi
spectroscopy (XPS). In this method, the samplerabed with )>-rays at a constal
energy (typically aluminunKa = 1486 eV) while a detector monit the energy of
electrons called photoelectrons that are escapiagnateria®>' The energy diference
between the escaping photoelectrons and the emérthe excitation -ray is termed
the binding energy (BE) and is directly relatedthe electronic structure of certe
elements.The results of XPS can be both qualitative and tiadive as th quantity of
electrons at a certain BE can be correlated t@atheunt of atoms of that element w
detection limits as low as tlparts per million (ppm) range.

Although the Xrays can penetre millimeters into the material, the emitte

photoelectrons my come from the top ten to twelve nanometershef naterial as th
51



electrons at greater depths tend to be recapturgdpped in excited states. Therefc
chemical composition is only obtained from the scef. However, ion sputtering ¢
be usedd probe the chemical composition of the bulk of m&terial by removing th
surface layer and then analyzing ag

Valence states can also be detected for transitietal elements using this techniqu
For manganese specifically, the magnitude of separation of the 4, and 2p,
satellite peaks has been used as a valence datato; however, this magnitude ten
to differ by less than the resolution of the dese¢between 11.¢-11.78 eV from MnC
to MnQ,) and is not very reliabl*** Therefore, the magnitude of thelenc-band 3s
satellite separation is thought to be a bettercetoir as this can vary by more than 1
(between 4.6%.78 eV from Mn(G to MnO). Figure2.5 represents a typical XF
spectrum obtained from an My nanowire array for the Mn 2p and Mn 3s sate
peaks.Here, only surface valence state can be detectktbarsputtering is not i@l to
probe the valence state beneath the surface agxygreferentially sputtered leavi

the remaining material at an artificially lower @ate stat
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Figure 2.5 Typical XPS Spectrum of Mr, Mn 2p and Mn 3s Satellite Pe:
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Samples preparation for this technique is not eemplicated as most samples can be
prepared as they would be used in their systema, gsult from this technique is very
characteristic of how it is during its performancelowever, since it is in a vacuum
environment, samples need to be dry and not hayérapped air which can expand in

the substrate or support material.

2.5 Raman Spectroscopy

Raman spectroscopy is a technique that can pr@bleahding structure of a molecule.
In this method, a laser with a wavelength typicatiythe visible spectrum is used to
excite electrons in a material to virtual excitetergy state$>® Upon relaxation,
electrons can transition back to their initial sfatalled Raleigh Scattering, or a higher
vibrational state, called Stokes Scattering, amveer vibrational state, called anti-Stokes
scattering. The Stokes and anti-Stokes scattaesglts in intensity versus energy
curves that are characteristic of the bonding sitrecof a molecule.

Sample preparation for Raman spectroscopy is fairgightforward as samples are
not heated or placed in a vacuum as well as noiregants for conductivity of the
sample or the composition of the substrate. Howelie power of the excitation laser
must be monitored as high power can anneal the lsarapulting in Raman spectra
associated with the annealed sample and not thggmaki A typical Raman spectrum

obtained from a MnO2 nanowire array sample carobad in Figure 2.6.
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Figure 2.6. Typical Raman Spectrum of an MnO2 NareArray

2.6 Inductively Coupled Plasma — Atomic Emission Spectiscopy

Inductively coupled plasma — atomic emission spscopy (ICP-AES) is a
destructive technique that can determine the el@aheromposition of an entire
electrode. In a typical ICP-AES analysis, a solutof ions is pumped through a glass
nebulizer, where a fine mist of the solution isdquoed™® A small portion of this mist
is then carried into argon plasma created by aofstjuency (RF) coil where the ions
are desolvated and excited by the bombardmentofrehs from the plasma. The ions
then relax to the ground state releasing phototis &viwavelengths directly related to
their atomic makeup. These photons are then éildct a charge-coupled device (CCD)
camera where their intensity is measured.

Samples prepared for this method must first bestiggeinto solution. This requires
highly concentrated acids such as nitric or hydiaat acid. Great care must be taken

to avoid contamination as detection limits for IBES reach into the parts per billion
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(ppb) range. This includes using onlew or nitric acid soaked glassware to prejf
samples.

Sample preparation of our nanowire materials cgaoire many rinsing steps in orc
to eliminate possible analyte contamination frora &ectrolyte. Typical calibratic
curves and an example ofperimental results from ICRES can be found ilFigure

2.7.

Calibration Curves
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Figure 2.7. Sampledibration Curve:andExperimental Results Utilizing ICCAES
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2.7  Conclusions
An overview of MNQ nanomaterials being characterized by a varietypiofoscopy
and spectroscopy techniques in order to charaetéhigir elemental composition and

chemical bonding structure was presented hereasfyevisualized comparison of each

spectroscopy technique can be found in Table 2.1.

Table 2.1. Comparison of Spectroscopy Technique=siU

Spectroscopy Excitation Detected Typical Chemical
Technique Source Product Spectrum Information
Intensity vs. QuiﬁtriTt];tive
EDS Electron Beam X-rays E;]((_errggsof Eler_nen_tal
Distribution
. Elemental
Intensity vs. Distribution
EELS Electron Beam Electrons Electron
Energy Lost and Valence
State
Wevenier|_Cremica
Raman Laser Beam Photons of Light Structur'e and
Emitted Bonding
Intensity vs. Quantitative
Binding Energy| Elemen_tgl
XPS X-rays Photoelectrons of Composition
Photoelectron and Surface
Valence State
Intensity vs. Quantitative
ICP-AES Argon Plasma Photons Selected Bulk Elemental
Wavelengths | Composition

In the following chapters, it will be shown how #eemethods were utilized to

characterize heterogeneous, hierarchical, and lgn®, nanowires for advanced and

elementary studies.
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Chapter 3: Highly Flexible Pseudocapacitor Based on Freestanuly

Heterogeneous MnQ/Conductive Polymer Nanowire Arrays

Currently there is a growing interest in flexibléearonics. The paradigm of
electronics being encased in hard shells is sl@ntyging. New technology is focused
on flexible applications of electronics such as nabke electronics>* paper-like
electronics™>® and flexible biomedical devicES. These novel electronic devices will
require flexible energy sources to power them. réhily, energy sources based on
electrochemical energy contain electrodes congistih brittle energy dense metal
oxides mixed with conductive carbon and polymerdbis pressed into pellet fort.
The conductive carbon is needed to electricallyneacty while the polymer binder is
used to physically connect, all of the metal oxmdaterial to the current collector.
These electrodes must be encased in a rigid nfeglillis order to prevent the cracking,
breaking, and delamination of the electrode mdtdraan the current collector thus
severely limiting their flexibility.

On the other hand, vertically aligned freestandiagowire array electrodes have the
ability to be highly flexible. These arrays areedtly grown on the current collector
providing good electrical connectivity, as well@sellent physical connectivity, of all
of the energy dense material. This eliminatesnined for additional carbon additives
and polymeric binders. Their flexibility can betréguted to each nanowire’s
independent movement during flexing.

As the flexible electronic devices will no doubtcbene multi-functional, they will

need a high power energy source to help augmenbtheate capability battery as a
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hybrid system. One energy storage device knowrnt$ohigh power is the capacitor.
Electrostatic capacitors have been used extensaglyigh power load levellers in
household devices such as radios and in air coméits. To use capacitors in flexible
electronic devices, they would need to deliver higlwer over even longer times for
such things as Wi-Fi and GPS enabled wearablecbrHowever, these electrostatic
capacitors have a very low energy density whichldioequire them to be quite bulky,
thus making them unacceptable for use in flexilg@eice applications.

On the other hand, electrochemical capacitors, la&ovn as supercapacitors, have
shown large enough energy densiti&8 to allow them to be used in mobile electronics
as high power load levelets These devices could be used in conjunction with t
battery in order to provide high power when runnapglications such as GPS, games,
and videos on flexible paper-like electronics. Eheapercapacitor devices could then
be recharged by the battery at lower current rdiesg standby times.

Electrochemical double layer capacitors (EDLCs)ebdasn carbon materials have
shown very good performance metrics such as highepand high enerd$f*%2
however, supercapacitors based on pseudocapachameghe capability to have much
larger specific capacitances (>1000 F/g theorgticihese pseudocapacitive materials
involve a faradaic transfer of charge across tleetellyte-electrode interface. These
materials include conductive polymers such as puliye,'®® polypyrroler® and
polythiophené® and their derivatives in addition to metal oxidesh as Rug™® ¢’
MnO,,33 &4 168171y, 05 32 Fe,0,,"% and Ni(OHY.'"* *™* Among these materials, poly
(3,4-ethylenedioxythiophene) (PEDOT) and Mritave a strong potential to be used in

commercial supercapacitor applications.
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PEDOT, a derivative of polythiophene, has receigedsiderable attention as a
supercapacitor material due to its large electreacpotential window and high
chemical stability among conductive polymé&ts'’> MnO, is considered a leading
candidate for commercialization due to its own éamjectroactive potential window,
low cost, environmental friendliness, high thea@&ticapacitance, and abundance.

Our group has extensively studied the supercapapitoperties of PEDOT and
MnO, in different morphological combinations, includin@EDOT nanotubes,
PEDOT/MnQ coaxial nanowires, and PEDOT nanowires embeddeth WMnO,
nanocrystal§® ** 176 17 or example, it has been demonstrated that thersapacitor
performance of arrays of coaxial Mp@ore PEDOT-shell nanowires is far superior
when compared to their single component mateffalfhe MnQ provides high energy
density, while the PEDOT provides a conductive iogatto induce fast electron
transport and high ion permeability for ion trandpgo the MnQ core. The PEDOT
also provides flexibility which can help buffer teesses involved during the charging
and discharging of Mn©in addition to allowing freestanding nanowiresegrown at
high aspect ratios without breaking.

Previously, it was shown that the mechanism offsysis for these coaxial nanowires
was due to the annular shaped gold nanoelectradése ébottom of the AAO pores
which promotes the growth of the PEDOT sHé&l.These nanowires display a specific
capacitance of 270 F/g even at a 9 A/g currentitiemsan aqueous electrolyte. Due to
these properties, this material was chosen to l®rporated into a flexible
supercapacitor device.

However, when designing a supercapacitor, maxirgitie energy of the device is
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paramount. As the equation for the energy of aemagpacitor, E = % C¥
demonstrates, one can not only improve the enefghe device by increasing the
capacitance, C, of the electrode materials, butatemincrease the energy of the device
by increasing the voltage window, N2 This increase in the voltage window can occur
by using organic instead of aqueous electrolyte$ @so by using an asymmetric
system where the anode and cathode utilize differexterials. The asymmetric design
has been utilized many times in the literatureftse® MnG,’s mediocre 1 volt potential
window. This has included using activated carbor®*®! carbon nanotub&s and
graphen&? among other materidfsas the anode in this design.

Accordingly, for the coaxial MN@PEDOT material, the maximum voltage window
that can be used for the symmetric device is 1 Whis is due to Mn@s
electrochemical reversibility windo®. However, if PEDOT, whose reversibility
window extends beyond Mnf@, is utilized as an anode in an asymmetric system
voltage window for the entire device can be enhdnge to 1.7 V. This increase in
voltage has the capability of the asymmetric devieging an almost 3 (%) times
increase in energy.

Herein, a flexible asymmetric pseudocapacitor basedoaxial MNnQIPEDOT and
PEDOT nanowire arrays has been synthesized. HByisiraetric device consists of a
coaxial nanowire array as the cathode and a PEDfDdwire array as the anode and is
shown here to have a larger energy and power gealsihg with better cycle ability
than a symmetric device which incorporates the ieaxanowire array as both the
cathode and anode. The improvement in energyitgaasttributed to the asymmetric

device’s larger (1.7 V vs. 1.0 V) voltage windowhile the improvement in power
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density and cycle life is attributed to the PEDCQahowire array’s improved stability as
an anode material when compared to the coaxial wiamcarray anode used for the
symmetric device.

Evaluated as a full cell, the asymmetric device dastal mass, including all of the
packaging materials, of 0.47 g with a total camemie of 0.26 F and a maximum
voltage of 1.7 V, which is capable of providing agh energy to power small portable
electronics. This device’s electrode materialpldy an energy density of 9.8 Wh/kg
even at a high power density of 850 W/kg. Finallys device maintains 86% of its

energy density even under a highly flexed state.

3.1 Experimental

3.1.1 Chemicals and Materials

Poly(methyl methacrylate) (PMMA), 3,4-ethylenedithkppene (EDOT),
manganese acetate, propylene carbonate (PC), thndrliperchlorate (LiCIO4) were
purchased from Sigma Aldrich (Milwaukee, WI). Sadiwdodecyl sulfate (SDS) and
acetonitrile (ACN), was obtained from Fisher Sdient(Fair Lawn, NJ). Plastic
paraffin paper (Parafilff M) was purchased from Pechiney Plastic Packaging
Company (Chicago, IL). Pressure sensitive polypiepe tape (Scotéf 3710), and
copper electrical tape can be obtained from 3M Gaton (Maplewood, MN). Gold
targets for sputtering were purchased from Dentacudm LLC (Moorestown, NJ).
De-ionized water (ca. 18 §-cm resistivity) was made by a Milli-Q water purdtion
system (Millipore; Dubuque, IA). Anodized aluminAAO) membranes of 200 nm

pore diameter and 60 pm thickness are commer@saHylable from Whatman (Clifton,
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NJ). All electrochemical tests were done on a a@istipotentiostat from BiolLogic

(Claix, France).

