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Lay Abstract

In modern society, the demand fileanand renewablenergy have growdrastically and
there is a need in development of advanced energy storage d€uicesntly, the most
common energy storage devices are batteries or conventional capacitors. Batteries can store
a large amount of energy, Wever they are limited by thelow power performance
Capacitors can chargmddischarge rapidly, but the amountesfergystoredis relatively

low. Other thanbatteries and capacitor|eetrochemical supercapacitoase emerging
energy storage devicelat offer the advantages diigh powerand energydensity,fast
chargedischargeand long lifetime

The objective of this worlwvasto develop advanced nanocomposite electrode materials for
electrochemical supercapacigpplicationsNew colloidal processing strategies have been
developed anddvancedlispersants wermployedor thefabricationof high performance
nanocompositefor electrochemicasupercapacitor application§he results presented in
this work showedexceptionaperformancescompared to literaturdataandpaved a new

way forfurther developments.
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Abstract

Electrochemical supercapacitgEsSs)arecurrently under development for electronics and
automotive applicationglue to their hybrid properties inherited frobatteries and
capacitors. ESs exhibit higher power densities than batteriegrardy densities than
capacitors,and offer long cyclic Ife and rapid chargdischage suitable for many
applications A promisingcandidateof electrode materials is manganese dioXMeO.),
which hasthe advantage®f high theoretical capacitanciew cost andenvironmentally
friendly. However,the low electronic and ionic conductivities ihO. have limited its
performance for practical applicatiotishas been demonstratiediteraturethatcomposite
materials which consistof conductive additives such as muitalled carbon nanotubes
(MWCNTSs) and MnO. can address this problemhoweverfurther investigations are
requiredto produce ESs with superior performammereatworld applications

In this dissetation, novel colloidal fabrication techniques have beeéeveloped and
advanced dispersants weeeployed to fabricatadvanced nanocompositdectrodes
MnO>-MWCNTs composite electrode was fabricated withuse of multifunctional
dispersantThe multifunctionaldispersantetylpyridinium chloride (CPC3$honved good
dispersion of MWCN' and capabilityof forming complex withthe precursor oMnOs,
which improved the homogeneity of the composite and generated unique morpfibegy
MnO>-MWCNTs composite electrod@bricatedexhibited remarkable areal capacitance at
high active mass loadingslew scalablefabrication techniquevas developedior MnO»-

MWCNTs by using high solubilitysodium permanganate (NaMgOprecursor The

A\
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fabricated composite electrode showsaperior performance compdréo electrode
fabricaed by other colloidal techniquest similar mass loadind.iquid-liquid extraction
was employed to addresge problem of particleagglomeration upon dryin@io-inspired
advancedextractorlauryl gallate (LG)was used for liquidiquid extractionof particles
LG hasorganic catechol grougllowed forstrong adsorptiononinorganicparticles Using
LG as aradvanced extractor b#acilitated thetransferof particles from aqueous to organic
phase to prevent agglomeratiagsociated with drying procedua@ad improve mixing
with MWCNTs. Advanced dispersanfsom bile acid salts and charged aromatic dyes
families such as sodiutaurodeoxychloate (TDS) ardlonium chloride(TL) wereused
as MWCNTs dispersary, to fabricate composite electrode withieanative metal oxides
such advinz04 and \LOz. Furthermore3,4-dihydroxybenzaldhydéDHB) wasinvestigated
as a dispersing agefior Mn3O4 and usedto fabricate MBO+-MWCNTs composite
electrodewith TL by Schiff basdormation. Mn3Os offersthe advantages of small particle
size compared tdMnO,, and can be converted to M by electrochemicaktycling to
enhance capacitive performan®e0O3z was considered a alternative to Mngdue to its
metallic conductivityat room temperaturé\n activationprocedurehas been developged
which promotel the formation of capacitive XDs surface layer orronductiveV203 to
increase capacitanc&he advanced dispersants have shown excellent siigpeof
MWCNTSs in aqueoussolutionsat low concentrationsnd facilitated the formation of
homogeneous composite with @y andV20s. Activation procedures wedeveloped for
the MnsO4 and L0z composite electrodesand the electrodewith high active mass

loadingsshowedexceptional performancater activation.
Vv
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Chapter 1  Introduction

Climate change and global warminguse by rapid economic developmemave become
a major problem irthe world and in respond theemand foralternative energgources
andhigh performancenergy storageeviceshave surged drasticalll. In oursociety the

commonenergy storage deviceme capacitors and batteriaghich are used in small

electronicselectric or hybrid vehicleandmanyother applications.

Specific power (Wkg~%

102 10-1 1 10 102 103
Specific energy (Wh kg-')

Figurel.1: Ragone plot showing power and energy densities for different energy storage

devices Reprinedwith permission fronRoyal Society of Chemistij2]

Figurel.l is a Ragonelot, wheredifferentenergy storage devices ar®fpdbased on
their power and energy densitidslectrochemical supeapacitors(ESs) are emerging
energy storage devices that offer a balance of power and energy performarcigng

the gapbetweenconventionakapacitors and batterieSSsalso possessther advantages

1
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such as long cyclic life and ability thargedischarge rapidlymaking them suitable for
applicationseither capacitors or batteries can achi@tarently, ESs are uséar electric
vehiclesin conjunction with battées which have shown teeduce ovall size of power
sourcejmprove lifetime andreduce energy loss of batter[&%i [5].

ESscan be classifieohto two typedy their chargalischarge mehanism electochemical
doublelayer capacitors (EDLCs) anmseudocapacitorsihe mechanism fothe EDLCs
involvesnonfaradicdoublelayercharge storagen electrodes surfacBseudocapacitors
utilize fastand reversiblefaradic charge transfer on the surfeaned near surfacef
electrode materialdor charge storageCurrent commercially available ES#ave
capacitancen the range ofmicrofarad to thousands faradthich are significantly higher
thanconventionaktapacites. Active materials for ESs electrod#ésat are commonly used
are carbon materialagtivated carbon, carbon nanotubesbonfibers etc), conducting
polymers polyaniline, polypyrrole, polythiophenstc) andmetal oxides and hydroxides
(RuGz, MnOg2, V20s etc.)

Metal oxides and hydroxideshave shown promising results as active materials of ESs,
which involve faradic charge storagedshow higher energy density than EDLBsong
all metal oxidesRuQGzis one of the first metal oxidénvestigatechsanactive material for
pseudocapacitorlt has high intrinsic electrical and ionicconductivites and good
electrochemical reversilty, andits hydrous formexhibits capacitance over 600 Fdn
0.5 M HSOy electrolye in potential windw up to 1 V vs SCE §tandard calomel
electrod¢ [6]. Despite theexceptional performance of Ru@lectrode, theyvere never

commercialize due to high cost of Ru{and the use of strong am@clectrolyte.
2
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To reduce the cosindimprove safetyof ESs,investigationshave been focusing asther
metal oxideswith appreciable potential windoim neutralaqueous electrolyse such as
MnOz, Coz04, V205 andNiO[1]. MnOzis another promising candidateaasactive material
in ESs whichhaslow cost and exhibits pseudocapacitanger a wide potential window
in neutralagueouslectrolytesMnO. was first investigated blyee and Goodenougisan
active material in1999 and thecapacitances recorded was above 200Fwmghout
degradation over 100 cycie 2M KCI electrolyte and potential window €3.2to+ 1.0 V
vs. SCH7]. However,MnO: suffersfrom low electrical and ionic conductivitieandhigh
capadiance can only beealizedfor thin film electrodef8]. Numerous attempts have been
done to address thsoblem, either by the mean of metalsalmping(Co, Al, Cu)[9], [10]

or fabricating composites consist odrbonrbasedmaterialswith high surface area and
conductivity. Multi-walled carbon nanotubedMWCNTSs) are commonly usedas
conductive additivesdue to their low percolation thresholdn orde to fabricate
homogeneous compositemetal oxides anadarbon nanotubesiust be dispersed using
appropriate dispeast. Therefore, the development of-despersarg and multifunctional
dispersants are crucial frefabrication of high performanammpposite electrodes.

The primary objective of thigork wasthe development of new colloidal techniques for
fabrication of composite electrode In these techniques, advancextractors and
dispersants wenavestigatedandtheyhave successfullieduced particles agglomeration
and allowed efficient dispersion of constituenh composites.These strategiebave
resulted inimproved mixing ofactive materialsand theelectrodedabricatedexhibited

remarkable capacitancesand good rate performancat high active mass loadings
3
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Advanced dispersants were almployedfor fabrication of composite electrodes with
alternativemetal oxides such as M4 and \,Os. With an apprriate electrochemical
activation procedurdgoth metal oxidecompositediave shown promising results agive
materials for ESs applicationsdvanced electrodes were used for the fabrication of

asymmetric ESs devices, which showed good performancdairged voltage windows.
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Chapter 2  Literature Review

2.1 Fundamentaland parametersof capacitors and supercapacitors

Beforegoing into details oESs a short summary afapacitorshould be revieweds they

are similar in terms of parameters aggheralbperatingnechanisms

Figure2.1 is a schematic ofreelectrostaticcapacitor,which consists ofwo conductive

plates separated by a dielectric pldiee conductive plates are initially electrically neutral,

and when a vehge is applied electrons will start to travel from fusitive plate to the
negative plate until the potentidifference between the plate are the same as the source.
The two plates are now positively and negatiyalyd the amount of charge storediiseg

by Eg2.1, where Q is the charge stored, V is voltage between plates and C is capacitance

of the dielectric capacitor.

0 6w 2.1

| Qo+ @ ;  Net negative

+ o+ + + + + + o+ 4 charge, -@'

; at surface

ERREE R

Region of
Tl 888888 |nx

__8__2__%_%_8__%___ Net positive
charge,

e —— . +Q'=PA
Q- @ at surface

Figure2.1: Schematic of simplelectrostaticcapacitor Reprined with permission from
Wiley Books. [11]
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For an electrostaticcapacitor, itscapacitance is dependent on thelectric constant |,

contact areas between plates A and the thickness of dielestramath inEq2.2.