3.1.2 Synthesis of Electrode Materials

First, a thin layer of gold (ca. 500 nm) is spwteonto one side of an alumina (AAO)
membrane by sputter deposition using a Denton MfacDesktop Il sputter machine.
The Au-coated membrane is connected to an elelctircaiit using a copper tape (3M).
Defining and sealing an electroactive window (2c8® in nominal area) is performed
by sandwiching the template between two layersilafose rubber with one layer
having a 2.88 chhole punched out. Considering the porosity ofrttembrane (60%),
the corrected surface area of the electroactivedovinis 1.8 crh A separate gold-
sputtered AAO membrane is then placed in the edeposition bath for the Coaxial

and PEDOT nanowire as the working electrode.
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Figure 3.1. Graphic and Digital Images of FlexiDlevice
(@) Exploded schematic view of flexible supercajmacidevice. (b) Side-view
schematic of the asymmetric device where gray sgmts the Coaxial MiPEDOT

Nanowire Cathode and Blue represents the PEDOT Wama@\node (c) Top view and

(d) side view image of demo device shown with ateéthiStates Nickel for scale.

Coelectrodeposition of the heterostructured Mn@R®BT nanowire arrays is
performed in an aqueous electrodeposition bathistomg of 80 mM EDOT monomer,
10 mM manganese acetate, 160 mM sodium dodecyatsuland 100 mM lithium
perchlorate. The gold sputtered AAO is the workelgctrode with platinum as the
counter electrode and Ag/AgCl as the referencetrelde. A voltage of 0.75 V vs.
Ag/AgCl is applied until the charge reached 5C.

Electrodeposition of PEDOT nanowire arrays is p@nted in an acetonitrile solution
of 100 mM EDOT monomer and 100 mM lithium perchtera The gold sputtered
AAO is the working electrode with platinum as thmunter electrode and Ag/AgCl as
the reference electrode. A voltage of 1.2 V vs/Ag§| is applied until the charge
reached 8.55 C. The total mass of all electrodéemads are calculated using the

amount of charge passed and faraday’s law.
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Where Q is the charge passed in coulomM is the molar mass of the material
gram/mole (86.94 g/mol for Mr, and 140.13 for PEDOT) z is the number ¢
electrons transferred per unit material (1.7 for®, and 2.3 for PEDOT"®, andF is

faraday’s constant (96,485 coulombs mole).

3.1.3 Assembly of the Devic

The gold sputtered side of each AAO with the energyerial inside is attached
the adhesive side of a piece of polypropylene tapAnother piece of tape with a z
cn? hole is attached to the adhesive side of theiously applied tape on top of tl
AAO support ring. This additional tape is usedde&fine the electroactive windov
Each electrode is then soaked in a 3M NaOH solutori2 minutes to dissolve tl
AAO, resulting in freestanding nanowires attached gold current collector. Eac
electrode is rinsed and soaked three times ea€l water followed by a rinsing ar
soaking in acetonitrile.

Next, the electrolyte is made by first mixing 4.2 wf 1M lithium perchlorate in
5:2 V:V ratio of acetonitrile:propylene carbonate solvent with 0.8f¢MMA. This
mixture was then heated with vigorous stirring @b6IC using a hotplate until tt
solution begins to gel. At this point, 100 puL déatrolyte solution is placed onto ec
electrode. Fothe symmetric device, the electrodes both cons$isteocoaxial nanowir

array. The asymmetric device consists of the @aranowire array as the cathode .
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the PEDOT nanowire array as the anode. The saligi@allowed to set for 6 hours
form aviscous gel. Finally, the electrodes are sealedthey using more polypropyle!

adhesive tape.

3.1.4 Device Testing

Cyclic voltammetry is done with 20, 50, and 100 m\4&can rates at potent
windows of 1.0 and 1.7 V for the symmetric and aswetric devce respectively.
Galvanostatic voltammetry is done from 0.25 A/d@A/g based on the masses of £
mg for the symmetric device and 8.29 mg for themasgtric device in the san
potential windows as the cyclic voltamme

Using the GV curves, the syific capacitance () for the device can be calculat

using the following equatic®*

WhereC is the capacitance of theevice, m is the mass of the electrode matert is
the time for dischargey is the current density, andis the voltage maximut

3.15 “in situ” Anode and Cathode Monitoring

Electrode materials for the symmetric and asymmedgvices were prepared
previous methods except the electroactive area oA&@ template and the amount
charge passed was reduced by one ninth. The gestas done in a beaker c
containing 1M LIiCIQ in a 5:2 V:V acetonitrile : propylene carbonateheTanode an
cathode wre cycled between absolute voltages of O to 1 & @rto 1.7 V for the

symmetric and asymmetric device respectively. @nede and cathode’s relati
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voltages were monitored using a Ag/AgCl refererleeteode.

3.1.6 Extended Window Voltage Testing

Electrode materials for the asymmetric device aepared by previous methods
except the electroactive area of the AAO templatktae amount of charge passed was
reduced by one ninth. Each electrode is set @phieaker cell containingM LiCIO4 in
a 5:2 V:V acetonitrile : propylene carbonate. Trests done in a three electrode system
with the electrode material as the working eleatrqualatinum as the counter electrode,
and Ag/AgCI as the reference electrode. The eldes were cycled between -0.95 V
and 0.20 V vs. Ag/AgCI for the PEDOT nanowire elede and between 0.20 V and

1.45 V vs. Ag/AgCl for the coaxial nanowire electeo
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Figure 3.2 SEM, TEM, and EDS Analysis of Coaxiadl @ EDOT Nanowires

(&) SEM image of an array of freestanding coaxiahawires on a gold current
collector, (b) higher magnification of material {a), (c) SEM image of an array of
freestanding PEDOT nanowires on a gold currentectdl, (d) higher magnification

SEM image of material in (c), (e) EDS line scampasra coaxial nanowire (Blue = Mn,
Red = S), (f) EDS line scan graph for better visagion of the position of Mn (Blue)

and S (Red) along the nanowire, and (g) EDS mappirthe end structure of a coaxial

nanowire where red represents S and blue repeebmt
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3.2 Results and Discussion

Herein, a flexible supercapacitor device is testeat is capable of powering small
electronics. This device consists of electrodedamat free-standing arrays consisting
of poly (3,4-ethylenedioxythiophene) (PEDOT) andwial PEDOT-shell Mn@Core
nanowires. Both a symmetric Coaxial-Coaxial asymmetric Coaxial-PEDOT
device are tested and compared. The asymmetricedestiows here a considerable
improvement in energy density, power density, apcleclife when compared to the
symmetric device.

A schematic for the devices can be seen in Figur¢a and b). Each device consists
of two electrodes with freestanding nanowires &gdcto a gold current collector.
These electrodes are encased in polypropyleneyseessnsitive tape acquired from the
3M Corporation with the electrode material facingag from the adhesive. Each
electrode is attached to copper tape in order tadmmected to the electronic circuit.
The electrolyte consists of 1 M LiClOn a 5:2 V:V acetonitrile : propylene carbonate
solvent that is mixed with poly(methyl methacryla(MMA) as the gelling agent.
The total device mass including packaging is 0.4Wigle the total active area is 2.8
cnt.

The electrode nanomaterials are synthesized ustoognanercial anodized aluminum
oxide (AAO) membrane by a template-electrodepasitrnethod. Briefly, AAO
membranes with a 2.8 émtotal area, 60-micron thickness, and 200-nm nomina
cylindrical pore-size are used. A gold currenfexbr is sputtered on one side of the
AAO template. The template is then immersed ineleetrodeposition bath with only

the open pore side exposed to the solution. Teetrede materials are then grown
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electrochemically at the surface of the gold curmsilector from the bottom of the

pores. Finally, the AAO membrane is removed by Na®et etching, revealing

freestanding nanowires attached to the gold curehéctor. These nanowire arrays
are then combined with the electrolyte and sealgd polypropylene tape to make the
completed device.

The PEDOT nanowire arrays for the asymmetric deaiuade are grown at 1.2 V vs.
Ag/AgCI from an acetonitrile solution containingd3thylenedioxythiophene (EDOT)
monomer and LiCl@as the dopant. These wires are ~40 um in lengtthame a 200
nm nominal diameter. The total mass of these narews 5.36 mg. The SEM images
in Figure 3.2 (c and d) display the dense foredted#standing PEDOT nanowires used

for the electrode.
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Figure 3.3Electrochemical Performance of Asymmetric SymmetricDevice

(@) Cyclic voltammetry at different scan rates tbhe asymmetric Coax-PEDOT
nanowire device, (b) cyclic voltammetry at differescan rates for the symmet
CoaxialCoaxial nanowire device, (c) Rate capability fottbthe symmetric and tt
asymmetric device and (d) the cycle ability fortbtie symmetric and the asymme

device done using galvanostatic voltammetry atd.

The coaxial MNQPEDOT nanowirs for both the asymmetric and symmetric de
are grown at 0.75 V vs. Ag/AgCI from an aqueoususoh containing mangane
acetate, EDOT monomer, LiC,, and sodium dodecyl sulfate (SDS) as a surfadtar
the dissolution of EDOT. Previously, it hacen shown that by using a lower synthe
potential (0.70 V vs. Ag/AgCl) a thinner PED-Shell could be grown resulting in

higher specific capacitan’’® however, since the coaxial nanowires grown hee
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more than 2.5 times longer it is believed that@REDOT-Shell can help support this
elongated high aspect ratio structure. These 0.8yrithesized nanowires are ~17 um
in length with a 200 nm nominal diameter. The ltotass of these nanowires is 2.93
mg per electrode. Figure 3.2 (a and b) shows tB#& Sop view image of the
freestanding coaxial nanowires attached to a gofcent collector. The nanowires are
seen to be agglomerated at their tips in the SERQas due to the surface tension of
water during the drying process which is neededttier SEM imaging. However, in
solution these nanowire tips will not be agglomedat

The coaxial nanowires are characterized using ElSsicans and mapping as can be
seen in Figure 3.2 (e-g). The Mn comes from theOymaterial while the S comes
from the thiophene ring of the PEDOT. The EDS shdvat the PEDOT is located on
the outside of the wires, while the Map@ found in the core. Figure 3.2g indicates that
the MnGQ-core PEDOT-shell coaxial morphology continues gldhe axis of this
nanowire up to the tip.

The total mass of the electrode materials is 8.20fon the asymmetric Coaxial-
PEDOT device and 5.86 mg for the symmetric CoaRiadxial device, calculated
based on Faraday's law. The PEDOT anode’s massnweale much larger than the
coaxial cathode’s in the asymmetric device becatisiee higher specific capacitance of
the coaxial nanomaterial compared to PEDOT nanew{&l0 F/g and 115 F/qg,
respectively)'°

Figure 3.3a shows the CV curves of the asymmegidcg at different scan rates
between 0 and 1.7 V. The asymmetric device maistdsnrectangular CV even at scan

rates up to 100 mV/s, indicating good rate capidsli
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Figure 3.3b shows the cyclic voltammetry (CV) cw\a the symmetric device at
different scan rates between 0 and 1 V. The 20sn@¥ curve again shows a near
ideal rectangular shape; however, at the higher sat@ of 100 mV/s, the curve shows a
deviation from this shape indicating a low rateatality.

Figure 3.3c shows the rate capability of both tyrareetric and asymmetric devices
calculated from galvanostatic voltammetry. As eldidko qualitatively in the CV
curves, the asymmetric shows a much better ratebdéy than the symmetric device.
Case in point, the symmetric device has a highescip capacitance than the
asymmetric device (163 F/g to 125 F/g, respectjvalya low current density (0.25
A/g), but at a high current density (8 A/g) the syairic device has a lower specific
capacitance (6 F/g to 24 F/g).  This increased parformance of the asymmetric
device is highly encouraging for potential high owapplications of flexible
electronics such as GPS or Wi-Fi enabled wearablees.

For the previous results, one must keep in mintlahbhough specific capacitance is
a great figure of merit to compare supercapacitatenmls, voltage window is even
better as E = % C¥ Therefore, although the symmetric cell has adigspecific
capacitance at low current densities, the asymmegti will still have a higher energy
density as it has a higher voltage window (1.7 1@ ). This is examined further

during the discussion of the Ragone Plot.

72



0.75

——1st Oycle /’_'~

1 |——50th Cycle | _
050 1 |——500th Cycle ; 7
1 [==——1000th Cycle 1
025 g s
<
0.00 1
E
-
% 025 e
= 1 ——
6 050 - /

-0.75

Increasing Cycle Number
-1.00 T T

07 96 05 04 03 02 o1 00 o1 02
\oltage (Vvs. Ag/AgQl)

Figure 3.4 PEDOT Anode CV Curve during Cycling
“In Situ” CV curves at 20 mV/sec scan rate of the coaxiabarfor different cycle
numbers (Black = 1st, Orange ="5(Red = 508, Green = 1000). The voltage is

measured versus a Ag/AgCl reference.

Figure 3.3d shows the cycle ability for both thengyetric and asymmetric devices
calculated from 1 A/g GV cycling. Here, the asyntnicedevice shows a better cycle
ability and actually has a larger specific capaitaafter 1250 cycles.