O - - — 2.2

The equation shows that tlnount of charge stored in a capacitopieportional to
voltage,andthe total energyand maximum powestored in a capacitor igovernedby

Eqg2.3and Eq2.4.

o 5 06 gow 23
5 "O ] d)
U oW —— .
TY 2.4

These equationalso apply to ESs#ndicaing the performance of capacitor candsdanced
by increasinghe capacitancef active materialsaxpanding th@perating voltagavindow

and redumg internalresistancef capacitos.

2.2 Supercapacitorsi Electrochemical doublelayer capacitors &
pseudocapacitors

ESscan be classified into two categories, based on the charge storage meldjatilsm

electrochemicaldoublelayer capacitors (EDLCs) and (pseudocapacitors.

In EDLCs the chargalischarge mechasm originatedfrom pure electrostaticharge

accumulation and separation at the electrode/electrolyte intesfat®o electrodesas

shown inFigure2.2, and the capacitanegises from such interface is called doublger

capacitancgCql) [12]. Similar toconventional capacitor&DLCs consst of positive and
6
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negative electrodasmmersed iman electrolyte bubffer ahigher capacitance per volume

by using high surface argerouscarbon materials as active materials.

Collector

Electrode m+_ +H- o
w % Brctrede\%{-— +-E Electrode

o -— —

_§ / \3'+ R g Colle
4 §_+_ +_§- ollectox
24_ ot Electric Charge R+ — +(— 8 Electrode
zZ A a~
3 A & +{~ Liquia +—§
7B : é — Hectrolyte+)— 8
’3 Electrolyte 7 +)-
Z

Potential at Non-charge

Figure2.2 Schematis of EDLC at discharged and charged sReprinedwith premission

from Elsevier.[12]

In order to understarttie charge storage mechanism, the orgid model®f doublelayer
should be discusse@iheconcept of double layavas first modeled by voHelmholtz, and
the modelncluded two layers of opposite chargéth an atomic levekeparation distance
Figure2.3(a) is a schematic of Helmholtz mogelhere the charged electrode surface is
covered by ataticarray of compaetd ions After Helmholtz model was propose@puy

& Chapmarrealizedthattheions in electrolyte would nainly be subjected tstaticelectric
field on the surfacef electrode, but alsthermal fluctuation according to Boltzmann
principle Therefore, GowwChapmanhaveimprovedthe Helmholtz model by assuming
ions as point chargeand account for the thermal fluctuatishown inFigure 2.3.h.

However,the assumption of point charge ions led to the failur&otiy-Chapman model
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due to incorrect potentialear electrode surface and overestimatedthél o address the
overestimation ofCq, Stern modelshown in Figure 2.3.c, broke down G into two
componentsan inner layer thatobey. angmui r 6 s ads oregidnbeyand i sot h
such layer is treated as a diffuse regafrdistributed chargsimilar to GouyChapman

modd.

Pu

Vs @ DIFFUSE LAYER
;Té'-/.; HELMHOLTZ LAYER
(a) (b) )

Figure2.3: Double layer in (a) Helmholtz model, (b)Ge@hapmammodel, and (c) Stern
model Reprinedwith permission fromPlenum Pub. Corgd13]

Using Stern model, thequivalent circuit diagram d&q can berepresented biigure2.4,
andthe contribution of Helmholt¢Cr) and diffuse lay€Coirr.) capacitance can be related

to Cai by Eq2.5.

Cy Caiff

Figure 2.4: Equivalent circuit diagram of {£in Stern modelReprined with permission

from Plenum Pub. Corg13]
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Overall, he Stern modehas generated a muchore completed picture of double layer
compared to Helmholtz and Go@hapman modeby distinguishingthe contribution of
capacitance from Helmholtz layer and diffuse lay@rahamemodel further refined the
Stern model, byccounting for properties of @abs and anions in electrolyseich agonic
radii of ionsand polarizability13] The most important distinction in Grame model is
thedistances of closest approdohn cations and aniorts electrodes surface, since cations
are typically smaller than anions and retain a solvation shell due tsoleent
interactionf13]. The solvation shell of catiorusesations to be further away from the
electrode surface, compared to aniofise difference in distance of closest approfach
cations and anions have broke down Helmholtz layterinner and outer Helmholtz layers

shown inFigure2.5.

GOUY-CHAPMAN
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|
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I
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|
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Figure2.5: Schematic of Grahammaodel Reprined with permission fromPlenum Pub.

Corp.[13]
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As a result of such difference in distance, therCpositive wlarization (positive charged
surface)s higher than in negative polarizatidoe to larger separation distan€herefore,
Eq2.5 can be rewritten as E26, to account of theapacitanceontribution from inner

(CH) and outer (GH) Helmholtz layers.

2.6
8

In commercial EDLCsporous carbon materials are typically usedactivematerials,
which havesurface areas in the range500-3000 nf g[14]. It has been demonstrated in
literature that these carbonbasedelectrodes exhibitecCqy between 1% 0 € Fin c m
aqueous @lctrolytes[15]. Taking an average value ofi@s 30 F ““amdl surface area of
1000m? g1, thetheoretical capacitance sfichcarbonmaterial is 300 F'4 Howeverthe
actual attainableapacitances focarbonrbasedmaterialsis often below 50 Fyt due to
limited electrolyte access in pores and low electrical condudti¥iy[18]. Despite the
low attainablecapacitanceof active materialsEDLCs operatdn a pure electrostatic
fashionand do not involve phas#ange allowdthem tohaveextremelylong cyclic life.

The operating voltage window of aqueous EDLE€dimited toaboutl.4 V to prevent
decomposition of water molecules, and with organic electrolytes EDLCs can operate up to
3.5t0 4 V[15]. Even though EDLCs with organic electrolytgse higher energy density

the electrolyte resistance is higher in organic electrolytes and réatugewer densif{5].

10
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2.3 Principles of energy storagen pseudocapacitors

In EDLCs,energy storage is basen charge accumulation on the surface of electriode
pseudocapacitorenergy is ored by fast and reversibleedox reactions at the surface of
active materialsCompared to EDLCs, pseudocapacitors offérto 100 times higher
capacitance becausharge storage is not limited to surface oblyt also the near surface
region where ions can diffuse ift®]. However, the slow faradiprocess hinded the
power performancef pseudocapacitompared to EDLCs.

Pseudocapacitance arigéhen electrode potentials dependentogarithmically on the
extent of reactions involve charge transfer across the double [@3r Conway has
identified faradic systems that can give rise toepslocapacitance(i) underpotential

deposition system (i) redox pseudocapacitae and (iii) intercalation

pseudocapacitanf20].
a) Underpotential b) Redox c) Intercalation
Deposition Pseudocapacitance Pseudocapacitance

Au + xPb?* + 2xe” = Au-xPb,RuO,(OH) +6H"+ S > RuO,.s(0H),,s|Nb,Os + xLi* + xe” <> Li,Nb,Os

S 2 SE3
o Vv @ N +
N @67’ L & \Q\\(& Qe’o\o‘" Hydrous grain - Insertion host Litin
& oc}'b L © & boundary oot material electrolyte
(& electrolyte
Q (&) 2
¢ & ¢ o 90000
. ° °
& . 5
5 @ 5 Z| 00000
g . ® E ° . 8
e » 3 300000 -
.u.: z = % > o
5 () 5 5 90000
B » 5 3 %" .
3 @ S 90006 |
® OOGOO

Figure2.6: Schematic of pseudocapacitive systedentified byConway Reprined with
permission from Royal Society of Chemistf30]
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From the thermodynamic point of viepseudocapaancecan berelated to potential by

Eg27wher e U i s s o meprgportiompl ® amoynt a dharge pasged]. m

L L Q 8.0 2.7

b | Ry

In the under potential deposition systemmarge is stored bpotentiatldependendidsorption

of adatoms (H,Pb, Cu onto metal(Pt, Au, Ag) surfac¢l5]. For H-Pt system, 2
dimensional surface reactions are involved,Bg@.7 can be rewrittenas EZil8wh e e d

is the fractional surface coverage léfon Pt and Gi* is the corentration ofH" ions

assuming thelectrosorption obeys Langmuir isotherm

.Q‘cb"O

— UO wH~ 2.8

P — Ty

This equation indicated there i s nwsanddhe r ang ¢
capacitancean bedefined by E.9.

Q— /o

r]— VITVES — 29
Qw Y'Y

From Eg2.9, the maximum capacitance— can be reached whefy = 0.5.Usinggn ~

210uC cni?, the maximum achievable capacitanceHeaPt system isapproximately2200
UF cnm?[15]. However,this capacitance was derived using Langmuir isotherm with no
interactionsbetweemadatoms and metlandBoudartchemisorptiortypically resulted in
change in surface electron distribufib8]. Therefore, Conway and Gileadi consideeed

adsorption i sother m witotadtommadate fordhetéractoms ener ¢

12
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Figure2.7: Coverage vs. potential fpositive and zero g valuReprinedwith permission
from Plenum Pub. Corg13]

To accounbf the interaction energy, Ej9 can be modified to E8.10 where maximum
capacitance is achiesav h e p= 0d5 but span over a larger temtial rangeshown in
Figure2.7.

, N0 —p —
0] .Y.,b "o 0 — 2.10

Despite tle substantial pseudocapacitance arise from underpotential depositibighhe
cost of noble metaubstratedaslimited their applicatiog19]. However, the concept of
chemisorption andnteraction energy can still be applied for redox and intercalation
pseudocapacitance systems.