The improved cycle ability and rate capability bktasymmetric device over the
symmetric device can be explained by a closer exaimoin of the chemistry taking
place at the cathode and anode in each devicegdus®. In each device it is assumed
that a fast faradaic reaction at the surface oktbetrode nanomaterials is only reaction
contributing to the charge. However, if one morstthe referenced cycle potential
windows for the cathode and anode during cyclihg, teactions contributing to the
charge can be monitored. This is accomplished siggua bipotentiostat where the
potential is controlled to be between 0 and 1 alisololtage between the anode and

cathode with each electrode’s relative potentiahitooed by a reference electrode.
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Figure 3.4 shows the referenced potential window the coaxial anode of the
symmetric device during CV cycling. These quadiMe experiments were done in
beaker cells at a one ninth scale with the sanwtrelgte as the device sans PMMA.

As can be seen in Figure 3.4 the referenced patewmindow changes with each
cycle. In the first cycle, the coaxial anode’sgudtal window is from -0.25 to 0.15 V
vs. Ag/AgCI. According to the literature, the idesicle stability window for Mn@in
aqueous solution is between 0 and 1 V vs. Ag/Ag@ictv means in a symmetric
capacitor that the anode should be between 0 & 0s. Ag/AgCl. Figure 3.4 shows
that even in the first cycle the Ma®EDOT coaxial anode is outside M#i©
reversibility window.

Furthermore, as the cycle number increases, tleeersfed cycle window moves to
increasingly detrimental negative potentials. Alb® negative peak at the bottom right
of the curve slowly increases during the first §6les. This peak at negative potentials
has been associated with the formation of*Mf{* which is not electroactive. This
irreversible conversion reduces the amount of acthaterial in the electrode. This
reaction is also a slow bulk faradaic reaction \wtaould explain the low rate capability
for the symmetric device. Furthermore, from th& &®the 508 cycle, this same peak
decreases, probably due to the complete transfmmaf all the active manganese
species to Mfi. It may also be noted that the shape of the ches®mes increasingly
rectangular, which is characteristic of a PEDOTyalectrode. Thus, it can be inferred
that after 1000 cycles only the PEDOT in the cdaxsructure remains
electrochemically active.

Another trend is the increasing size of the po&ntrindow. Ideally the anode
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voltage window would be 0.5 V in width, since thasalute cycling voltage for this
symmetric device is maintained between 0 and 1rVthis ideal case, both electrodes
would carry the same amount of charge and the semt@ge window indicating that
both would have the same capacitance. Howevéheirsymmetric device, the anode’s
window is only 0.4 V during the first cycle indiaag that the anode has a larger
capacitance than the cathode. This larger capaeitis deceiving because the charge is
coming from an irreversible faradaic reaction. tRermore, as the cycle number
increases, the cycle window increases from 0.4 \0.©0 V indicating a decreasing
capacitance for the anode. Again, this can beagx@ll by a decrease in the active
manganese species, since this decrease reducesnthent of the high capacitance

material, leaving only the moderately capacitivéD@H material carrying the charge.
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Figure 3.5 Anode and Cathode CV Cycling with Dnéfiet VVoltage Windows

(@) “In Situ” CV curves at a 50 mV/s scan rate exhibiting thferemced potential

window vs. Ag/AgCI for the coaxial nanowire cathof@ue) and PEDOT nanowire
anode (Red) when cycled between the absolute paltdnas between cathode and
anode of 0.0 — 1.7 V and (b) three-electrode cyebttammetry at 20 mV/s of a
PEDOT nanowire electrode (Red) cycled between -6.9620 V vs. Ag/AgCl and a

coaxial nanowire electrode (Blue) cycled betwe@® 0/ and 1.45 V vs. Ag/AgCI.

Therefore, the degredation in capacitance of thaxieb anode can mainly be
attributed to the large PEDOT electrochemical $itgbivindow. This large potential
window allows the coaxial structure to choose andanvoltage that is in MnG
electrochemical irreversibility window. Thus theaxial PEDOT-MnQ structure can
not be considered for use as an anode in a synosigercapacitor device system.

Though this is not entirely discouringing inforntatj since MnQ itself as an anode
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material for supercapacitors has been seen asael$ However, the coaxial cathode
maintains its cycle window in Mn& prefered electrochemical stability window, thus
showcasing its ability as a great cathode for stg@acitors. Therefore an asymmetric
device using the coaxial structure as the cathedele@al as a possible high power

energy storage device.
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Figure 3.6Asymmetric and Symmetric Device Plotted on Ragdoé P
Ragone plot of energy density versus power densityyparing the symmetric Coaxial-
Coaxial (Red) and asymmetric Coaxial-PEDOT (Blueyide electrode materials to

current electrochemical capacitors (Teal Area) tbumref. 5.

One of the advantages of PEDOT as an anode maisritd very large voltage
window. Therefore in the asymmetrical device, tlodtage window can be expanded.

A practical voltage up to 1.7 V is found to be pblesfor the asymmetric device.
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Figure 3.5 showshe “in situ” cycle potential windows relative to a Ag/Ag
reference for the anode and cathode. Again, thisagcomplished by using
bipotentiostat where the potentialcontrolled to be between 0 and 1.7 absolute »
between the anode and cathode, but each electroelat®/e potential is monitore
versus a reference. These qualitative experinveaite done in beaker cells at one ni
the electroactive area with tsame electrolyte as the device sans PMI

If the voltage is increased above 1.7 V, detrimieeféects appear for both ti
cathode and anode. As can be seeFigure 3.1, an oxidation peak begins to app
above 1.2 V vs. Ag/AgCI for the cathode which hagrb attributed to the irreversik
oxidation of MnQ to an electrochemically inactive higher oxidatiotats of
manganese. As for the anode, FOT begins the dedoping process bel-0.5 V vs.
Ag/AgCIl causing a loss of conductivity that redutteapacitance. Therefore, 1.7 \
the maximum potential that can be established fiasmasymmetric devic

In order to compare our devices to otcurrent capacitors, their energy and po
densities were calculated. The calculation for ¢hergy density of a supercapac

device is:

oo cv?

7 m
Where Ris the energy density, C is the capacite m is the mass of the electro
materials, and V is the maximum voltage. This ¢éignashows that any increase in 1
maximum voltage window for a supercapacitor resiit@n exponential increase

energy density. This voltage window is shown toimereased from 1.0 V for th
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symmetric Coaxial-Coaxial device to 1.7 V using #®ymmetric Coaxial-PEDOT
device. Therefore, the asymmetric device can hamhly a three times (2.9x)
improvement in energy density over the symmetriciake if one assumes the same
capacitance for each device. The Ragone plotgaré 3.6 shows how the symmetric
and asymmetric device electrode materials comparecurrent electrochemical
capacitors. At relatively low power densities (213 W/kg), tegmmetric device shows
a larger energy density (7.7 Wh/kg) than currepiac#ors; however, at high rates this
energy decreases rapidly. This low rate capahsityxplained above to be due to bulk
faradaic reactions which contribute to the chargdow rates but are too slow to
contribute to the charge at high rates. HoweVer,asymmetric device shows a higher
energy density for its electrode materials thamenrelectrochemical capacitors at low
and at high power rates{E 12.6 Wh/kg at 210 W/kg and 1.3 Wh/kg at 8500 gy/k
indicating that this device has tremendous potetdi@ower current small electronics.
The total asymmetric device including electrolyted all of the packaging materials
(mass = 0.47 g) has an energy density of 0.22 @atlka power density of 3.7 W/kg.
Improvement and optimization of the current bulkgickaging and rudimentary
electrolyte is expected, which should decreasewviiight significantly and improve the

total energy and power densities dramatically.
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Figure 3.7 Electrochemical Performance during Naramd Bent States

(@) Asymmetric PEDOT anode-coaxial cathode depmsering a laboratory timer, (b)
the same timer being powered by the asymmetriccdewi the highly flexed state, (c)
CV curves at a 20 mV/s rate for both the norméaksfarange) and the bent state (blue),
and (d) GV curves for the normal (orange) and Is¢atie (blue) at a 0.5 A/g discharge

rate.

In order to apply a supercapacitor device to maigetronics which are projected to
become flexible, this energy source needs to shiewadpabilities in both the normal
and flexed state. Figure 3.7 (a and b) shows #ynmetric device powering a
laboratory timer in both the normal and highly fex states, respectively. It is

demonstrated that this device can power a labgrdtorer including its high power
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drain speakers for 10 minutes with only a fast gaaf 3 seconds.

Figure 3.7c illustrates the difference in the CU\veubetween the normal and the
bent state close 80 The curve becomes less rectangular in the bate sdicating a
decrease in rate capability. From the galvanasthsicharge curves in Figure 3.7d, the
specific capacitance is shown to decrease fromFId4or the normal state and 98 F/g
for the bent state at the 0.5 A/g charge rate.s Shows the device can deliver 86% of
its energy even in the bent state. This demomrstratgreat ability for this device to be

used in future flexible electronics.

3.3 Conclusion

Flexible supercapacitor devices based on freestgnuinowires are shown here to
produce enough energy and power to operate sneglirehic devices. An asymmetric
device consisting of a PEDOT nanowire array anodd eoaxial PEDOT/Mn@
nanowire array cathode exhibited an improvemeetergy density, power density, and
cycle life when compared to a symmetric device timg of a coaxial nanowire array
as the cathode and anode. The improvement in emenmgsity can be attributed to the
increase in the electrochemically reversible vatagndow; however, the increase in
power and cycle ability can be attributed to theDBPH anode, since the coaxial
PEDOT/MnQ nanowire array is shown here to be unsuitable asnade. This is due
to the fact that the voltage window chosen by tilegerogeneous anode is centered in
MnOy’s irreversible reduction window. This reduces siyenmetric cell’'s cycle ability
due to MnQ'’s slow conversion to inactive Mhand limits its power capability, since a

slow faradaic process is contributing to the charge
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This superior asymmetric device is highly flexitded shows fast charging and
discharging while still maintaining 86% of its eggrin the bent state. The asymmetric
device has a total mass including packaging of §.&ith a total capacitance of 0.26 F
and a maximum voltage of 1.7 V, which is capablepadviding enough energy to
power small portable devices. This device’'s eteldr materials display an energy
density of 9.8Wh/kg even at a high power density860 W/kg. Furthermore, this
device maintains 86% of its energy density eveneund highly flexed state,
demonstrating its ability to be used as a high-pogreergy source in future flexible
electronic devices. In addition, we believe thergpeand power density of the full cell
including packaging and electrolyte can be improfigther with the optimization of

the packaging and electrolyte materials.
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Chapter 4: Self-Limiting Electrodeposition of Hierarchical MnO, and
M(OH) ,/MnO, Nanofibril/Nanowires: Mechanism and Supercapacitor

Properties

It is well-documented that the adsorption, inserti@and conversion reactions
associated with catalysts, energy storadé® " energy conversidff
chromatography®, and chemical sensifij' ***can be enhanced by using hierarchical
nanostructures. This multi-scale texturization \aofor a synergistic joining of two
different length scales. The larger length scdlers an efficient way of transporting
the ions (i.e. macropores) or electrons (i.e. ongedsional structures) while the
smaller scale offers either small voids (i.e. mpane@s) for high ion accessibility with
high material density or a higher surface area (amoparticles) for greater adsorption
or access of ions.

Oxides of manganese (MgPare deeply versatile compounds for material and
chemical scientists and are being investigated rapoitant materials for these
hierarchical structure®: 1% **MnOx materials have many favorable qualities that
make them desirable products in the chemical seidietd such as low toxicity, high
abundance, low cost, environmental friendliness] #reir ability to be synthesized
many different ways (electrochemical, chemical;gel| hydrothermal, etc?: ®* ¢2

In terms of energy storage, manganese oxides h&wggahistory as they were used
in the first Leclanché alkaline battery cell deyd in the 1860%. Currently, they are

é94—196

being studied as cathode materials for lithium harterie and as fast charging
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materials for supercapacitdfs ®* '°7 In this latter application, they have
underperformed as most research articles demoastagacitances &f470 F/g which

is far short of their theoretical capacitance ofl@IF/g'®® It is thought that these

meager numbers can be improved by nanosizing ltetate as the energy storage
mechanism is localized at the surface of the naitEr]

However, it must be kept in mind that these namuki¥nQ particles must be
interconnected in some fashion in order to mainthi@ir electrochemical activity.
Therefore, by utilizing a hierarchical structur@eoMnQ architectural dimension can
provide a continuous interconnected substrate achatihe smaller Mn@architecture
dimension can be deposited. This could result gyreergic relationship between the
two architectures.

Hierarchical MnQ nanostructures have been successfully synthegimedously.
Feiet al. have created hollow Mnfnicrospheres and microcubes with nanometer scale
shell thickness by reacting solutions of KMn@ith MnCGQO; microspheres and
microcubes followed by dissolution of the Mn€® Li et al. were able to create core-
shell MnQ, microspheres with spherically aligned Mn@anorods on the surface by a
one-step solution method utilizing a Ag catafSt. Yu et al. created urchin-like
clusters of MnQ nanorods by a hydrothermal metH8d.A great review containing
other hierarchical Mn@nanostructures and additional recent advancesetialmxide
architecture design was done by Jiaigal.”” However, each of these methods is
limited to manganese oxide materials and there hlawged control over the
dimensions of the structures. Thus it is highly iddde to develop a model

electrochemical method to build high surface anesahchical structures with various
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materials, aspect ratios, along with other architet considerations in order to
maximize each architecture’s contribution to theolelstructure.