In redox pseudocapacitancéns areelectrochemically adsorbed onto surface of active
materialsaccompanied with faradic charge trangiét. Metal oxides and conducting
polymers areexamples of redox pseudocapacitive materaais, the adsorption of isns

achieved byhecharge compensation in redox reactions.
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For any redox reactigriit can be described usitigegenerachemicalequation oEq2.11,
where Ox and Red are the oxidized and reduced species.
Dw dQ P YQQ 2.11
UsingEg2.11, the Nernst equation of such systeam be written as Eg12, where[Ox]
and [Red] represent the cont@tion of oxidized and reduced species.
Y U

. , Y. P
O a a—b hh’ 5 YOO 2.12

o P Q mﬂY—Y 2.13
By manipulating the Nernst equati&g.2.13 shows a fornresembleEq2.7, but with tre
property of concern of the extent of redox reactiditerefore, similar conclusion can be
made that theotentiat follow alogarithmical relation with thextent of redox reactions
Toupin et al. have demonstrated sypdtential dependence in Ma@hin and thickfilm
electrodes by Xay photoelectron spectroscoXPS) where MnQ oxidation state
changes with potenti&br thin film electrodg21]. Anotherinteresting finding of Toupiet
al. wasthat the oxidation state of MnGhick film did not vary with potentialvhich they
concluded the charge storage mechanism was similar to carbon eleatrodmly a thin
layer of MNnQ was involvedn the process and electrochemically ag@ié.
The intercalation pseudocapacitarnisealsobased orredox reactions arise when ions
intercalate into tunnels or layeastive material@accompanied by faradic charge transfer
without crystallographic phase chandeut involve redox reactions in &-dimensional

structure rather than-@mensional surface in redox pseudocapacitar@imilar to
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underpotential deposition and redox pseudocapacitimeextent of intercalatiocan be
related to a range of potential by Eq4, where X is thdraction of ionoccupancyin

lattices
— QowH— 2.14
Overall,Figure2.8 shows a summary of pseudocapacitive systems and their corresponding

Nernst equationsand thekey idea of this section is tHegarithmic elations between

potential andcapacitancgive rise to pseudocapacitance

Systemn Type Essential Relations
(a) Redox system: Ee E“+§ln$!{l —R)
Ox +ze == Red R = [OXI(IOx] + [Red]) R/(1 — R) = [Ox]/[Red]
(b) Intercalation system: E<E%+ %" InX/(1-X)
Li* into “MA," X = occupancy fraction of layer lattice sites

(e.g., for Li* in TiS2)
(c) Underpotential deposition

RT
E:E”+Fln9/(]—ﬂ]

M¥ +8S +ze =8M
(5 = surface lattice sites) f! = 2-dimensional site occupancy fraction

Note: (b) and (c) can be regarded as mixing of occupied (X or #) sites with unoccupied sites, (1 — @) or (1 - X).
Alsof+(1-F=1lorX+(1-X)=1.

Figure 2.8: Pseudocapacitive systems and thBiernst equationsReprined with

permission fromPlenum Pub. Corgd13]
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2.4 Carbon materials for EDLCs applications

In section 2.2, it was mentioned that performanicEDLCsis governed by the structure

and the surface area of active materials. Carbon materials have advantages such as high
surface area, good conductivity, high thermal stability, excellent corrosion resistance and
controllable porous structure make them exarglcandidate as active materials in EDLCs

and additives in pseudocapacif@®. Figure 2.9 is a summary of different carbon

materials and their related properties for EDLCs.

Activated Templated Carbide-derived Carbon Carbon Graphene

Material carbon carbon carbon aerogel fiber Graphene VA-CNT oxide
Price Low High Medium Medium Medium Medium High High
Scalability High Low Medium Medium High Medium Low Low
Surface area [m? g~ ] ~2000 <4500 <3200 <700 <200 26307 1315° ~500
Conductivity Low Low Medium Low Medium High High Variable
Gravimetric capacitance Medium High High Medium Low Medium Low Low
Volumetric capacitance High Low High Low Low Medium Low Low

% Theoretical values.

Figure2.9: Comparison of carbon materials based on their properties in ERepsned

with permission from Royal Sodieof Chemistry[23]

2.4.1 Activated Carbon (AC)

Activated carbor{AC) powders are the most widely used electrode materials in EDLCs
due to their high surface area and lovst. The poras structuref AC is gererated by the
oxidation of carbon precursauch ashigh temperature oxidatioor chemical oxidation

by strong acid or bag&1]. The pores can be classified in three categalliestrated in
Figure 2.10: (i) macropores larger than 50nm), (ii) mesopores (2~50 nmand (iii)

microporeg< 2 nmJ24].
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e Macropores
> 50 nm

e Micropores
<2 nm

~Mesopores
2 < size < 50 nm

Figure2.10: Schematic of porous strure of activate carborReprinted with pemission

from Journal of Electrochemical Socief#4]

By controlling theoxidizing environment of AC,hie porous structureangives AC high
specific area up to 30002g}[25]. Generally, larger surface area should result indrigh
capacitance due to incredseharge accumulatiomn surface but the AC electrode
fabricatedresulted ink 10e F “cltnwvas realized thatot all surface areis accessible to
electrolyte, andsmaller poresestrict the motion of electrolyte ions resulted in poor
capacitivebehaviour. Other factors such@sre size distributiongeometry andtructure,
electrical and ionic conductivities and surface defectsatsmaffect the performance of
AC in EDLCssignificantly. It has been demonstrated that Aghibitshigher capacitance
in aqueous electrolyté100~300 F @) compare to organic electrolyte (< 150 E)4R5]
This phenomenonan be explaied by largereffective size of organic ions compare to the
ones in aqueous, but the surface tensionvegtthbility of electrolyte on & surface play

an important role as well.
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2.4.2 Graphene-based materiab

Graphene is a -dimensionalmonolayer of graphite, which kdow density, good
conductivity, high mechanicaktrength anathemicalstability, and high surface ar§z6]
Suchuniqueproperties of graphene have atteatand drivethedevelopment of graphene
basecklectrodedor batteries an&Ssapplication The theoretical capacitance of graphene
can reachs50 F ¢!, which is the highesintrinsic capacitance achievable by carbon
material$26]. Recent studies have shown that graphene electoaheachieve specific
capacitance of 117135 and 99F ¢! in H.SQu, aqueousand organic electrolytes
respectivelj26], [27]. Compared to AC and carbon nanotulibs accessible surface area
does not depend on the pore distribution, but rathetebeee of agglomeration of graphene
monolayerf27]. Due to the-dimensionality of graphenéhe orientation athe monolayers

also plays an important role conductivity.

“Stacked” Graphene Supercapacitor
Current collector

.......................

“In-plane” Graphene Supercapacitor

e o [ e e ®

S el Wil giilelllaidlle _
5 o =%

S, 0 @0 gll® qum 9O q%. - E
Cetigll® e '® é''e °

Figure 2.11: Schematic of the conductive pathysain graphene electrodes of different
orientationsReprinedwith permission from Royal Society of Chemisti38]

18



Ph.D. Thesis Ryan Yuk Yeung Poon
McMaster University Materials Science and Engineering

Figure2.11 shows two differengeometresand the corresponding conductive pathway of
graphene electrodel the stackedjeometry, the random orientation of graphitic layers
restrictedthe completeutilization of electrochemical surface areahereas in plane
geometry allowelectrolyte access tl surface and resulted in improved capacitf2tie
The extraordinary mechanical properties of graphene havgaised significant interest
in theemergingfield of flexible ES$29]. The high strength of graphenanreinforcethe
electrode structure to mechanical bending and twisting,racdnjunction vith polymeic

gel electrolytegraphene havgielded remarkable capacitance in the rangd @i 250 F
g1[30] Graphenenana@ompositeof carbon materials, metal oxides and conducting

polymers have also been investigated, atite results are summarized Trable 2.1.

current highest specific current density capacitance areal mass
electrode material(s) collector binder capacitance (Ag™) basis loading (cm?) types of electrolyte
rGO/ carbon black Au-coated 79 F g_‘ 1 whole electrode 1 PVA/H,S50,
PET
mesoporous graphene/ coin cell PTFE 100-250F g* 1 1.3 (coin cell)  celgard membrane/
PTFE EMIMBE,
graphene/PANI 261 Fg™ 0.38 active material PVA/H,PO,
graphene/PANI 210F g™ 0.30 whole electrode filter paper/H,SO,
nanofibers
PPy/graphene 237 F g™ 001 Vs~ (CV)  whole electrode KCI
rGO/cMWCNT—-CFEP/ 824F g" 0.5 active material PAAK/KCI
PPy
multilayer rGO Au- 2473F g™ 0.176 whole electrode 04 PVA/H,PO,
sputtered
MnO,-coated graphene 9.1—9.6 mF cm™ 2% 107 pA whole electrode PVA/H,S0O,
fiber
f-Ni(OH),/ graphene Au-coated 3304 uF cm™ 0.1/m?* area of single 1 PVA/KOH
PET electrode
laser-scribed rGO 4.04 mF ecm™? 1 whole electrode PVA/H,S0,
graphene-coated MnO, 298 F g’l 1.5 mA/cm? whole electrode membrane separator/
Na,SO,
CNT-Mn;0,/ graphene 726 Fg 0.5 active material PAAK/KCL
IL-CMG/RuQ,-IL- 167 F g_' 1 active material PVA/H,50,
CMG
graphene-cellulose 203F g™ 0.7 active material 0.02 PVA/H,S50,
nanofibers aerogel
MnO,/rGO CNF ethylene active material 28 PVA/NaNO,
glycol

Table2.1 Summary of literature capacitance of graphbased composite materials for
flexible supercapacitor applicatioReprined with permissionfrom American Chemical
Society [30]
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2.4.3 Carbon nanotubes

Carbon nanotulsgCNTSs) arelong cylindricalcarbon an@an be thought of graphene sheet
firolledo into a cylinder accoding to the chiral vectorCNTs have advantages such as
nanometer size distributiomjgh aspect ratio and surface area, low resistivity and high
stability, which make CNTs suitable as active materials for EDLG%]. Unlike other
carbon materials, CNslhave interconnected mesopores which utilize all accessible surface
ared32]. Figure2.12is a schematic showing the structureGNTs, and threaypes of
CNTs are categorizeflased orchirality. The three types of CNTare zigzag, chiral and
armchair configurationsand the chiralitygivesrise to metallic property ofig-zag and

chiral configuration,and semiconductingropertyfor armchairconfiguratioi33].

(@)
i

Zig-zag Chiral Armchair
(m ) armchate (n0) (n,m) (n.n)

Figure 2.12. Atomic structure of carbon nanotubes of different chirality, &meir
corresponding chiral vect®projected on a graphene shdeeprined with permission

from Royal Society of Chemistrj25]
CNTs are usually available in the form of singlalled (SWCNE) or multiwalled
(MWCNTSs), and both have been extensively studied to investigate their potentials as active

materials and conductive additives for composite materialsl997, Niu et al. first
20
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atemptedto fabricate CN¥ electrode forEDLC, using catalytic decomposition of
hydrocarbons tgrowMWCNTs andfollowed byasurface functionalizatioprocessising
nitric acidto increase redox activityl he functionalized MWCNTE resulted ina surface
area of 430 rhg'anda specific capacitance of 102 Eig a sulfuric acid electroly{d4].

In arother studyby An et al. MWCNTSs produced via ardischarge processas annealed
at high temperaturandused to fabricate electroddswas found thaheating MWCNT®
at high temperature below 108Dcanincreagthe specificsurface areand reduce average
pore diameter, whicimproved graphitization and capacitancgEMWCNTSs electrodesBy
increasing the annealing temperature from 80Qo 800 €, the specific capacitance
increased fromi38 F g'to 158 F ¢/[35]. The performancef CNTs electrode is affected
by factors such asurface area, pore distribution and conductivitlfich can be improved
by surface functionalization, high temperature oxidizatordoping.CNTs have shown
promising results asledrode materia, however the high production cost of Cifas
become one of the major drawbadétismass productions.

Despite the high cost of CNTthe low percolation threshold @NTs makes them an ideal
conductive additive foESsapplicationsSandleret al. and Battisti et ahave investigated
the percolation threshold foromposite wher€€NTs were usedas conductive fillers for
insulatingpolymericmaticeqg36], [37]. In Sandler et ab. s  a p[P6l, chandchl vapor
depositionCVD) grown MWCNTswere incorporated in epoxy matrioegh a MWCNTs
loading ranged from 0.0011 wt%.It was demonstratetiat0.005 wt% MWCNEloading
was sufficient tallow good electrical conducti@®6]. For Bat ti st i [37t

they preparedinsaturategbolystyreneMWCNTSs nanocomposite with MWCNSloading
21
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in the range 001 0.3 wt%.Usinga statistical percolation model with experimental data,
the percolation threshold of MWCINTn this case was determingal be 0.026 wt437].
The quality of MWCNTSs dispersionis an important facr in the processing step of
nanocomposite fabrications, as it governs the effectiveness casfductivity
improvement37]. Therefore, dispersn of MWCNTSs s a crucial parametén fabrication

of high performance nanocompositeish good electrical conductivity
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2.5 Metd oxides& hydroxides aselectrode materials

Metal oxidesand hydroxidesre use@s active materials f@seudocapacitors, whittave
high theoretical capacitances originated from fasddic eactionsandresulted in a much
higher energy density than EDLCsMany meté oxidesand hydroxidesuch as Rug)
MnOo, V205 NiO, Coz0s, FeO3, andFeOOHare some examples of materjal$hich have
beeninvestigated antave shown exceptional resudisactive materiafor ESs. However,
majority of these metal oxidesd hydroxidesufferfrom low electrical conductivity, and

conductivecarbon materialareincorporatedo fabricate composite materigld, [38]

2.5.1 Positive electrode

2.5.1.1 Ruthenium dioxide (RuQy)

Ruthenium dioxide isne of thdirst metal oxidenvestigatedor its application in ESdts
crystalline and amorphous hydrous fatmave the ideal characteristics properties of faradic
actve materialssuch asnultiple oxidation stateshigh electrical and ionic conductivities
and good cyclic stabil@q38]. In 1971, Trasatti et al. prepared Ra@in film by thermal
decompositiorandthe film exhibitedcapacitive behavioun 1M HCIOs electrolytein the
voltage range of @ 1.45V vs RHE[39]. In acidic condition, the charge storage mechanism

of RuG: can be expressed IBg.2.15.

Y& «O @ P Y® 00 2.15

Thepseudocapacitanad RuG thin film was attributed to the successive rettaxsition
from R to RU™, andthe conversionof OH to Oy within the structure by transfer of

protor{38]. The performance of RuCelectrodess governed bythe charge transfer and

23



Ph.D. Thesis Ryan Yuk Yeung Poon
McMaster University Materials Science and Engineering

diffusion processsuch as electron hopping within and between Rp@ticles electron
transfer from active materials toirrent collectors and the ion diffusion within Ry{«®D].
Among the two forms of Ruf)the hydrous form of Rufhave showrhigher capacitance
compared to the anhydrousugimoto et al. havimvestigate the capacitive performance
of RuQ, with different water content, and thémave been showanhydrous Ru®has a

much lower capacitand@4 F g') than the hydrous forn§342 F g') [41].

f.proton path via
hydrated mesopores:
from inter-particle !
< (secondary) voids | >

(a)

proton path via !
hydrated micropores:
from inter-particle |

/ {primary) voids g, .

Figure2.13: Schematic of treeoot model for anhydrous and hydrous RUR2prined with

permission fromAmerican Chemical Societ{41]

Sugimoto et al. have attemptexkixplain such phenomena with the tree root moldehs
in Figure 2.13. For anhydrous Ruf) the particlesare agglomerated with navailable
microporesfor ion diffusion, and hydrous RuOparticles are smalleand hydrated
micropores exist between particle alleavgood ion transport. Therefotee watercontent
in RuG plays an important role, which is responsible fst ionic conduction through

porous structuréo enhance capacitive performapis.
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Despite having the ideal properties for EBpglications, the high cost of Ru@ave limited

its applications. To address this problem, seesearclwasconducted to fabricate RuO
composite with low cost metal oxides deposition of Ru@on conductive substraf{dg)].

Hu et al. havdabricated hydrous Ru® TiO2 nanocomposite by hydrothermal process,
and such electrode have shown remarkable capacitance of 99&t Fhg scan rate of 100
mV s?![43]. In another study by Hsieh et al., composite posted of vertically aligned
MWCNTs coated with hydrous RuQOon a titaniumcurrent collectorand a maximum

capacitance of 1652 Flgvas achieved4].

2.5.1.2 Manganese dioxide (MnQ)

MnO: has been investigated extemsly for ESs applicationdue to high theoretical
capacitance (1370 FYy low cost, low toxicity compared to other metal oxides, and
multiple available oxidation stat@8], [42] Similar to RuQ, the pseudocapacitance of
MnO;is derivedfrom thesuccessiveedox transition of M# and Mrf*[1], andthecharge
storage mechanisgan beexpressed bigq2.16.

bedb 0 QP ODEVUO 2.16
An advantage oMnO. compared to Ru@is its capabilityof operating in mild aqueous
electrolyte such as M8Q; andchloride salts(KCI, NaC)[2], rather tha strong acid or
base electrolytased in Ru@systemg38].
MnO; has various crystal structure, degmb y bY i and o ipehcaucabfactora n d

of the electrochemicalgsformanceof MnOs.
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Figure2.14: Different crystal structure of MnOReprinedwith permission fronAmerican

Chemical Society45]
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Figure 2.15. Cyclic voltammograms of different phases BNO. Reprined with

permission from American Chemical Socigg5]

Figure2.14 shows differenphasef MnO,, and forall phass they have tunnel structure
for electrolyte accessyherethetunnelsize varies from 1.89 t6A[45]. Brousse et aand
Devaraj et alhave determined the capacitance of different structure of.2Nmm@0.1M

K>SOy and 0.1M NaSQs solution respectively and loth authos suggested that ¢h
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capacitance of Mn@decrease in the ordef Ue > 2> &> b asshown inFigure2.15
[45], [46].

The result haveindicated the size of tunnel governed the active surface area for
pseudocapacitance, aptlaseswith small tunnel such abheb , & and o9 phase
cationsmotion whereaslarge tunnels t r u c t u r eallowdd fakt catiamgliffusipn
during chargalischargd46] In another study b¥shodbane et al., th8runauefEmmett
Teller (BET) surface area of differestructurs of MnO, was investigated to determine the
correlation betweersurface area and capacitante.EDLCs, increase in surface area
typically resulted in improved capacitanesthe amount of charge stored is proportional
to the surface areilowever, Ghodbane et dave shown thatapacitancef MnO; has
strong correlation with ionic conductivitigsther than th8ET surface ardd7]. Brousse

et al.haveperformed a similar investigation for crystalline Mn@nd the results were in
good agreement with Ghodbane ¢#@]. Theseresults have indicated the charge storage
mechanism oMnO; is notonly limited to surfaceeactions butalsoion intercalationinto
bulk MnQ,[46], [47] Otherthan the crystal structure, theorpholoy of MnQ; is also an
important factoin determining thgperformances the surface area and aspect &iobe
adjusted to give rise of different degree of pseudocapacjgnd€urrently, many
morphologies of Mn@have been fabricated, such as nanod&s [49], nanorodfs0],
hollow spherg$1] and thin film$52].