We describe here a simple self-limiting electrocloain pathway of producing
hierarchical Mn@ nanostructures by exploiting the rich oxidatioatstchemistry of
manganese oxide. This hierarchical material ctssistemplate-synthesized nanowire
arrays of MnQ conformally coated with nanofibrils of MnO The template method
provides great control over the parameters for eddhe architectures including their
diameter, length, and thickness. The adjustalrigtieand diameter of the nanowires
provide a continuous substrate for electron transféo which various amounts of the
higher surface area nanofibrils are attached.his fhethod does not require any use of
binders or conductive additives as our electrodessist of freestanding bare and
hierarchical Mn@ nanowires directly contacted to a gold currentlecbbr. This
reduces any errors involved in the calculation apacitance values that could be
associated with double layer capacitance from thedactive carbon or blockage of
electrolyte from the polymeric binder.

The mechanism of formation for these nanofibril®liscidated by electrochemical
measurements, Raman spectroscopy, electron enesgyspectroscopy (EELS), and
electron microscopy.

The MnQ hierarchical structures were then investigatedoat scan rates (<10
mV/s) as supercapacitor materials in both an acgiaad organic (acetonitrile) solvent.
The charge storage mechanism of the nanofibrigh@vn to differ depending on the

solvent used. These results indicate that theesblghosen has a great effect on the

85



charge storage mechanism and can be the majoirdgefactor on whether the material
obtains its theoretical capacitance.

Next, the hierarchical structure was tested at lEgan rates in agueous solution
while varying parameters such as the length of theowires, the diameter of the
nanowires, and the amount of nanofibrils depositéthese results indicate: 1) A
shorter length can increase the specific capa@tabat at the cost of the areal
capacitance. 2) A smaller diameter nanowire ire@edahe specific capacitance of the
bare nanowires and that of the whole hierarchitaicgire, but does not improve the
supercapacitor performance of the nanofibrils. T8¢ amount of nanofibrils deposited
increases the specific capacitance of the hiereaitimaterial; however, at excessive
amounts the nanofibrils become detrimental to trexall specific capacitance.

In addition, unlike synthesis methods for otherdwiehical MnQ nanostructures, this
electrochemical synthesis method can be easilyieappd other MnQ systems and is
shown here to produce additional hierarchical/logfeneous Ni(OHJMnO, and

Co(OH)/MnO, nanofibril/nanowire arrays.

4.1 Experimental

41.1 Chemicals and materials

All chemicals were purchased with high purity requg no need for further
purification. Manganese acetate, nickel chloric&halt chloride, lithium perchlorate,
sodium chloride, potassium hydroxide, battery-gracketonitrile, and sodium hydroxide
were purchased from Sigma Aldrich (St. Louis, MMe-ionized water (about 18 M
cmt in resistivity) was made by a Milli-Q water pudéition system (Millipore;
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Billerica, MA). Porous anodized aluminum oxide (AA@embranes of 200 nm in pore
diameter and 60um in thickness are commercially available from Vvinan
(Maidstone, Kent, UK), while membranes with 80 nmreg diameters and 50 pm

thickness are available from Synkera (Longmont,.CO)

4.1.2 Synthesis

41.2.1 Synthesis of freestanding Mn{hanowire array

This synthesis is represented by Figdr@a. First, a Denton Desk Il sputter
machine is used to sputter~800 nm gold layer on the branched side of an AAO
membrane. A strip of copper tape, to provide geledtrical contact, is then attached to
the gold side of the membrane. This piece is th@mdwiched between layers of
Parafilm with part of the non-sputtered side exposih a defined window of 0.2 ¢m
resulting in completion of the working electrode.

The working electrode is then placed in a 100 mMhgaaese acetate bath with a
Ag/AgCl reference and a platinum counter electroBeconstant voltage of 0.60 V vs.
Ag/AgCl is applied until the total charge passedsWwa0 mC/crhfor 4.5 micron long
MnO, nanowires or 250 mC/cror 1.5 micron length nanowires. A soaking tinfe o
30 minutes in a 3 M solution of sodium hydroxideuléed in the complete dissolution
of the alumina membrane producing vertically aldyM@nO, nanowires attached to a

gold current collector.
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4.1.2.2 Synthesis of Mn@, Ni(OH),, and Co(OH) nanofibril/nanowire Arrays

A MnO, nanowire array with a defined window of 0.32%ds1submerged into a 100
mM manganese acetate, nickel chloride, or cobalbricle bath with a Ag/AgCl
reference and a platinum counter electrode. Aageltof -0.85 V vs. Ag/AgCl was then
applied until various amounts of charge are pass&lbsequently, sweeping the
potential to 1.0 V vs. Ag/AgCl resulted in the dyedis of the MnQ

nanofibril/nanowire array.

4.1.3 Characterization

4.1.3.1 Electron microscopy
Imaging of the hierarchical Mnhanomaterial was done using a scanning electron
microscope (Hitachi SU-70 FEG-SEM) and a transrarsg&lectron microscope (JEM

2100 FE-TEM).

4.1.3.2 Electrochemical measurements

All of the electrochemical testing was done utiizia bi-potentiostat (BI-STAT,
Princeton Applied Research) in a three electrodgigoaration. The working electrode
consisted of as-deposited free-standing bare Mn&owire arrays and hierarchical
MnO; nanofibril/nanowire arrays on a gold current ocibe. A Ag/AgCI electrode
was used as the reference electrode and a platiounwas used as the counter
electrode.  Electrochemical testing was done ith en aqueous and an organic
acetonitrile 1 M LiCIQ solution.  All capacitance values were obtainsihg the data

from the cyclic voltammetry curves and the follog/iequation:
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INE

UV *xmass

(4)

wherel is the currentV is the voltage vs. Ag/AgCl is the scan rate, amdassis the

mass of the material.

4.1.3.3 Inductively coupled plasma-Atomic emission spectogy (ICP-AES)

ICP-AES measurements were performed using a PdrkarEICP-Optima 4700.
Intensities were measured at 257.610 nm for Mn 2811604 nm for Ni. Calibration
curves were made from Mn and Ni standards trace@blidhe National Institute of
Standards and Technology (NIST). All electrodesendissolved in 3:1 concentrated

HCI:HNOs and diluted to a known volume before being adnenesi to the plasma.

4.1.3.4  Raman spectroscopy

A Horiba Jobin-Yvon LabRAM HR-VIS microRaman systemas used to
characterize these manganese oxide materials alithgMnO, MrsO4 Mn,O3; and
MnO; standards purchased from Sigma-Aldrich. The gheen(514.5 nm) of an argon
laser was utilized to excite the sample using & size of~1 unf. The spectrum was

taken between the Raman shifts of 300 and 906, cm
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4.1.3.5  Electron energy loss spectroscopy

MnO,, Mn,Os3, and MnrO, standards were purchased from Sigma-Aldrich. @&hes
standards were each ground with a mortar and pestieethanol and drop cast on a
holey carbon TEM grid.

The MnQ, nanowire samples are grown in AAO by the methodvab however,
before dissolving the AAO the electrode is plagea isolution of MA" and reduced at
0.85 V vs. Ag/AgCl until a charge of 100 mC/tim passed (Figuré.5a).

The resulting nanowires are then released fromAt® template using 3 M NaOH
for 12 minutes. These nanowires are then placedtwiey carbon TEM grid.

A Field Emission Gun-Transmission Electron MicrggeqFEG-TEM) JEOL JEM
2100F TEM/STEM was used with a Gatan electron gnkrgs spectrometer to obtain

the EELS spectrum.

4.1.3.6 X-ray photoelectron spectroscopy (XPS)
XPS analysis was done on a Kratos AXIS 165 spe@atem The C 1s peak was
calibrated to 284.8 eV. CasaXPS software was ts@itain the components for the

fitted curves.
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4.2 Results and Discussion

42.1 Synthetic mechanism of hierarchical MnQ nanowire/nanofibril

arrays

Hierarchical MnQ nanowire/nanofibril arrays are synthesized by tokowing
method. First, vertically aligned nanowire arr@ysnanganese oxide attached to gold
are synthesized using a common anodic depositioceps (Figurd.2a)1** 2%t

A nanofibril MnG;, coating is then produced by the application o850V vs.
Ag/AgCl in a Mrf* solution to the bare Mn{nhanowire arrays which are then oxidized
by a potential sweep to 1 V vs. Ag/AgCl in a 1 MCLO, electrolyte.

The proposed mechanism of formation for these rabreal arrays is represented by
Figure4.2b and begins with the aforementioned electrochdmézhuction of MnQ in

an Mrf* solution which is represented by ‘1’ in Figude2b. This results in two

simultaneous reactions represented by the followgagtions:

2MnQO; (s) + HO (l) + 2e — Mny0O3 (s) + 20H (aq) (1a)

Mn?* (aq) + 20H (ag) — Mn(OH), (s) (1b)

Reaction la represents the reduction of the Mn@nowires to MgOsz while
reaction 1b represents the synthesis of Mn¢Qtdnofibril coating. The first reaction is
a well established mechanism found in alkaline eb&ts which releases hydroxide
ions™’ that are needed for reaction 1b. The reductidergial used here was -0.85 V

vs. Ag/AgCIl which was chosen as a way to increageréaction kinetics of the bulk
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OH' production whileavoiding the eduction of water. This is demonstrated by

linear sweep voltammetry found Figure 4.1 where the peak a0-1 V is attributed t

equation la, tareduction of MnG to Mn,Os.

Current (mA/cm?)

-4

'‘Reduction
\Potential

Used

\/
| "

' Bulk
: Mn* to Mn3*

|

: —— Blank AuElectrode

/I

Water
Reduction

—— Manganese Oxide NWs

14

-1.2

-1.0

-0.8 -0.6 -04 -0.2 0.0 0.2 04

Voltage (V vs. Ag/AgCl)

Figure 4.1 Linear Sweep Voltammetry of Blank and V, Electrode

Reaction 1b is proposed based on manganese’s Podibgram which shows the

increasing the pH of a N** solution results in the formation of Mn(G;*°. In this

case, the pH is only increased locally around #uicing Mn(; nanowires resulting i

Mn(OH), production localized at the surface of these naresvir

Consequently, since reaction 1b relies on the mtolu of hydroxide ions fror

reaction 1a, the amount of nanofibrils that carptmuced is limited by the amount

MnO, available initially. Therefore the production of the Mn(QHjanofibrils is sel

limiting.
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This is further supported by the following simpbeperiment: by controlling the
amount of charged passed (750, 375, and 225 nfT/duting the electrodeposition,
different amounts of Mn@ are synthesized in anodized aluminum oxide (AAO)
templates and then directly reduced in the sam& Mlectrodeposition solution. The
curves for current and charge density versus tinreng the reduction are represented
by Figure 4.3 where a, b, and c correspond tortiiali electrodeposited Mnamounts
of 750, 375, and 225 mC/énrespectively. The current dramatically fallsnar zero
when the charge reaches or approaches half thgeclkansity of the electrodeposition

(a. 350, b. 200, and c. 120 mC/Rm
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Freestanding MnO, Anodized Aluminum Oxide
Nanowires on Current Collector (AAO) Template

11
\iil 3
- -
Dissolution of Electredeposition Sputter Gold
AAO Template of MnO, from on One Side of
(3M NaOH) Manganese AAQ Template
b Acetate Solution
Electrochemical Chemical Sweeping
Reduction in Oxidation by Potential to
Mn(ll) solution Dissolved Oxygen 1 Volt
—_— — =
MnO, Mn,0,/Mn{OH), Mn,0,/Mn,0; MnO,/Mn0O,
Nanowire Nanowire/Nanofibrils Nanowire/Nanofibrils Nanowire/Nanofibrils

™
m

Figure 4.2.Synthetic Mechanism with SEM and TEM Ima

(&) Schematicdiagram representing the electrochemical temphatthssis of arrays ¢
MnO, nanowires; (b) schematic diagram demonstratingdlleetrochemical Synthes
of MnO, nanofibrils on Mn(G nanowires; (c) SEM and TEM images of hierarch
MnO, nanowire/nanofikils: i High magnification SEM image of nanofibridé a single
nanowire, it SEM topsew of an array of Mnk nanofibril/nanowires, iii TEM image ¢
the nanofibrils along the axis of and M, nanowire and iv TEM image of the e

structure of two nanofibi coated nanowire
94



— é ’f_ h b_- g=
E = £L20
= / | <
é / \_‘ - / I ! 180
o V4 T L e i/
g 1ol "/ "/ \“ r ”I e | .
£ 14— / \ = y
v _! ‘\\ :/ \%“ .’/ \“
° I 3'n T4 5_'n T en ,7'g 5 10 15 20 25 5 10 15
Time (sec) Time (sec) Time {sec)

Figure 4.3Reducing Charge and Current Density at Differerdadiog Amounts
Curves for current (red) and charge (black) densimrsus time during th
electrochemical reduction of Mr, in an AAO template where a, b, and ¢ correspor

the initial electrodeposited Mr, amounts of 750, 375, and 225 mCfcnespectivel

This correlates well with the assumption that dyrithe electrodeposition, tl
manganese species oxidizes from** to Mn**, while during the reduction, the **
reduces to M. In other words, only half the charge passednduglectrochemice
deposition can be used during the reduction proc@dss means that the amount
hydroxide that can be formed by reactior is limited to the amount of Mn, (Mn*")
that is initially electrodeposited. Next, themganese hydroxide nanofibrils form
in 1b are highly unstable and react within minutggh dissolved oxygen to fort
Mn,O3; which corresponds to process ‘2’ Figure4.2b. This is represented by t

following reaction?®?