Despiteits high theoretical capacitance and compatibility with aqueous elect;abyteof

the mgor drawback of MnO: is thelow electrical conductivity8], [42] The conductivity

of electrode materials has significant impact on the capacitance and rate perfofsance
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the chargalischarge rate increases low conductieitglectrode materials linsthecharge
storage process in a confined volume and resulteduced capacitance apdor rate
performance. To address this problemamerous investigations have attempted to improve
condudivity by fabrication of MnQ@ compsite with metal ions or conductive carbon
materials In one of the investigationgang et alhave synthesized Co doped Mni3ing

a light assisted methodnd the electrode exhibiteecificcapacitance of 350 Flgand
improved rate performang®]. The doped Mn®@ also had ahigh cyclic stabilityand
retention 90% of itcapacitance after 1000 cyd@ps As mentioned earlier,onductive
carbon material such as MWCHKhas low percolation thresholdnd a good fit as
conductive additive for Mn@® compositg36], [37]. Li et al. have fabricated M-
MWCNTs with nickel foam current collector, and sodium dodecyl sulfate as dispersant for
MWCNTSs. It was demonstrated that pure Mné€ectrode exhibited capacitance below 40
F gl between scan rates of 2 to 100 mywhereas MN@MWCNTSs composite eletrode
with 20 wt.% MWCNTSs showed a high capacitance of 150 Fagj2 mV s' at high active

mass loading of 40 mg c#{53].
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Figure2.16: Specific capacitance of Mn@lectrode containing (a) 0 W6, (b) 10 wi%
and (c) 20 wt.%Reprinedwith permission from Elsevief53]

2.5.1.3 Vanadium pentoxide (V2Os)

Other than manganese oxid&0Os hasalso shown remarkabl@erformanceas active
material for baeries and ES3/-0s possess advantages such as high energy density, low
toxicity, low cost stable layeredtructureandwide potential window arise from multiple
available oxidation states from?Vto V°'[1], [20], [40], [54] M. Whittingham first
investigated YOs for rechargeable battery applicatioms1976 and he hademonstrated

that V>Os were able to form completernary oxide with lithium ions upoimtercalation

with high reversibility55]. Later in 1999, Lee and Goodenougave fabricated the first
amorphoud/,0s-nH>O compositeelectroddoy quencing V205 powder heated di223 K

for 30 minutes in DI waterand subsequently balled milled widltetyleneblack and
polytetrafluoroethylenéPTFE)then pressedn a Ti substrafé6]. Thefabricated electrode

showed a close to mirremage cyclic voltammogram between potentiat@® to 0.8 V
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vs. SCEin a 2M KCI electrolyteat low pH pH = 2.32), indicatedthatamorphous YOs
can givepseudocapacitanée aqueous electrolyte@ith specific capacitance &46.4 F g
1[56]. However, they have also found th&Os composite electrode in 2M K@i close to
neutral electrolyte (pH = 6.6Tndergo dissolution a0.1V vs. SCE and sich dissolution
behavior of V20s can bereduced by adjusting the pH of electrolyte to more acidic
condition Moreover, \4Os also suffer from lowelectrical conductivity similar tMnO..
Therefore,recent developments of2@s for ESs applicatiorhave been focused on two
aspects:development of ¥Os electrode with unique structure amgorphology in an
appropriate electrolyte, or developmenstable \4Os with conducting polymeric coatings
such agolypyrrolg57]. In an approach by Zhu et al., they have fabric8@adetwork of
V205 nanosheetby producing 2D nanosheets bydrothermalsynthesisfollowed by a
freezedrying procedure. The resultedorous 3D structure allowed high specific
capacitance of 451 Flgin neutral NaSQ, electolyte, and a remarkable capacitance
retention more than 90%over 4000 cyclg$8]. Zhu et al. have also compared tBi@
network with stacked 2DV20s nanosheetsand the 3Dstructure outperformedtacked
nanosheetsThe improvementan be attributed to the increased surface area and enhanced
electrolyteelectrodenteractions, as well abe reduction of diffusion path of electrons and
iong58]. In another approach, Qu et ahveattempted to reduce dissolution and improve
conductivity usinga coreshell structure of polypyrrol@Py) on \éOs nanoribbon[59].
Figure2.17is a TEM image of theore shell PPy@V20s, and itis obvious that PPy was
successfully formed on the surface ofO4 with the aid of an anionic surfactarfthe

electrode coateavith V20s of nanoribbon morphology was tested in a 0.5 NMB5&
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electrolyte, and the electrode have shown an exceptionally high specific capacitance of 308
F g*[59]. The electrode was also subjected to cycling for 10000 cycles, and the capacitance
loss was less than 5%, whereas pu®svresulted in a 17.5% log9]. Overall, the
formation of a conducting polymer PPy oaO¢ has demonstrated its ability in reduction

of dissolutian, and also boosted the conductivity of the composite which resulted in high

performance YOs composite electrode.

Figure2.17: TEM image of Py@V20s coreshell structure provided by Qu et al.

Reprinedwith permission fromdohn Wiley and Sor9]

25.1.4 Nickel oxide (NiO) & nickel hydroxide (Ni(OH) »)

NiO is another promisingandidatefor ESs application, due to itextremely high
theoretical capacitance 8684F g low cost andow toxicity[60], [61]. NiO is typically
synthesized bproducing Ni(OH)andsubsequently annealed at high temperature to form
NiO[40]. The electrolytefor NiO electrode is usually alkaline solutgyrhowever the

charge storage mechanism is uncle@here ae two theoriesproposed for the
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pseudocapacitance of NiO arise from alkaline solutions, where the first one inthaves
redox reactions between NiO and nickel oxyhydroxide (NIO®d)2.17 & 2.18), and the
latter theory involve reactions between Ni(GH)nd NIOOH (Eq2.19 & 2.20)[42].
However, it is commonly believed that Bq.7 occurred first to produddiOOH, followed

by thereversible redox reactigmetween Ni(OH) and NiOOH61].

6660 P Q0@ 217
6Q605 QP GQEW® Q 218

6O P OQHW® Q 219
6'G0 §OP §QOOWH Q 2.20

It has been shown thttere are few issues withiO, such assignificantly lower specific
capacitanceachiezable comparedheoretical value, lovelectrical conductivity and poor
cyclic stabilityf42]. Similar to other metal oxidesfforts have been focusing €abricating
nanostructured NiO or NiO coropitewith other material§0], [62]i [65]. Nam et alhave
investigated the electrochemical performance of porous NiO film derived from
electroplated Ni(OH)film on nickel foil substratevith different deposition current density
followed by aheat treatmentThe specific capacitance of NiO filnmcreasd with
deposition rate, and a specific capacitance of 27¥Wag achieved in 1M KOH electrolyte
for the NiO film with deposition current density ofdA cm?[66]. In another investigation

by Yuan et al.they have fabricated porous NiO nano and micro sphergsprove rate
performanceThe approach involved a low temperature precipitation reaction with alkaline

solution andhickel salts, ad the fabricateélectrode exhibited specific capacitance of 525
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F g' at current density of 4 A67]. The hierarchical porosity generated by the namb a

micro spheresave offered high capacitance retention of 98% after 2000 §§¢les

Ni(OH: has a hexagonal | ayer ed sNi(®@H)catnudr eb wi t
Ni(OH)., and have been demonstrated thatstructure hasnpacton theperformanceof

the electrodg68]. U-Ni(OH): has intercalated with anions and water within the structure,
whereaswater is absenin b-Ni(OH)2[68]. T h e-Ni(OH). showed a higher specific
capaci t aNi@©H),, andthensituition can Bxplained by recalling @t hydrous

Ru® showed higher specific capacitance than anhydrous fiuen to improved ion
transpord1], [69], [70].

2.5.1.5 Cobalt oxide (CaO4) & cobalt hydroxide (Co(OH)>)

Cmx04 is another alternative activeaterialfor ESs applicationgivena high theoretical
capacitance of 3560 Flglow cost good corrosion resistan@ad high electrochemical
stability[1], [61]. CosO4 electrodes cabe operated in alkaline solutions, and the charge
storage mechanisi described b¥qg2.21.

0é0 OO0 0UOP od€éedUL@ 2.21
Despite its high theoretical capacitanttes actual capacitance achievabledwgOa is low,
andthe poor conductiwtis one of the major challend@4]. Nanostructured G®4 have
been fabricated such as nanotyBbgk nanosheefg2], nanocubdg3] and nanowire
array$74], and composite with graphdiié] and porous carb$n3] were also investigated
Salunkle et al. have synthesizanoporous Gfs using a metabrganic framework. The

nanoporous structure has allowed large surface area for charge storage, and the electrode
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exhibited specific capacitance of 504 B gt scan rate of 5 mVsin a 6M KOH
electrolyt¢73]. In another investigation, Dong et al. have dematetr the use of
grapheneCo04 for ESs application as well as biosensing applications. They prepared the
electrode by first fabricated 3D graphene foanCMD on Ni foam substrate, and the foam

was subsequently immersed in az0p precursor solution and dergo hydrothermal
process. The fabricated electrode was tested in a 0.1M NaOH electrolyte and showed
specific capacitance of 768 F gt current density of 10 A¥§75]. The cyclic stability of

the electrode was also tested, and interestingly the specific capacitance increased to ~1100
F g! after 500 cycles and plateau afterw#fi]. The authors suggested that the
phenomenon was a result of an activation process, where the electrode allowed more
completeintercalation and deintercalation during chadigcharge.

Co(OH) has also gained significant interest due to its layered structure with large spacings,
and it can facilitate fast ions motions during intercalation and deintercfdtjoHowever,

in order to retain the structure of hydroxide, the potential window of Ce(BHimited

around 0.5V[76], [77]. Kong et al. have synthesize asymiigesupercapacitor witt)-
Co(OH)y and AC, and th&-Co(OH) electrode has shown remarkable specific capacitance

of 735 F ¢ in potential range of @ 0.4V vs. SCE, and the device fabricated has a specific
capacitance of 72.4 ¢ within the potential window of Q.6 V[77]. Jagadale et al. have
investigated the ettrochemical performance @fCo(OH) thin film deposited on stainless

steel substrate potentiodynamically, and the electrode exhibited outstanding specific
capacitance of 890 Flgn 1M KOH electrolyte in the potential window ed.2to 0.4V

vs. SCH78].
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2.5.2 Negative Electrodes

2.5.2.1 Iron Oxide (Fe203) and oxy-hydroxide (FeOOH)

Iron oxides and oxy-hydroxideshave gained significant interest for negative electrode in
ESs dudo theiruniqueproperties of low cost, low toxicity arsiitable potential window
However, they suffer from drawbacks suchl@s conductivity, high volume expansion
during chage-dischargeand poor cyclic stabilityl], [79], [80] Iron oxides has many
structurs, andh e ma t -FeOg) is (org of the most stable structure whiis good
corrosion resistnceandexhibits high theoretical capacitance2625 F ¢*.[1], [79] Similar

to othermaterials, extensive effort has been devoteatktelopment ohanostructurednd
composite electrodeto address the pooronductivity and stability. Liu et al. have
synthesizedultrathin FeOs nanoflakesfrom nanorodsby an electrochemicallynduced
transformation followed by annealingfhe nanoflakesmorphonology allowed for
increased surface area and reduced cheagsfer resistance, astlowed far superior areal
capacitancef 145.9 mF cnt compared t®.2 mF cn¥ for the nanorodstructuref81] In
another approach byang et al.composite electrodeonsistsof graphene hydrogel and
U-Fex03 was fabricatedby hydrothermal method followed by freeze dryifipe graphene
hydrogelwith high surface area provided high conductivity dast ions diffusionand
improved the rate capability and cyclic performance of the composite electrode. The
composite electrode showeth exceptionallyhigh specific capacitance of 908 F.,g

compared t®72 F @' for pure graphene hydrog@2] The capacitance retention of the
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FeOs wasimproved, from 51% after 70 cyclésr pure FeOs to 75% after 200 cyclefor

the composite electrod82]

For the investigation ofron oxyhydroxide (FeOOH) Chen et al .- have
FeOOHMWCNTs composite electrode by particle extraction throwghiquid-liquid
interface(PELLI) at a high mass loading of 37 mg-éritheuse ofPELLI has significantly
improved the capacitive performance at high active mass loading, anelettteode
displayedhigh areal capacitance 5.86 F €f83] However, Figure 2.18(A) shows that
capacitance of FeOOH electrode decreasesore positive potent&(-0.3V vs. SCEand
decrexsed the overall capacitance. Theref@een et al. and Fan et al. have investigated
the feasibility of incorporating PRyith voltage window front0.5V to +0.4V vs. SCEo
enhance capacitance near positive poterigdll.[85] In bothstudiesthe addition of PPy
coatedMMWCNTs have improved the capacitiygrformance, especially at more positive

potentialas shown irFigure2.18 andFigure2.19.
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Figure 2.18 CVs for (A) pure FeOOHMWCNTs and (B) JFeOOHPPyMWCNTSs
composite electroddby Chen et al.Reprinted with permission from Journal of

Electrochemical Society84]
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Figure2.19: CVs ofcomposite consist &0% PPy20%dMWCNTswith PPy:FeOOH ratio
of (A) 7:2and (B) 7:3 by Fan et dReprinedwith permission fronTaylor & Francis[85]

2522 Vanadium nitride (VN)

Vanadium nitridgVN) is another promising candidate for negative electmnith,suitable
voltage window high theoretical capacitance and high electrical conductitAtwever,
one of the major drawbacks of VN is theor cyclic stabilityin aqueous electrolytatue

to irreversible oxidation durg operation.Moreover, the synthesis of metal nitride is
typically energy intensiveas metal nitrides are synthesized at elevated temperature
annealing in theresence ohitrogercontaining compounds such as nitrogen gas and
ammonia.

Choi et al. havefabricaed an VN electrodeby ammonolysis ofVCls in anhydros
chloroformfollowed by heating treatment. The fabricated VN electiwés testedn 1M
KOH, andexhibitedhigh specific capacitance of 1340 £ig a voltage window of1.2to
0V vs. HgHgO with a mass loading of 0.25 mg &j§86] For VN in alkaline electrolytes,

the charge storage mechanism can be expréyded2.22 [86]:
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WUV O0O0OP wWlisx®O w00 U0 2.22
It was suggestethe charge storage mechanism is a combination of both ddaye
capacitancend pseudocapacitancaherecX) U SO O represents OHadsorbed on
doublelayer ofpartially oxidized VNOyandw) 0 U "Qepresentadsorptiorof OH

by redox reactiongChoi et al. have also investigated the cyclic stability of VN electrode

under different pH andoltage window and the results are shownHigure2.20.
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Figure 2.20: Specific capacitance vs. cycle number for VN electrodes under different

conditiors by Choi et alReprinedwith permission frondohn Wiley and Son$36]

The investigation was carriemut under 3 conditions, denoted cell A, B and C. In cell A,
the voltage window i0.3t0-1.2V vs. Hg/HgO anctlectrolytepH = 12; cell B has voltage
windowof 0 to-1.2V vs. Hg/HgO and electrolyte pH = 14, and ¢&has voltage window
of -0.3 t0-1.2V and electrolyte pH =14&romFigure2.20, the resulindicatedthatcyclic
stabilitywasimproved for éectrodes tested in cell A andoGmpared to cell Blhe authos
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have suggested an appropriate voltage window and electrolyte pH can reduce the over
oxidation of VN, which reduces the dissolution of capacitiv $peciesand stabilizehe

cycling proces$86] In other study,Lu et al. haveevaluated the electrochemical
performance of flexible asymmetric device usiflg and VQ nanowiresas negative and
positive electrode The VN nanowire electrodeas high capacitance of 29&5g* at a

scan rate of 10 mVsandhigh capacitance retention of 71.5% at scan rate of 100 mV s
1[87] The device showed excellent cglic stability of 95.3% after 10000 cycleand
maximum power and energy dengitiy0.85 W cn?® and 0.61 mWh criat current density

of 5 and 0.5 mA cn respectivel\[87] The capacitance of the device under different
bending condition remained constast shown irFigure2.21, and indicated thpotential

of this devicefor flexible ESs.

(d)

1004 O O m] O
SO-H
60. ﬂ

40

20+

Capacitance retention (%)

Bend conditions

Figure2.21: Capacitance retention of fldte asymmetric devickabricated using VN and
VOy nanowiresReprinedwith permission from American Chemical Socid877]
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2.6 Configurations and types of ES

EDLCs and pseudocapacitors can be fabricated d®weice of two configurations:
symmetric and asymmetric devices. In both cases, the overall cell capacitangef(tbe
device is governed by the capacitance of positivesl@nd negative (Ce) electode, given

by Eq2.23 as the electrodes are connected in series

P P P
0 0 0

2.23

The configuration of ESs device is an important consideration when fabrication devices
because it affects properties such as voltage window and cyclic stability, which have
directly impact on electrochemical performance of the device.

In symmetric devicesthe positive and negative electrodes consist of the same active
material with same charge storage mechanism. Current commercially available EDLCs are
an example of symmetric device, which both electrodes consist of ebased materials

in an organic @ctrolyte[12] The symmetric EDLCs configuration allowed for high power
density and long cyclic life, as the charge storage mechanism is based onldgpeible
capacitancg32] However, the energy density ®ymmetric EDLCs is low due to the small
double layer capacitance. In contrast, symmetric pseudocapacitors offer higher energy
density as pseudocapacitance is much larger than ddapér capacitance. The
pseudocapacitive contribution enhanced the endaggsity, but the power performance
decreases and limited by ions diffusion. For symmetric devices, the cell voltage of the
devicesis typically bounded by 1 V in aqueous electrolyte due to decomposition of water

andthe low cel voltage has hindered théeetrochemical performancsd the cell[88]
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As the energy and power performance of ESs have strong dependence on the cell voltage,
there is a need to widen the voltage window to improve electrochemical performance. To
address this problem, asymmetric devices can be fabricated to enlarge the cell voltage. In
asymmetric devicegneof the electrodes consist odirborbased materialEDLCs type),

and the other consispseudocapacitive or lithium ion material§he advantage of
asymmetric configuration is the extended voltage window o¥einZaqueous electrolytes

due to compensatory overpotential on the peesiind negative electrode, which drastically

improved the power and energy density of the device given t2y3mnd Eqg2.4.[88]i [90]

LiMn,O
1.5- 24 =
o~ oo L
12 5'8 2 s 393
m - Om |: f © g o NO mo
Q § - &g S 92
D 0. 8 = =PLE
7]
>
> 0.0
S
©
+= -0.5-
: Gl
2 o
O .1.0- £ o
= G [+ 1] ] d
n- E E"‘ ow - ON ON 2
= ¥ o
4515 °© £ Zno@Moo, L g
' 2

In aqueous electrolyte

Figure2.22: Working voltage window of different active materials in aqueous electrolytes

Reprinedwith permission frondohn Wiley and Son$388]