4AMn(OH); (s) + Gz (9) — 2Mn,03 (s) + 4H,0 (1) (@)
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The final step in the formation of the Mp@anowire/nanofibril arrays, represented
by ‘3’ in Figure4.2b, is the total oxidation of the M@; nanowires and nanofibrils to
MnO, during the first potential sweep of the electrealdV vs. Ag/AgCI. This is just

the reverse of reaction la, represented by thewallg reaction:

Mn,Os (s) + 3H0 (1) — 2MnO, (s) + 2H:0" (aq) + 2€ (3)

The resulting Mn®@ nanowire/nanofibril structures can be seen inSE& and TEM
images in Figure4.2c. The structures consist of Mp@anowires coated with a
conformal layer of Mn® nanofibrils. Thus, the MnOnanowires provide a high
surface area substrate on which the smaller nanlsfgirecipitate. The thickness of the
nanofibril layer is estimated to be between 5-10from SEM imaging; however, due
to blurring effects at these high magnificationseréh is a large error in this

measurement.

422 Characterization of the MnO, nanofibril/nanowire structure with

Raman and EELS

Since our material displays small crystal sizehaut any long range order, analysis
by X-ray diffraction was not possible as the resglhowed no clear diffraction peaks.
Thus Raman spectroscopy was chosen here to arthyZermation mechanism of our
MnOy material due to its ability to show average crystaucture over a large area.
Raman spectrum 3a represents Mm@nowires as initially electrodeposited. The geak

seen at 573 crh) and 649 ci correspond well with literature values for th@hase
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MnO, Raman spectruff® ?** as well as our own Raman analysis of manga

standards found irFigure 4.4,

This phase consists of layered sheets of g

octahedra. Accordingly, the peak~575 cm" has been attributed to O stretching

in the basal plane of the Mis sheet, while the peak @650 cm has been attributed

MnQg symmetric stretching vibratior’®®
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Intensity Intensity Intensity
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Figure 4.4. Raman spectra of MnO, M0, Mn,O3, and MnQ Standard
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Figure 4.6 (b and d) represents the Raman spettn®, nanowires reduced in
Mn?*and Li* respectively. Mn@is reduced in Lihere to better illustrate the oxidation
state of the underlying nanowires as no Mm@nofibrils will be formed during this
reaction. This can be found in Figutéb where MnQ nanowires embedded in AAO
were reduced in Manganese ion and Manganese iersbiitions; and production of
Mn(OH), was only seen in the former. Thus, the mategdliced in Li has peaks at
590 and 623 cthwhich suggest that the Ma@anowire is reduced to M®5°%°, while

the MnG reduced in MA" showcases a broad peak at 608'cm

Figure 4.5. SEM Side-view of Reduced Mni@anowires in AAO
MnO, nanowires embedded in AAO reduced at -0.85 V inNm?* solution and (b.)

Li* solution
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Figure 4.6 Raman Spectroscopy Investiga
Raman Spectroscopy of (a) Electrodeposited »; (b) MnO; reduced in a M**
solution; (c) ‘b’ After sweeping the potential 1oV vs. Ag/AgCl; (d) Mn(reduced in

Li* solution; (e) after sweeping the potential of ‘o1t V vs. Ag/AgC

This reduction of the Mn, nanowire to MpOs; process is further examinecy
electron energy loss spectroscopy (EELS) as is showigure 4.7 First, the EELS
spectrum of three standard samples purchased frgme-Aldrich consisting of Mn(,

Mn,O3, and MO, were obtained. These spectra show the charaatedi— K and Mn



- Lo sedges. The different edge details for each osthadards for the — K edge can

be used as a fingerprint to obtain valence infoimnafor unknown sample®®® %’
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Figure 4.7 Electron Energy Loss Spectroscopy of Hierarchicald,

(a) Electron Energy Loss Spectroscopy (EELS) speatrstandards of Mrp, Mn,Os
and MnOy; (b) Dark Field Image of end structure of M, nanowire reduced in N**
in an AAO template; (c) EELS spectra of poin—vi found in ‘b’ indicating phase ¢

MnOy along the axis of the nanow

Figure 4.1 is the darkfiield TEM image of an Mn@nanowire partially reduced
Mn?* before release from the AAO template. In this caséy the end of the nanowi
which is exposed to the N* solution is reacted (an SEM image of this can hmdoin

Figure4.5a). This intemplate reduction method was used to promote ig sheerface
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between the Mn@nanowire and the reduced Mup@at is formed during the reduction
stage of the hierarchical synthesis. As can be geBigure 4.7b, there is a sharp visual
contrast between the Mn@anowire and the reduced Mugart of the nanowire.

Points along the axis of this nanowire were probsithg EELS as can be seen in
Figure 4.7c. These points progress from the Mp@rtion of the nanowire (i) to the
edge where the Mn{Qs reducedvi). As exhibited from the data, the shape of @the
K edge transforms from that characteristic of MO that characteristic of M@s.
Thus the EELS data shows that the Mm@nowire is converted to M@s; during the
reduction process. This EELS data correlates wil our assumption that the MpO
nanowire reduces to M@; upon application of a negative potential.

A closer examination of the Raman data in Figuée(d.and d) reveals that the peak
at 608 crit for the Mrf*reduced MnQis a possible convolution of the two peaks in the
spectrum of the Lireduced Mn@ This convolution may be caused by the smaller
particle size and reduced crystallinity of the rénds. In fact, in our own Raman
analysis of an MyO3 standard we saw this same convoluted peak (seeeg). This
suggests that the nanofibrils are 4@ which correlates well with our assumption of
Mn(OH), nanofibril formation followed by a rapid oxidatiea Mn,Os.

Finally, the materials represented by Raman spactruFigure 4.6 (b and d) are
potentially swept to a voltage of 1.0 V vs. Ag/AgCIrhis represents a typical first
charge of a supercapacitor electrode. The spegpr@sented by Figure 4.6 (c and e)
demonstrate that both materials are oxidized to MoyDevaluating their characteristic

MnO, Raman peaks 6575 and~650 cm’.
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X-ray photoelectron spectroscopyHS) studies were also done to try to correlate
this Raman and EELS data; however, we found theltseghconclusive as the peak
separation of the Mn 3s multiplet only varied betwes.2 and 5.4 eV indicating a

152 under all electrochemical states. This can béated to

valence state of'For Mn
the high surface area of our material, which istliksly to contain the MnOOH due to
the synthesis in an aqueous solvent. lon millihguy samples for this XPS work was
initially thought to show the true valence statéolethe surface; however, Oxygen is
sputtered more preferentially than Manganese whichld show an artificially lower
valence state in the bulk resulting in less thare tvalence state measurements.

Nonethelessthese Raman and EELS results support our proposschanism of

formation for these hierarchical Mp@anowire/nanofibril arrays.

4.2.3 EDS and XPS from Applications to other systems

As a final support of our synthesis mechanism,as wemonstrated in other systems.
Herein, MnQ nanowire arrays are reduced in°Nand C&* solutions. Figure 4.8a
(MnO, reduced in Ni") and Figure 4.8c (MnOreduced in C8) show the energy
dispersive X-ray spectroscopy (EDS) line scanstifi@se hierarchical heterogeneous
structures. Both graphs illustrate a Mn@anowire core with an oxide of nickel or
cobalt nanofibril shell, respectively.

The oxidation state of these nanofibril shells isbhed by XPS. The results show
that the main peak found in Figure 4.8b (Mnf@duced in Ni") for the Ni 2p
multiplet is positioned at 855.3 eV which corresg®mwell with literature values for

Ni(OH),.%®® The fitted components found in Figure 4.8d (Mnm@&duced in C¥) for
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the Co 2p, multiplet (790.8, 786.1, 781.9, and 780.4 eV) matebll with the
calibrated (C1ls = 284.8 eV) literature values fofmdCo(OH> (790.5, 786.1, 782,

and 780.5 eVj®

MnO,/Ni{OH), Narofibrii/Nanowires
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Figure 4.8EDS and XPS of Heterogeous MnQ/Ni(OH), and MnQ/Co(OH’,
Energy dispersive Xay spectroscopy (EDS) line scans for N, nanowires reduced |
a. NF" and c. C8" and the XPS spectrum of thes;, multiplet for b. Ni and d. Co fror

these structures.

This formation of hydroxides from metal solutionsridg the reduction of Mn,

correlates well with our assumption that the reidmcbf MnC; releases O’ ionsthat
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combine with the metal ions in solution. Theseahétdroxides are then shown to
precipitate out of solution as nanofibrils. Thiscademonstrates the ability of this

method to be easily applied to other materials.

424 Supercapacitor application

4.2.4.1 Low Power Investigation of Charge Storage Mechanis

For investigation of the supercapacitor chargeagf@mechanism of this hierarchical
structure, the nanomaterial was studied in thepower realm (scan rate: <10 mV/s).
The material was tested in both an aqueous andiardacetonitrile) solvent with
lithium perchlorate as the inorganic salt. Theagé window was kept between 0 and 1
volt vs. Ag/AgCI for both electrolytes to directtpmpare the charge storage properties
in the different solvents.

Figure 4.10 shows that the material in both solvesfitows an increase in specific
capacitance for the whole hierarchical materiale(Hupon addition of the nanofibrils
when compared to the bare nanowire (Bare) countsriaom 289 to 345 F/g for the
aqueous solvent and from 324 to 387 F/g for thamigsolvent) at a 0.5 mV/s scan
rate. Note: All masses were attained from indutyi coupled plasma-atomic emission

spectroscopy (ICP-AES) elemental analysis (seeré&iyg).
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Figure 4.9. ICP-AE®ata for the Deposition of Mr, Nanofibrils
(a) mass of total material measured from -AES spectroscopy versus charge pa:

during the reduction of 200 nm 4.5 pm N, nanowires in MA" solution; (b) mass ¢
total material measured from I-AES spectroscopy versus time of deposi (red
curve repreents expected mass based on reaction 1, whiledakleed line is the ma

of the bare Mn@nanowire array

The improvement in gravimetric capacitance may seenor, but the improveme!
in areal capacitance is more dramatic. In aquetactrelyte, thi nanofibrils improve
areal capacitance by 42.5% (from 128 to 181 mF/ci®2)organic electrolyte, th
improvement is similar, with areal capacitancesraasing 42.0%, from 1-203
mF/cm3. These total capacitance increases of 42/88042.0% for the aques and
organic solvent respectively are achieved with amlyotal mass increase of 19.3
(Note: the planar area of the working electrodes waaintained at 0.2 ¢ for all

materials)
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Figure 4.10 CVs oBare and Hierarchical Mr;

Cyclic voltammetry at a 0.5 mV/s scan rate with ltlashed area representing the pa
the curve that contains capacitive elements of) ddee Mn(; nanowire array and (I
hierarchical Mn@nanowire cycled in an aqueous 1NCIO4 solution and a (c) bai
MnO, nanowire array and (d) hierarchical M, nanowire cycled in an organ

acetonitrile 1M LiCIQ solutior

Owing to this, we can obtain the specific capaciégaassociated with the nanofibi
if we divide the difference total capacitance by the difference in the massédxen the
Hier and Bare arrays. The outcome of this calanails a specific capacitance of 6
F/g and 718 F/g attributed to the nanofibrils fbe taqueous and organic solve

respectively.
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This large specific capacitance is thought to be duetb the ultrahigh surface ar
and small dimensions of the nanofibrils; howevere ¢l the low mass loading of c
material reliable BET measurements were not passifiihe ultrahigh surface area ¢
increase capacitive adsorption and double layer padnce and the small dimensic
can increase ion access points and shorten diffusistances for any insertic
processes. Although, these values are appealirginteresting to see how differen
this extra charge is stored whether it be more byac#pge elements or insertic
elements in each respective electro

Two different methods were used to investigatectisrge storage mechanisms in
hierarchical structure. First, we use a methcrived from Conwayet al**° by Dunnet
al ' and used recently by Penret al**® to quantitatively separate the contributior
the capacitive elements of the charge storage ftwendffusion controlled insertio
processes. By examining the scan rate dependéiice ourrent, one can estimate t

the current at each voltage is the sum of bothrmrttons to the capacitance using

following formula:
— K,lv nE K,Zv ’ (1)

Wherei(V) is the current at a given voltack; andk, are constants aro is the scan

rate. In this equatioiko represents the capacitive elements or elementsevdieb is

Y2 represents diffusion coniled bulk reactions where dié*?is

constant whilekao
constant. If we divide both sides of this equatiath the square root of the scan r¢

then we get the following equatic
107



iVy/vte = kut“ + k, )

Y2at a given potential versws, we should obtain a lir

Therefore, if we plot thi/v
with the slope equaling constar; and the y-intercept equaling thus giving us
guantitative way of separating the capacitive el@syek,o, from the bulk reaction:

Y2 at each given volge.

koo

If we look at Figure4.10 again, we can see the results of using this methéere,
the hashed areas are attributed to a capacitivegetstorge reaction. Figure 4.11,
shows these results at different scan rates (0d Eh mV/s) in terms of are
capacitance. These results indicate that the riHegerial’'s increase in capacitance fr
the agueous solveosbmes mainly from an increase in capacitive chatgeage (118..
to 170.6 mF/crhat the 0.5 mV/s scan rate) which is mainly duehHhigh surface are
of the nanofibrils. However, the increase in capace from the organic solvent con
from an incease in cation insertion (7.0 to 66.7 mF* at the 0.5 mV/s scan rat
which results from the short diffusion distancered nanofibrils.

Another method developed by Trasatti to separgtaative elements from insertic
processes is used héfé. Again a scan rate series is performed, but thig finis usec
to project what the capacitance will be at the scates of O and infinity. Th
capacitance at 0 mV/s will demonstrate the totglacaance (k) if we allowed

sufficient for every reaction to take pli, while the capacitance at an infinite scan |

will tell us only the charge stored at the surf@Cs). The difference between the tc
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capacitance and surface capacitancy — Gs) will give us the capacitance associa

with the insertion processes)).
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Figure 4.11Comparing Trasatti’'s Method to Dunn’s Metl

Bar graph of bare (blue) and hierarchical (blackpn@, nanowire arrays’ arei
capacitance versus scan rate with the hashed aepmesenting the capacitar
attributed to only capacitive elements derived frbomn’s method and the maximt
capacitances derived from Trasatti’'s method ineddht solvents (saqueous and (t

acetonitrile

First, we obtain the maximum capacitance associaiéd the surface charges
plotting the capacitance, C, versus the inversarsgroot of the scan rate?, for both
the bare and hierarchical structure as se¢Figure 4.12 (a and dpr the aqueous ar
organic solvents, respectively. (All the valuesdign Figure 4.12 and the slopes ai
intercepts obtained iRigure4.12 can be found in the Tablel) Here, we assume the

is semi infinite linear diffuon, so we expect a linear correlation between Cu2.
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However, both Figure 4.12 (a and c) deviate fromedrity at high scan rates. This is
caused by ohmic drops and irreversible redox ttimmsi owing to the resistance of
MnO,.?** Therefore, we fit the curve only at low scan s&i@5 to 10 mV/s) where the
points are close to linear. Using this curve,cae obtain™? = 0, which represents
the maximum surface capacitance of the materidies& results can be found in the

hashed areas of the bar graphs labeled ‘Trasathddéin Figure 4.11.
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a. H,O

Hier Trassati Bare Trassati
Scan Rate Capacitance Capacitance
0.5 180.9 Figure 4.12a 127.5 Figure 4.12a
1 180.7 Slope (a) 127.3 Slope (a)
2 180.8 4.5 127.5 2.9
5 178.7 Intercept (b) 127.1 Intercept (b)
10 174.8 175.7 122.8 124.2
20 172.7 120.7
50 156.5 Figure 4.12b 107.8 Figure 4.12b
100 136.4 Slope (a) 91.2 Slope (a)
250 91.2 0.000079 61.3 0.000107
500 53.4 Intercept (b) 41.0 Intercept (b)
1000 23.8 0.00545 22.0 0.00773
b. ACN _ _
Hier Trassati Bare Trassati
Scan Rate Capacitance Capacitance
0.5 203.2 Figure 4.12¢c 142.5 Figure 4.12¢c
1 193.3 Slope (a) 142.4 Slope (a)
2 186.8 40.0 142.4 3.6
5 176.3 Intercept (b) 142.4 Intercept (b)
10 153.1 151.8 136.4 138.4
20 1334 133.9
50 94.6 Figure 4.12d 116.9 Figure 4.12d
100 63.2 Slope (a) 97.3 Slope (a)
250 33.7 0.000615 62.4 0.000113
500 20.1 Intercept (b) 37.1 Intercept (b)
1000 9.3 0.00448 14.2 0.00689

Table 4.1. Values Used to Determine Trasatti Gsaph

Capacitance values of the hierarchical and barewiaa arrays in (a) water and (b)

acetonitrile at different scan rates. The slopebyaintercepts of the curves represented

in Figure 4.12 for each material and solvent.

Furthermore, we plotted the inverse of the capacédaversus the square root of the

scan rate. This can be observed in Figure 4. Hh@od) for the agueous and acetonitrile
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solvent. Again we extrapolate the curve at lownsedes, this time to*?= 0. Here we

obtain the total maximum capacitance. These vataesbe seen in Figure 4.11 along
with the results from the Dunn method for the scares of 0.5 and 10 mV/s. In
comparison, both the Dunn method and Trasatti noetsttow similar quantitative
results with a better correlation between the nadhad the smaller scan rates.

If we further utilize Trasatti's method to obtaihet specific capacitance only
attributed to the nanofibrils, then we can extrapmkhe maximum specific capacitance
of the nanofibrils at a O scan rate. Thusly, thectfic capacitance of the nanofibrils at

a given scan rat&§Gys, can be obtained using the following equation:

DDD:D — (DDDDD/D+D>_(DDDDDD/+ >* 0

Upooo — Uoooo

3)

wherea represents the slope and b represents the y-@mtieof the fitted lines found in
Figure 4.12 (b and d) for the aqueous and orgasliests, respectivelyv represents
the scan rate, A represents the area of the etiec(@2 crf), and mass represents the

mass of the bare and hierarchical nanowire arrays.
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Aqueous Acetonitrile
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Figure 4.12Trasatti's Method Data Curv

(a,c) Areal capacitance versus inverse squareofagdan rate for bare (blue circles) ¢
hierarchical (black squares) M, nanowire arrays cycled in (a) aqueous and
acetonitrile solvent electrolytes. (b,d) Inverseahrcapacitance versus square roc
scan rate for bare (blue circles) and hierarchislaick square) MnO2 nanowire array:
cycled in (b) aqueous and (d)etonitrile solvent electrolytes with the inset reg@nting

the linear aspect of these points at low scan r

Figure 4.13hows the raw data olined from the scan rate series and the fitted
utilizing Trasatti’'s method for both the aqueousl @anganic solvents. The nanofibr
cycled in agueous solution appear to have neaalghed their maximum capacitance

637 F/g at a 0.5 mV/s scan 1, while the nanofibrils cycle in the acetonitrilehgent
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appear to need exceedingly slow scan rates to ctoee to their maximum capacitance
of 919 F/g.

This is a very interesting result as it shows thdhe acetonitrile solvent, the MaO
nanofibrils can reach close to its theoretical mmaxn capacitance; however, in the
agueous solvent, these same Mm@nofibrils reach a maximum capacitance far below
their theoretical. This correlates well with oupjaction that the nanofibrils in aqueous
solution only contribute fast surface capacitaimees tthey do not need exceedingly slow
scan rates to reach their maximum specific capamta While in organic solution the
nanofibrils utilize slow cation diffusion which de@eed very slow scan rates to fully
make use of the material. Accordingly, one wowdezt that at a scan rate of zero, the
material would exhibit the full theoretical capacite of 1110 F/g based on one
electron transfer; however, due to manganese axIde/ intrinsic conductivity, the
data used to create Trasatti’s curve in Figure 4dl8d be skewed to create a lower
maximum specific capacitance.

Qualitatively, we can see that with the Trasattthod the nanofibrils have mainly a
capacitive charge storage element in aqueous gplatid mainly an insertion charge
storage element in the organic electrolyte. THfemknt charge storage mechanism in
the different solvents is believed to be due topttaon adsorption behavior in water
which mitigates the lithium insertion mechanism.fdct, in literature it has been shown
that the cation does not play a major role in th@ge storage mechanism in aqueous
solutions® Currently, we are investigating these differerdrge storage mechanisms

using ICP-AES. However, it is interesting to ndtattregardless of the predominant
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charge storage mechanism, the nanofibril strugitwdices an advantage for over

performance.
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Figure 4.13Specific Capacitance of Mr, Nanofibrils in Different Solven
Specific capacitance attributed to the nanofibris various scan rates for t
hierarchical Mn@ material cycled in aqueous (red circles) and adeiien (black
squares) solvents with the dashed lines repreggtitanfitted curve based on Trasat

method

425 High Power Investigation for Practical Applications

It was shown in the previo section that at low scan rates, the charge stc
mechanism of the material can be obtained. Howef@r real supercapacit
applications, the material must show superior hijgbwer capabilities. Fc
investigation of the practical supercapacitor |erties of this hierarchical structure, 1

nanomaterial was studied at high power rates (>¥0sjn For this high power testin
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the material was only tested in an aqueous solsgigatto its intrinsically high ioni
conductivity and low environmental imct.>®

Figure 4.14ahows the cyclic voltammetry curves of the hieraral material at higl
scan rates, 50, 100, and 250 mV/s. Although, thaps of the curve and tl
capacitance of the material (260 F/g) at 100 myéspaomising for future application
it is shown here that at the higher scan of 250ante shape of ttCV curve begins t

have a sloping behavior and the capacitance dn@psatically.
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Figure 4.14Comparison of Hierarchical Mr, with Different Lengths

Cyclic voltammetry curves in aqueous 1M Li(, from 50250 mV/s scan rates for tl
(a) 4.5 micron and (b) 1.5 micron in length hieracal nanowire arrays and the pov
capability from 501000 mV/s scan rate for the 4.5 and 1.5 microntlehgrarchica

nanowires

Since, MnQ is known as a poor electron conductor, the 4.5 png Inanowire:
(aspect ratio: 22.5) would seem to be exceediragig.l Therefore, shorter lengths=
1.5 um of hierarchical nanowires (aspect ratio) Wwere produced by reducing t

charge passed bythird during the synthesis of the nanowires. Timetlsesis of the
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nanofibril layer was also cut by a third. Figuteld indicates that these shorter
hierarchical nanowires are able to maintain th&rdbape at the higher scan rates. The
rate capability comparison of these nanowiresrith&r shown in Figurd.14c.

Another benefit of the shorter nanowires is theease in the specific capacitance
(from 298 F/g to 377 F/g at 50 mV/s). Howevershbuld be noted that although the
gravimetric capacitance values increases with therter nanowires; the areal
capacitance values decreases (from 156.5 nfrfon66.0 mF/cif). Therefore, for
future electrochemical energy storage, the benefithigher gravimetric capacitance
should be weighed against any loses in the ar@alcttance.

Another aspect for this hierarchical material tbah be varied is the amount of
charge passed during the synthesis of the Mm&hofibrils. Figuret.1%a shows the
specific capacitance vs. charge passed during ythihesis of the Mn@ nanofibrils.
The black squares in Figudelta represent the specific capacitance associatédthat
whole hierarchical structure, while the red squasgwsesent the specific capacitance
only associated with the MnQnhanofibrils. Figure4.15 (b and c) shows the TEM
images at different loading amounts for the Mm@anofibrils with the upper left image
in Figure4.1% representing a smooth bare Mn@nowire and the bottom right image

representing a fully nanofibril-coated nanowire.
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Figure 4.15Hierarchical Mn(, with Different Nanofibril Loading Amoun

(@) Specific capacitance (50 mV/s) of the wholerdichical structure and tfF
attributed to the nanofibrils during different néibdl loading amounts controlled &
the amount of charged passed during thehesis of these nanofibrils and (b) the TI
images of these nanowires at the different stalpegydhe graph in (a). (c) Magnifie

TEM images showing thickness of nanofibril layeicharge density is increas
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Figure 4.16 Comparing Hierarchical Mn, Nanowires with Different Diamete
Specific capacitance (50 mV/s) comparison betwéen80 nm and 200 nm diame

nanowires showing the contribution from the induadiarchitecture

As demonstrated in the graphs, the specific cagramit for both the hierarchic
structure and the nanofibrils reaches a peak atah ¢harge passed of 100 mC?for
the hierarchical Mn@material. An explanation for this peak shaped [othat a
lower charge densities, the nanofibrils producethftbe fast effusion of the hydroxi
ions from equation la are too frail and are najand electrical contact with the Mi,
nanowires and so are electrochemically inactivet higher charge densitieshe
nanofibril material is in good electrical contatipwever, as the amount of cha
passed increases the amount of coverage by thdilrdnayer ultimately reducing th
access of the electrolyte to the nanowire. Thisuced the specific capacitan
associated with the Mr,; nanofibrils to a number that is smaller than thegoaiatec

with the pure Mn@nanowires
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Finally, the diameter of the nanowires was adjusteitlg AAO templates with &
nm diameter pores during the synthesis processthéglarge storage mechanism
thought to be a near surface reaction, it is asduthat the smaller nanowires w
reduce the amount of inactive M, resulting in larger specific capacitanceFigure
4.16 shows the comparison of the specific capacitan€e n(&//s) of the differen
diameter hierarchical nanowires. The results m@idhat indeed the overall spec
capacitance of the hierarchical nanow increased when the diameter is decre:
from 200 nm to 80 nm (298 F/g and 339 F/g, respelst); however, it is noted that tl
specific capacitance associated with the nanddibsilnot greatly affected (572 F/g 1
200 nm and 560 F/g for 80 nm). T is attributed to the fact that the amount

nanofibrils produced is not affected by the diametehe nanowires
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Figure 4.17Cycle Ability of Hierarchical Mn(,
Cycle ability including specific capacitance (50 m)}/and coulombic efficiency of tt

hierarchical structure over 1000 cycles in 1M Liy in water
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Next, we show the cycle life of the hierarchicalusture. Figure4.17 shows the
cycle ability of the 4.5 micron long 200 nm dianreteerarchical array over 1000
cycles at a 50 mV/s scan rate. The material mam85.2% (254 F/g) of its specific
capacitance after 1000 cycles, which is still betigan the initial bare specific
capacitance at this scan rate (245 F/g). Moshisfdapacitance loss occurs within the
first 100 cycles and correlates well with the conibic efficiency during these initial
cycles. It is thought that this may be due to seessdual MaO3; to MnO, conversion
associated with equation 3. After, the initial leydegradation the material sees only a
small drop in specific capacitance from 257 to Efgifor the remaining 900 cycles.