However, one of the major problems for asymmetric device is the selection of appropriate

active materials and match the capautie on both electrodess different active materials
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have different voltage window as showrFigure2.22. In the case of asymmetric device,
consising of pseudocapdtive and EDLCs electrode as positive and negative electrode
respectively, the areal capacitance arise from pseudocapacitance on the positive electrode
is much higher compared to the douldger capacitance on negative electrodieam
Eq.2.29, it is impdant for both positive and negative electrode to have same capacitance
to give rise to a high cell capacitance. Therefore, the EDLCs negative electrode must be
larger in size than the positive electrode to give comparable areal capacitance. The
mismatch oftapacitance between electrodes is detrimental for practical application, as the
negative electrode must be oversized and coupled with a much smaller positive
electrodg83] There has been an increasing interest in fabricated hybrid asymmetric
devices using Lion batterytype positive electrode coupled with EDLCs type negative
el ectrode, c o mmad molny craefaecri rifieoaf hylrid abfinienetric e n e
devices is that they have inherited high chaldigeharge capability from ESs and high
energy density from Lion batterieg32], [38], [88] Li-ion capacitor was first irastigated

by Amatucci et al. in 2001, where an asymmetric hybrid ES was fabricated using AC and
LisTisO12 (LTO) as a positive and negative electrode respectively, in a lithium
tetrafluoroborate in organic acetonitrile electrolj@®] The hybrid asymmetric
configuration has allowed an enlarged voltage window of 2.25 V compared to 1.5 V for
EDLCs in the same electrolyf@l] It was demonstrated that the cyclic stability of the
hybrid asymmetric design was similar to EDLCs, but a much high stability compared

conventional Liion battery with LiCoQ and graphite as electrodes
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2.7 Electrolytes of supercapacitors

The choice of electrolyte for ESs application is an important parameter, as the electrolyte
has significant impact on the energy and power density, the internal resistance of the

system, the capacitance and the cyclibitg as shown ifFigure2.23.
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Figure2.23: Effects of electrolytes on performance of BSsprinedwith permission from

Royal Society of Chemistry92]

For an ideal electrolyte for ESs application, it should have the following chasticteri
wide operating potential window, compatible with electrode materials, high ionic
conductivity and low electrical resistance, high thermal and electrochemical stability, low
flammability and volatility, environmentally friendly and low c§82] Zhong et al. are one

of the few groups that have compiled a comprehensview of electrolytes, to discuss

the merits and properties of different electrolytes. They have classified electrolytes into
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four categories: aqueous electrolytesganic electrolytes, ionic liquidand solid/quasi

solid-state electrolytes.

2.7.1 Aqueous Electrolytes

Aqueous electrolytes can be further divided into acid, alkaline and neutral electrolytes, and
they exhibit advantages such as higher conductivity, low cost and easily handle compared
to other electrolyte§89], [92] However, the potential window of aqueous electrolytes is
limited to 1.23V due to the decomposition of wg89] The operating temperature of
aqueous electrolytes is also limited between the boiling point and freezing point of water.
Acidic electrolytes such as:BO: have been used in EDLC applications, and it has been
demonstrated that the espfic capacitance is higher in acidic electrolytes than organic
electrolyte[93], [94] Zhong et al. suggested that such increase in capacitance is partially
due to higher ionic conductivity and lower resistance, and there is also coatrifrotin
increased surface area of carbon matef@$ Acidic electolytes are also employed in
pseudocapacitors such as Re@stem mentioned earlier, as well as surface functionalized
carbon materials with heteroatoms such as oxygen and nitrogen, and surface functional
groups. Alkaline electrolytes such as KOH are alsedufor ESs applications, especially

for EDLCs and metal hydroxide based pseudocapacitors. Using alkaline electrolytes for
EDLCs, the capacitance and eneppwer densities are similar to acidic electrolytes, as
both electrolytes exhibit high ionic condivity. The alkaline condition of electrolyte
allowed transition metal oxides, hydroxide, sulfides and nitrides to be stable over an

appreciable potential window and harness the high theoretical capacitance of these

44



Ph.D. Thesis Ryan Yuk Yeung Poon
McMaster University Materials Science and Engineering

pseudocapacitive materidlér], [95], [96] Neutral electrolytes such as 28 have been

used for EL.Cs and the results were compared with acidic and alkaline electrolytes, and it
was demonstrated that the capacitance of EDLCs in neutral electrolytes were lower than
acidic or alkaline electrolytes due to lower ionic conducti{8} However, EDLCs in

neutral electrolytes allowed a larger voltaggndow compared to acidic or alkaline
electrolytes. Demarconnay et al. have fabricated symmetric AC/AC ES in 0.580Na

and they have achieved a 93% capacitance retention after 2000 cycles and almost constant

up to 10000 cycles with a wide operating agk window of 1.6/.[90]

2.7.2 Organic Electrolytes

Organic electrolytes are currently employed in commercial ESs, since the operating voltage
window of organic electrolytes are typically between 2.5 tov2[88], [88], [92] A larger
potential window allowed higher energy and power densities, as they are proportional to
voltage square according to Eqg.2.3 and Eq.2.4. Organic electrolytes consist of conducting
salts dissolved in organic solvents, and an exampleomfanic electrolyteis
tetraethylammonium tetrafluorobora(€EABF4) dissolved in acetonitrile or propylene
carbonatd92] Despite the high energy and power densities obtained by using organic
electrolytes, they suffer from disadvantages such as high cost, low capacitance, low
conductivity, flammable and tox|88], [88], [92] Another major drawback of organic
electrolytes is the need of complicated purification processes and congoligdnment,

as organic electrolytes are susceptible contaminations such as moisture and impurities

which can lead to performance degradatiod selfdischarge issug83]
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2.7.3 lonic Liquids

lonic liquids (ILs), also known as low temperature molten salts, typically consestgef |
cations and organic or inorganic anions. ILs have gained significant interest recently, due
to their high stability, low volatility and can be nflammable[38], [88], [92] Their
properties such as voltage window, working temperature range and coiguwaiv be

alter by using different combinations of cations and anions, and such versatile properties
allow ILs to be tailored for different electrode materials. ILs can be categorized into three
types based on their composition, and they are aprotie pred zwitterionid92] For ESs
application, aprotic ILs are commonlsed, and the cations are typically imidazolium,
pyrrolidinium and ammonium, whereas common anions are tetrafluoroborate,
hexafluorophosphate and dicyanami@2]Obviously, different cations and anions would
influence the propertiesf ILs. It has been shown that imidazolium cations give higher
ionic conductivity, and pyolidinium cations give wider voltage windd@®2] ILs-based

ES can hee voltage window above 3, and their low volatility and flammability make
them favorable for high temperature applications compared to organic electrolytes.
Unfortunately, ILs have disadvantages such as high viscosity, low ionic conductivity

compared to other electrolytes and high cost have limited their applice8RIng88], [92]

2.7.4 Solid /QuasiSolid-State Electrolytes

The development of flexible ESs have driven the demand of solid or-splakstate
electrolytes, as liquid electrolytes areope to leakage and consequences are severe,
especially for acidic or alkaline electrolyf®2], [98] Solid-state electrolytes (SSES)

46



Ph.D. Thesis Ryan Yuk Yeung Poon
McMaster University Materials Science and Engineering

typically consist of a polymeric matriwith salts within, and quasiolid or gel polymer
electrolytes (GPES) have aqueous electrolytes wighDue to the presence of solvents

in GPEs, their ionic conductivities are the highest among all solid/gohadsstate
electrolytes. However, the mechanical strength of GPEs are lower compared to SSEs. The
disadvantags of SSEs are the limited contact surface area with electrode area, which leads
to increase resistance and reduced rate perfornjf@2ke[98] Overall, the ideal
characterigcs for solid/quassolid-state electrolytes are high ionic conductivity, high

electrochemical and thermal stability, and high mechanical strg@gih.
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2.8 Dispersion ofmetal oxides andcarbon nanotubesfor composite
fabrication
Earlier in thechapterjt was mentioned thatigh active surface area is an important factor
to achieve high capacitané@ metal oxideelectrodesHowever, in colloidafabrication
of metal oxidesnanoparticles agglomerationof particlesbecomes one of the major
challengego utilize allsurface eea.The drivingforce of agglomeration iminimization of
surface energgf particlesto be thermodynamically stalf@9] The drying procedure also
promotes agglomeration, as theondensation reactions betwesmrfacehydroxyl groups
on the particles occyit00], [101]To understandtrategies for dispersion of nanopatrticles,
the relationship between particles and partisi@sition interactions should lpevisited by
reviewingthe development ofusface charge and the overall energy balance of the system
in DerjaguinLandauVerwey-OverbeelDLVO) theory
When a solid particle emerges solution, a surface charge will develtyy either
adsorptionand desorptionof ions, or dissociation and ssbtution of surface charged
specieg102] Once the surface charge is developed, electrostatic repulsion will segregate
positively and negatively charged species within the vicinity, and at the same time there are
also Brownian motion and entropic force to homogerthe species in solutigh02] In
agueous solutions, the surfaceogide particles tergko coordinate with water molecules,
andthe protors and hydroxyl groups are typically charge determinorg. Depending on
the pH of electrolytethe surface oparticles can bgositively or negativelychargedoy
adsorption of charge determining ions given by2E4 and2.25, and thegeneral surface

charge vs. phplot is shown irFigure2.24.[103]
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Figure2.24: Schematic of surface chargkparticlesas a function of pH

In Figure 2.24, there exists misoelectric poin(IEP), where the concentration of charge
determining ions correspond to a charge neutral syrdackethdEP is different forvarious
materialg.102] At pH belowlEP, the reaction irEq2.24 dominates and yield positivdy
charged surfacend the surface is negatively charged when pH is aboveTt&Psurface
charge developed by immersing particles in soluticers stabilize thesuspension to a
certain exent, and it is commonly referred to electrostatic stabilizatitmwever, other
than the repulsion between patrticles, there is also van der Waals attrbetiwasn two
particles.

To account forattractions between particleshet DLVO theory was developed t
understandthe relationshipbetween particlesn solutions, and the interactionis a
combination of electrostatic repulsion and van Waals attractiofil02], [103] For two

identical charged particles, the topaitentialcan be express by EXP6,
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2.26

where is the van @ Waals attraction potential and is the electrostatic repulsion
potential. Eq2.27 is the expression of van da Waals attraction between two pantitiese
A is the Hamaker constant,is the radius of spherical particles and S isdbparation

distance. The equation can be simplified if S and reduced to E228.