Finally, in order to compare our results with otherarchical Mn@ nanomaterials,
we have included the tabulated information in tahleThis table shows that although
our material may not have the highest capacitanigiest loading capability, or other
superlatives; it does offer a controllable struetwithout the affects of binders and
additives to gain scientific insight into the desiraspects of hierarchical MpO

nanomaterials.
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Table 4.2. Literature Survey of Hierarchical Mn®upercapacitors

Specific Cvele
Description Capacitance Retélntion Mass Synthesis Binder and Control of
b at Low and Rate Loading Method Additives Structure
High Power
Hollow 167 F/g
Urchin-like (2.5 mA) o N Some
MnO, 38590A)cacf;t|§rs, ~(1C(;|r(39 Hydrothermal Yes Morphological
Nanospheré§ 124 Flg 4 Control
2
(10 mA)
299 Flg
Hollow MnO, (5 mVI/s) 97.6% after ~7m SiO, Nanosphere
Nanospherées 1000 =img as sacrificial Yes None Shown
4 No High Power Cycles (calc) template
Testing Shown
Hydrothermal
0,
3'.3 Porous 194 F/g 95% atfter ~11 mg using thermally
birnessite- 1000 Yes None Shown
215 (0.1 Alg) (calc) reduced grapheng
MnO; Cycles oxide as templatg
MnO, coated 470 Flg
on Mn,O, (25 mVI/s) 95.7 % ~50 Pulsed
Decorated after 10000| pg/cnt Electrochemical No None Shown
MnOOdH§16 ( 360 F/g/] ) cycles (calc) Deposition
Nanoro 500 mV/s
MnO, 356 F/g “No Precipitation
Nanorods (2 Alg) Degradatio ~05m Reaction of MA*
Assembled n” after N(c:alc)g with Mn** in Yes None Shown
into 184 F/g 2000 presence of P123
Sphere8’ (10 A/g) Cycles Micelles
>90% after .
Assembled 407 Flg 400 Cycles| Mlcro_wave Random versus
MnO, (10 mvis) (Dependent =1 mg Heating of Yes assembled Mn®
Nanowire 258 F/g onF():har e (calc) acidified MnQy nanowires
Flowerg'® (100 mv/s) rate) 9 solution
120 F/g .
Urchin-like (5 mV/s) Urchin-like to
0.2 Clew-like
MnO, Not Shown Hydrothermal Yes
Nanospheré§ 80 Fig mg/cnt Morphology
(200 mV/s) Control
LoumLong | gq 5o after
Nanowires 1000
377 Flg |
(50 mVis) C;yczeas 0.035 mg
MnO, (91.2% Can Control
nanowires 244 Flg after first Length and
coated with 100 cycles) Two Step )
MnO. (1000 mV7s) Electrochemical No Diameter of
o .
Nanofibrils w 85.2% after Deposition nanowires, and
(This Nanowires 1000 Amount of
research) (53 ?nl\:///%) Cycles 0.105 m nanofibrils
©6.6% | M9
after first
44 Flg 100 cycles)

(1000 mV/s)
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4.2.6 Heterogeneous Ni(OH)YMnO > nanofibril/nanowire Arrays

Finally, in order to further study this mechanisnddo show the versatility of this
method, we have applied it to another system. H@r®, nanowire arrays are reduced
by the same method, but this time in®Ni Again, a hierarchical nanowire array is
produced, this time with Ni(OH)nanofibrils. Figure 4.8a shows the energy dispers
X-ray spectroscopy (EDS) line scan for this hiehnaral heterogeneous structure. The
graph illustrates a Mnfnanowire core with an oxide of nickel shell.

The phase of this nanofibril shell was shown toNa@H), by utilizing X-ray
photoelectron spectroscopy (XPS) (Figure 4.8b).is Tarmation of hydroxides from
metal solutions during the reduction of Mn€brrelates well with our assumption that
the reduction of Mn@releases OHonsthat combines with the metal ions in solution.
These metal hydroxides are then shown to preogpibat of solution as nanofibrils.
This also demonstrates the ability of this metrwté easily applied to other systems.

This material was also probed for its supercapapgoformance and compared to its
bare MnQ nanowire counterpart. Please note that the elgtt reference electrode,
and potential window used for this hierarchical ®#{),/MnO, structure (4M KOH,
Hg/HgO, and 0.1-0.6 V) are different than thosedu$er the hierarchical Mn©
structure (1M LIiCIQ, Ag/AgCl, and 0-1 V). It should also be noted ttlihe
heterogeneous Ni(OKHMNO, structure is not proposed here as a future matena
supercapacitors due to Ma® deficient cycle ability in high pH KOH solutionsThis
is shown in Figure4.18 where the cycle ability of the hierarchical Mn@rray is
compared to that of the heterogeneous Ni(fZMNO, nanofibril/nanowire array. Even

so, this material is shown here to support the titsn& these hierarchical structures.
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Specific Capacitance (F/g)

Figure 4.18 Cycle Ability of Ni(OH,/MnO, Nanofibril/Nanowire Arra

In the CV in Figure4.19, a redox peak shaped curve appears for the heteeogs
Ni(OH),/MnO, material after reduction in #*. This peak is associated with i
Ni(OH)/NiO redox couplé:”® Due to this peak, the hetgeneous structure shows
increase, when compared to the bare |, array, in the area encapsulated by the

curve which represents an increase in energy femtlaterial.
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Current Density (mA/cm?)

Figure 4.19. CV oHierarchical MnG/Ni(OH), Array
Cyclic voltammetry scans of bare M, (black) and hierarchical Mr,-Ni(OH),

(green) nanowire arrays cycled in 4M K

The specific capacitance of the heterogeneous N,/MnO; structure is 615 F/
which is significantly beer than that of the bare MaManowires (254 F/g). Tt
specific capacitance associated with just the Ni, nanofibers is calculated as 1&
F/g which approaches the theoretical maximum ofl2B&) for Ni(OH,. These high
specific capacitances are eciated with the high surface area and good elexdt
contact of the Ni(OH)nanofibrils. However, since Mr; is a poor conductor, the:
results have a lot of room for improvem: These results indicate that the metho

synthesis here can be applto other systems.

4.3 Conclusion
A controllable hierarchical Mn, nanofibril/nanowire array was successft

synthesized. The structure consists of a confolmar of MnC; nanofibrils evenly
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distributed on the surface of the Mp@anowires. The synthesis of the MnO
nanofibril layer was done by a simple electrochemiconversion of the MnO
nanowires to MgOsin a Mrf* solution. Due to the hydroxide formation duringsth
conversion, a Mn(OH)nanofibril layer was formed at the surface of éhesanowires
which quickly oxidized to MgOs. Subsequently, oxidation of both the g
nanowires and Mi®©s nanofibrils resulted in the formation of the hretdacal MnG
nanofibril/nanowire material. This structure wasuacterized by Raman, EELS, ICP-
AES, electrochemical measurements, and electrorosdopy.

At slow scan rates, this hierarchical nanowire cdtme showed an enhanced
supercapacitor performance when compared to its banowire counterpart in both
aqueous and acetonitrile solvents. However, thimecement is shown to a result of
different mechanisms depending on the solvent.adoeous solvent, the nanofibril
structure increases its capacitance by capacitreeegses, while in an acetonitrile
solvent, the nanofibril structure increases itsacifance by insertion processes. These
results indicate that the solvent has a major effaovhether this material can reach its
theoretical capacitance.

At fast scan rates, this hierarchical material skt good capacitance of 298 F/g at
50 mV/s. The capacitance and power capability sfesvn to be further improved at
the detriment of areal capacitance to 329 F/g & 2&//s when the length of the
nanowire was shortened from 4.5 um to 1.5 um. dAvezall hierarchical capacitance
was also shown to be improved by smaller diametapwires (298 F/g to 375 F/g at 50
mV/s); however, the capacitance attributed to teofibrils remains close to the same

(572 F/g to 560 F/g) regardless of nanowire diametdhe loading amount of
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nanofibrils is also shown to have a dynamic aftecthe material’s specific capacitance
with an increase occurring initially due to thetiganofibril surface area followed by a
decrease occurring due to the blockage of elet¢&oly the increasingly dense
nanofibril layer.

This facile synthesis method was successfully applio other divalent metal
solutions (Nf* and C8") resulting in Ni(OH) and Co(OH) nanofibrils, respectively,
conformally coating the MnOnanowires. The Ni(OH)MnO, material shows an
increase in overall specific capacitance resultiom a large initial specific capacitance
of 1505 F/g for the formed Ni(Oknanofibril layer. We hope to analyze these
materials in depth as previous literatures havewvshgreat supercapacitor properties

g% 220 Other hierarchical

with these types of hierarchical/heterogeneous madd
nanostructures are thought to be possible including not limited to MN@QRuUG;,,
MnO,/Fe;0s, and MnQ/Al,O; materials from using R, F€*, or AP* solutions,
respectively. This method of formation is vergaghough that it may well be used in

the many different applications where Mn® already or proposed to be employed.
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Chapter 5: Charge-Storage Mechanism Investigation of Mn® using

ICP-AES

As indicated above, Mnappears to have a different fundamental chargegto
mechanism in different solvents. In order for MO be used to its full potential, we
must understand this mechanism. In other wordsatwlmbination of chemistries
including specific surface area, crystal structetectronic conductivity, adsorbed water
molecules, ionic conductivity, material morphologyd electrolyte cation will give us
the best performance for Ma® This chapter is focused on giving some ansveetisis
fundamental question.

In organic electrolyte, the mechanism is thoughtlitectly involve the insertion of
the cation into the bulk of the electrode mateffalalthough, to our knowledge, this
mechanism has not been thoroughly investigateddniterature.

On the other hand, the aqueous charge storage mechaas been investigated in
detail, using analytical methods such as XPBamarf?* XRD,?** #**X-ray absorption
near-edge structure spectroscopy (XANE®8)and electrochemical quartz-crystal
microbalance (EQCM¥?* in addition to other electrochemical observatianidizing

different electrolyte salfs 22°

and calculations made observing the scan rate
dependence of the material as our group did on fp&geof this work and others have
done in the literatur&®

So far, the proposed charge storage mechanism @khMnagueous solvent can be

represented by the following equation with the ¢gfly referenced potentials below:
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MnO, + aH" + bC + (a+b)é — MnOOH.Cy

1V vs. Ag/AgCl« 0 V vs. Ag/AgCI

where Mi* becomes Mt upon reduction to 0 V vs. Ag/AgCl with either atisarbed
or inserted cation, Gor H" acting as the counter ion from the electrolyte.

Certainly, the results of the XPS, Raman, XRD, XANES experiments indicate
that MnQ’s oxidation state as well as crystal structuresdoleange during charging;
however, the issue comes about when trying to ohetter what is counter ion involved
with these changes. Electrochemical observatiorsudgest that the cation plays a role;
however, how much of a role and does it insertndy adsorb on the surface have yet to
be answered unequivocally.

Attempts to answer this fundamental question haenldone by Kuet al. who did
some EQCM experiments utilizing different electtelgations in aqueous solution and
observed mass changes that they associated withpth&e of a combination of 9"
ions and cations during chargiffj. They determined that the amount of cation
participation in the charge storage was dependenthe cation with alkali ions
participating more and then less in the chargeagiomechanism with increasing ionic
size. However, they were not able to directly datee the molar ratio of the cation to
MnO- unit during charging. In addition, the cycle wivdthat was chosen between 0.5
and 0.8 V vs. Ag/AgCIl may not be characteristi¢thef normal cycle window for MnO
of between 0.0 and 1.0 V vs. Ag/AgCIl as they mentibat previous studies using
EQCM to determine the charge storage mechanism wd,Rshowed different

mechanisms in different voltage regidRs.
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In another experiment, Guan et al. systematicallgd out the proton as a source of
the charge storage mechanism by analyzing diffeadkdli cations in different pH
solvents while monitoring Mn€s capacitancé?”® They observed no change in
capacitance as the pH was adjusted from 7 to 4aen a decrease in capacitance when
the pH was set at 3. This would indicate thatgiteon has a detrimental effect at high
H* concentrations which is the inverse of what wdagdthought if the proton was the
major charge storage species.

However, Mhoet al. performed another experiment where they monitortesl t
capacitance of Mn®as they adjusted the concentration of a KC| ebéyte >
Although, they saw a decrease in the capacitanam upecreasing the Kion
concentration, they also were able to increasedbpacitance of dilute Koy decreasing
its pH to 3. Again, indicating that the proton dgeay a role in the charge storage.

Owing to these experiments, there needs to betamsgsic way of analyzing MnG
charge storage mechanism that takes into accowttr@themical measurements;
elemental analysis; detailed solvent, material, atettrolyte properties; as well as
voltage window analysis and even electrolyte andera computer modeling.
Although, this is the ultimate goal of this resémrthis chapter will only show our
initial experiments using inductively coupled plasm atomic emission spectroscopy
(ICP-AES) for elemental analysis and some elec&nubal results obtained so far.

ICP-AES is used here due its low detection limighhselectivity, and precise
measurement capability of the total cation and raaage ion content. This method has

yet to be explored partly due to the complex makeupnergy storage electrodes that
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involve polymeric binders and conductive additiibat inhibit electrode digestion,
which can detrimentally affecting the analysis.

AAO template grown Mn@nanowire arrays are utilized for this analysise doeir
controllable features such as their length and dtamwhich will give us a better ability
to probe surface to bulk ratios that may affect ¢harge storage mechanism. These
nanowires are electrochemically grown directly lo@ turrent collector, assuring almost
100% electrochemical activity for all of the Mp@aterial.

Both organic (acetonitrile) and aqueous phase stdvare used here in order to
examine the proton contribution by eliminatingptesence entirely by using a aprotic
organic solvent and also to compare and contrasbidnpotential window in each
solvent as it has been suggested that MnSupercapacitive behavior can have a larger
window in organic electrolytes.

Initial results indicate that the proton does irtiggay a large role in the charge
storage mechanism of Maln aqueous solvents; however, only cations areveho
play a role in organic acetonitrile solvents. dd#ion, enlarging the potential window
in acetonitrile has shown a capability of incregdime cation to Mn ratio to greater than
1.5, indicating a possible larger charge storageac#y for MnQ than previously

thought.

5.1ICP-AES as an Electrode Analysis Method
In order to do the quantitative elemental analgdisMnO, during the charging and
discharging process, an analytical method had todred that has high sensitivity, high

selectivity, and a capability to detect alkali {uding lithium) and alkaline earth metals.
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Inductively coupled plasma — atomic emission spscopy (ICP-AES) instrumentation
was found to be perfect for this work.

ICP-AES has sensitivities for most metallic elensemt the parts per billion (ppb)
range (ug ). It is highly selective and can simultaneoused®atne cation and
manganese ion concentrations. All naturally oceongralkali and alkaline earth metals
can be detected and quantified using this methidds method has yet to be explored
partly due to the complex makeup of energy stoedgetrodes that involve polymeric
binders and conductive additives that inhibit elsd¢ digestion, which can
detrimentally affecting the analysis.

In a typical ICP-AES analysis, a solution of ioegpumped through a glass nebulizer,
where a fine mist of the solution is produced. rAali portion of this mist is then
carried into an argon plasma created by a radio&eqgy (RF) coil where the ions are
desolvated and excited by the bombardment of elestfrom the plasma. The ions
then relax to the ground state releasing phototis aviwavelengths directly related to
their atomic makeup. These photons are then duaect a charge-coupled device (CCD)
camera where their intensity is measured.

Due to this process, all materials must be dissbinesolution before any analysis can
be done. In our case, this means that each samygebe destroyed in order to take a
measurement using this instrument. Therefore atlasurements done here are

consideredkx situ
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5.2 Experimental

5.2.1 Synthesis of freestanding MnQ nanowire array

First, a Denton Desk Il sputter machine is usedpotter &=300 nm gold layer on
the branched side of an AAO membrane. A strip @pper tape, to provide good
electrical contact, is then attached to the gadleé sif the membrane. This piece is then
sandwiched between layers of Parafilm with pathefnon-sputtered side exposed with
a defined window of 0.2 chiresulting in completion of the working electrode.

The working electrode is then placed in a 100 mMvhgamese acetate bath with a
Ag/AgCl reference and a platinum counter electroBeconstant voltage of 0.60 V vs.
Ag/AgCl is applied until 150 mC of charge was cleapgpassed.. A soaking time of 15
minutes in a 3 M solution of sodium hydroxide résdlin the complete dissolution of
the alumina membrane producing vertically aligneaQylnanowires attached to a gold

current collector.

5.2.2 Electrochemical Analysis

After removal of AAO, MnQ nanowire arrays are soaked in DI water twice foe f
minutes in order to remove any residual hydroxidel'he arrays are then place in the
solvent that they will be tested in and soakedraf@i five minutes. Finally, the arrays
are placed in their test solution.

The arrays are then galvanostatically scanned fiam1 V vs. Ag/AgCl at a 1 A/g
current density and stopped at specific voltages. the holding potential test, a

specified voltage vs. Ag/AgCl is applied for 15 miies.
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After testing, the arrays are soaked in the puheesod that they were tested in three
times for five minutes each. This is done in orieavoid any contamination from the
high concentration lithium salt in the testing d$mn. After soaking, the electrodes are

ready to be dissolved and administered to the IE&S-MAstrument.

5.2.3 Inductively coupled plasma-Atomic emission spectraspy

(ICP-AES)

ICP-AES measurements were performed using a PdrkerEICP-Optima 4300.

Intensities were measured at 257.610 nm for Mn @&f@ 784 nm for Li. Calibration
curves were made from Mn and Li standards tracetblthe National Institute of
Standards and Technology (NIST).

All electrodes were dissolved in 3:1 concentrat€Zl:HNO; and diluted to a known
volume before being administered to the plasma;dvew before this dissolution,
electrodes were removed from their respective mbtés and successively soaked in
DI water twice for five minutes in order to elimteaany cation contribution that could

come from any residual electrolyte.

5.3 Results and Discussion

MnO, nanowire arrays are galvanostatically cycled afd between 0 and 1 volt vs.
Ag/AgCI and then stopped at specific voltages dytimeir discharge. The electrodes
are then dissolved and analyzed for their lithiumd ananganese content by ICP-AES.
The results for samples cycled in water and acetlenare found in Figure 5.1. The

black squares indicate the suspected Li:Mn ratisebaon the amount of charge
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accumulated during the discharge, while colored circles are the Li:Mn fractio

measured from ICRAES.
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Figure 5.1. ICPAES vs. GV Results in Water and Acetonil
MnO, nanowires scanned from 0 to 1 V in 0.1 M Li¢ in (a) water and (b

acetonitrile with the calculated Li:Mn ratio frome GV curve and IC-AES result

The data from the GV and I-AES for the water system do not match very w
Instead of linear increase in lithium ratio as extpd from the GV ciwve, the ICI-AES
indicates a small increase with a leveling off atemtials below 0.4 V.This perhaps
indicatesthat the lithium ion only plays a role at the higlmotentials in aqueot

solution.

As for the acetonitrile graph, the slopes of the &% ICP-AES curves match nicel
albeit off set by=0.1 Li:Mn. However, this offset may bean error from the G\
calculation, as it assumes complete lithium remdwain the material at 1.0 V v

Ag/AgCl, which may not be the case at the high Givfent desity of 1 A/g
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This high current density may not be ideal for tiyyse of research as the electro
are only scanned to these potentials and not atlot@eequilibrate; therefore, ti
following research was done by holding the potéatia given voltae for 15 minute:

In this case, Mn@nanowire arrays were held at potentials of 0 antivis. Ag/AgCI
in 0.1 M LiCIO, in water and acetonitrile solvents. The voltageseanchosen due to tl
traditional voltage window used for Mi, as a supercapacitor magé where . V
represents the charged state a V represents the discharged state. The materia
held at extended times, 15 minutes, in order taiabgquilibrium with the electrolyte
The samples were then dissolved and analyzed b-AES. The esults of these
samples in termsf the Li:Mn ratioversus voltage applieare presented iFigure5.2
along with results from electrodes soaked e electrolytes for the 15 minutes plot

according to their open circuit potential (OL.
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As can be observed, at 1 V there is little Li prese(<0.2 Li:Mn) in the electrode in
both solvents as expected as Mn®in the oxidized state. However, at 0V the LM
ratio is expected to rise to 1:1 if the cationhis bnly active ion in the solvent; however,
for the aqueous solvent there is no perceivablegdan the Li amount and for the
organic solvent the Li:Mn ratio only achieves dlditmore than 0.6 lithium ions per
manganese ion. This indicates a greater depenaenttee cation for charge transfer in
the organic electrolyte when compared to the aguetactrolyte.

As the Li:Mn ratio is still somewhat short of theD1Li:Mn ratio expected for the
aprotic acetonitrile solution, we investigated gassibility that the traditional stopping
point of 0.0 V vs. Ag/AgCl is not in fact the rethlermodynamic minimum for lithium
insertion in the organic electrolyte. The reswitghis is shown in Figur&.3a where
the Li fraction approaches a value of 1.5 at aagdtof -0.5 V vs. Ag/AgCI and
maintains this ratio even as the holding potertpglied is further augmented to -1.0 V.
This increase and then leveling off of the Li frantat potentials beyond -0.5 V is
interesting as it is normally assumed that ther@issertion or adsorption of cations at
potentials less than 0.0 V. Also, the magnitudéhaf fraction was thought to reach a

maximum of 1.0 while this result indicates thatadue of 1.5 may be possible.
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(@)

potentials beyond traditional stable cycle windofws MnO, and (b) linear swee

voltammetry of MnQ@ from OCP tc-1.2 in a 0.1M LiCIQ acetonitrile electroly

We investigéed this result by looking at the linear swevoltammetry of Mn(; in
acetonitrile which can be seen Figure 5.30. This sweep from OCP 1.2 V vs.
Ag/AgCl indicates that there is a reductiveak centered at0-28 V. The position ¢
this peak corresponds well with the Li fraction ués whereas holdingpotentials
approachindhis peak had Li fractions that were increasing i@siilts beyond this pe:

contained constant Li ion fractions. T indicates that this peak is directly relatec
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lithium ion adsorption or insertion and therefore® supercapacitor voltage windows

that do include this peak cannot obtain theoretizakimum.

5.4 Conclusion

Although not completed, the initial results of teisidy suggest that protons do indeed
play a role in the charge storage mechanism of Mn@queous solutions. However,
in organic solutions, only cations play a role. idtalso observed that a potential
increase in the theoretical capacitance may beeatead MnQ@ is shown here to have
cation to Mn ratios greater than 1.5; even thougty ratios of 1.0 have been thought
possible.

Additional experiments need to be done to suppas$e conclusions. It is suggested
that valence state measurements of bulk Mn€ed to be done alongside the ICP-AES
experiments in order to show that there is no dsifharge reaction happening during
the electrode rinse step. Different cations, idclg divalent ions, will need to be tested
in order to further probe the cations role in ttigrge storage. Additional studies on
the nanowire morphology and crystal structure mayéeded in order to observe how
surface area and electronic structure play a rofenally, electrolyte and material
modeling may be needed in order to develop an epaesing theory that can be

experimentally tested.
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Chapter 6: Summary and Outlook

This thesis introduced the importance of Mm@nostructures for supercapacitors and
demonstrated three ways in which we are tryinguestjon the role of Mn@in future
electronic energy storage devices. These include:

1. MnO, nanomaterials in flexible devices: where in Cka@t we investigated
and attempted to improve the use of coaxial MREDOT nanowires as a
cathode for flexible supercapacitor devices.

2. Hierarchical MnQ Nanowires: where in Chapter 4ve developed a new
facile method for creating hierarchical Ma@anofibril/nanowire arrays and
investigated their charge storage mechanism imicgand aqueous solvents.

3. MnO; charge storage mechanism: where in Chaptené&used ICP-AES to
further investigate Mn@s charge storage mechanism in both aqueous and
organic solvents and found novel results that cow&hsform how we
determine the maximum theoretical specific capacegaof MnQ.

We in no way claim that any of these projects amamete as each can be improved,;
however, we offer our results so far to the scientiommunity and hope that they can

be built upon. These results include:

From Chapter 3:
I.  Freestanding heterogeneous Mn@anowires have considerable promise to be

used in future flexible power sources as these waas are grown directly on
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the current collector with no need for additivesbanders which allows each
nanowire to independently move during any flexindpending.

The asymmetric supercapacitor configuration can owly improve energy
density when compared to the symmetric configuratibut also the rate
capability and cycle life. This improvement can bgplained by a close
examination of the voltage windows for the anodd aathode in the device
configuration, which reveals a deviation from theltage window generally
assumed during half-cell testing.

Nanomaterials made using the AAO template methad mevide enough
energy even in a highly flexed state to be usedtioally to power portable

electronics.

From Chapter 4:

V.

VI.

A new self-limiting electrochemical pathway of ptmihg hierarchical Mn®
nanostructures is accomplished by exploiting tibh oxidation state chemistry
of manganese oxide.

The fundamental charge storage mechanism of thedugace area nanofibrils
grown on MnQ nanowires is shown to differ depending on the esatiwised.

Unlike synthesis methods for other hierarchical Mn@nostructures, this
electrochemical synthesis method was easily appledther heterogeneous
MnO; materials systems to produce more complicated
hierarchical/heterogeneous Ni(GHMNO;, and Co(OHYMNO;

nanofibril/nanowire arrays
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From Chapter 5:

VII. ICP-AES supports the theory of different chargeaie mechanisms in different
solvents for Mn@. Where the proton in seen as the major ion irewahd the
cation is the major ion in organic solvents.

VIII. Upon charging, the Li fraction per Ma@nit may be increased to 1.5 when the
cycle voltage window is expanded in organic eldgteowhich is greater than

the previous thought maximum of 1.0.

All of these results indicate that nanostructureays role for future supercapacitor
electrodes is very promising, but has yet to bkzat to its full capability which may
be better than previously thought. We hope thesalts further interest in this material

and one day will achieve its full potential evernegh loading amounts.
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An adaptation of Chapter 3: can be found in thiefong publication:
Phys. Chem. Chem. Phy2012, 14, 3329-3337

An adaptation of Chapter 4: can be found in tHiefong publication:
ACS Nang 2013,7, 1200-1214
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