- I T— 227

0 i

l 2.28
pcY

For the electrostatic repulsion potential, the expressigivén in Eq2.29 where- is the

dielectric constant of solvert, is the permittivity of vacuum,g is the surface charge

density,- is theDebyeHuckel screening strengtir double layer thickness

¢‘--i0OA@DI Y 2.29

The pression foll is shownisE®30, wher e F i s t hieandéaareaday 0 s
the concentratioand valencef counter ions of type Y is the gas constant and T is the

absolute temperature Kelvin.

I OBow 230
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Figure2.25. Schematic ofotal potential energy vs. separation distawié contributions

from van der Waals attraction and electrostatic repul4i08]

By summing the van der Waals and electrostatic repulsion potential energy, a total potential
energy vs. separation can be plottedilsinto Figure2.25.

When thedistancebetween surfaces is large, the attraction and repulsion energy reduce to
zerg and when the distance siort there is a minimum of potential energy produced by
the van deWaals attractionThe maximum potential energy is achiewgldena critical
separation distances reachedwhere contribution from electrostatic repulsion become
dominate. This maximum is also known as a repulsive barrier, andeifntlaximum is
greaterthan ~10kTparticles agglomeration will not occ[ir02] However, if the energy
barrieris less than 10k TtheBrownian motion will overcome the barrier and agglomeration

of particles occurTheelectrolyte concentration also plays an importantiroteetermining
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the electrical double layer thicknesas |l is dependent on concentration and valence of

counter ionglemonstrated in ER.30.

4‘ @ Electrical double layer thickness
1 (1076 cm)

30kT

20kT

10KT

Separation distance S"(IO"' cm)
S

=20kT |-

Figure 2.26: Total potentialenergyvs. separation distance of two spherical particdés
differentll values[102]

Figure2.26 is a plot of total potential energy vs. separation distance for different double
layer thickness arise from different electrolyte concentratiohs. the electrolyte
concentration increases, the double layer thickdesseasesand the maximum potential
energy is reduced. Therefore, high concentration and valence of counter ions can promote
agglomeration of particles.

In many cases, pure electrostatic repulsion is insufficient to provide good stabilization of
colloids. Therefore, other stabilization teatunes such as steric stabilization is employed.
Steric stabilization typically uses polymers to act as a diffusion barrier for growth species,
which can narrow the size distribution of particles as well as dispersion of collbel®

arethree types opoymers based on theiiateractionswith particles,anchored polymey
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adsorbing polymerand nonadsorbing polymef&02] Anchored polymers are polymers
thatinteract with particles irreversibly lpne end only; adsorbing polymers adsorb weakly
on particles surface at random points of the polymers, and nonadsorbing polgmets d
interact with particles surface and do not provide any steric stabiliZa0@h.Anchored
polymers are superior than adsorbjpglymers, asadsorbing polymers can adboand
bridge to other particles. Therefosttong interactions with particles surface are an ideal
property for dispersant gfarticles.

It has been demonstrated\Wanget al.organic molecules witbatechol group can provide
strong asorption to metal oxides particles for electraic depositio(EPD)[104] The
investigation involved analysis aarboxylic acids of with different positicend amount

of hydroxyl groupsn the aromatic ringrhe acids that were investigated were caffeic acid
(CA), transcinnamic acid(TCA), p-courmaric acidPCA), and 2,4dihydroxycinnamic

acid(DCA), and th& chemical structure is shown kigure2.27.
A o B .
HO
C 0 D - 0
/@/%)LOH /@\)‘\OH
HO HO OH
Figure2.27: Chemical structure of (A) CA, (B) TCAC) PCA and (D) DCA
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Among all acid investigated, CA was only acid allowed successful deposition of2MnO
particles using EPDwhile other acids led to decrease in deposition yi€dd] CA belongs

to the catechol family, which contains aromatic ring with two adjacent hydroxyl groups.
Similar molecules can be found in protemacromoleculesof mussels, containing
catecholic amino acid -B-4,dihydroxyphenylalanine (DOPA), adsorbing strigndgo

different substrates under wet conditi¢h85]

0 OH
y

OH OH
(
4 H H Ii‘I
y 0

() ()

‘[ M \i \I \i

Figure 2.28: Adsorption mechanism of CA suggestag Ata et al., which involved (a)
bidentate chelating bonding, (b) inner sphere bidentate bridging bonding, (c) outer sphere
bidentate bridging bonding and (d) adsorption by carboxylic gr&tgprined with
permission from BC Publishing[106]

Ata et al.havesuggeste@ mechanismo describe superior adhesion of CA to metal oxide
surface The strong adsetionto metal oxide particles was altuted tostrong chelating

and bridging mechanissnshown inFigure 2.28, to oxide particles surface by adjacent
hydroxyland carboxyligroups[106] Therefore, the presice of adjacent hydroxyl groups

is crucial to strong bonding with metal oxide surface, and for this reason TCA, PCA and

DCA were unable to provide strong adhedibd4], [106]
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As mentioned before, CNTs exhibit remarkable properties such as high conductivity and
low percolation threshold and used in many applicati8ék.[37] However, CNTs tend to
form bundle de to high number of van der Waals attractions, and show poor solubility in
agueous and organic solvefit7]

Dispersion of CNTs is crucial to utilize and rietéhe excel properties of CNTs. There are
many ways to disperse CNTs, and typically involve covalent anecoealent surface
modification[107] Covalent suidice modificatios involve surface functionalization of
CNTs surface byacid oxidation Aviles et al. havegperformed acid oxidation for CNTs
using different oxidants and concentrations, such &0 HNOs; and HO>.[108] They
have demonstrated that HN@nd H20. were able to oxidize the CNTs surface by
introducingoxygencontaining functional groupmn the surfaceThe presence of functional
groups led to a reduction of van der Waals attractions between @Ndsallowedfor
separation and dispersion of CNHowever, acid oxidation can reduce CNTs length and
damage the surface continyitwhich in turn degradethe mechanical and electrical
performance of CNTELO8]

Another approach to disperse CNTSs is by-gomalent surface modificationshich avoid
the performance degradatiacausé by surface functionalization. Nexovalent surface
modificationstypically involve the use opolymers and heatiil surfactants as dispersing
agents antb provide stabilizatioi107] Thedriving force of adsorption is the/drophobic
interactions of CN$ surfaces with long hydrocarbons chain in polymers and-tehd
surfactants, and the hydrophilic groups give rise to dispersiowever,it is difficult to

avoid polymer wrapping of CNTs dispersed using polymers, resiftethsulating
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polymeric layer on CNTELO9] Moreover, it was demonstrated by ig et al. large
guantity of headail surfactants is required to achieve dispersisimg sodium dodecyl
sulfate(SDS as a model heatdil surfactan{110]

Figure2.29is aplot of wt% of SDS vs. wt% of CNTs, where in regi@n(filled dots) are
successful dispersion of CNTs. In region B (downward arrothig),amount ofSDS is
insufficient to disperse all C’s and bundles remained after sonication, and in region D
(upward arrows) the high concentration of SDS resulted in micelles formation which
promoted aggregation of CNTsTherefore, there is a need for efficient dispersants for

CNTs, which do not compromse the structure integrity apaopertiesof CNTs.
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Figure2.29: Weight % of SDS vs. weight % of CNTs adapted fromolaeet al.Reprined
with permission fronThe American Association for thdvancement of Sciencfl10]

Recently, other types of dispersants are being exploited, specifically from the organic dyes

and bile acid families. Bile acid salts (BAS) and organic dyes are small molecules with
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different functional groups, and they can penetrate thesbNiidles fom both ends upon
sonication and di sperse CNTEHIL hR|®Bilegdid an fu
and their salts are strong anionic biosurfactants, which are capable of solubilizing fatty
acids and cholesterfil13], [114] The high solubility of bile acid salts in aqueous solution
have generated significant interest as GNiEpersant for many applications.

Some chemical structwseof BAS are shown irFigure 2.30, and they have a steroid
backbone, consists of three shember and a fivenember aromatic rings. BAS have
hydrophobic convex and hydrophilic concave surface, and such unique structure allowed
strong adsorption of hydrophobic convex surface of BAS to side walls of CNTs and
facilitated dispersiofil13] The steroid structure also allowed BAS to wrap around CNTs
surface with he hydrophobic surface inward, and it has been confirmed the coverage of

BAS on CNTs surface is higher than conventional Haddurfactant$115]
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Figure2.30: Chemical structures of some BAS, includ{#g cholic acid sodium salts
(CAS), (B) deoxycholic acid sodium salts (DCAS) ai@) taurocholic acidodium salts
(TCAS).

CAS, DCAS and TCAS were used as dispersiggnt for fabrication of Mngand PPy

MWCNTs composite electrode and the electrodes showed enhancedapacitive
behaviouf{116], [117]

Organic dyes with aromatic rings are known to interatttwvi t he si dewal |l s of
interactionsand itwasdemonstrated such interactibas insignificant impact on properties

of CNTs .[118], [119] The adsorptiorof organic dyes on CNTan beimproved by

increasing the number of aromatic rings and hydroxyl groogmhancé-" i nt er act i
[120]. Other fctors such as concentration, pH and temperature arenglsdantfor good

adsorption The "-" interactionsbetween organic dyes and CNe&sultedin surface

modifications and cationic or anionic dyes cathieve dispersiorvia electrostatic
58



Ph.D. Thesis Ryan Yuk Yeung Poon
McMaster University Materials Science and Engineering

repulsion without sacrificing the superior properties of CNiflike mvalent surface
modifications Various dyes such as triarylmethane, gmrylene and anthraqunone dyes
have shown excelleradsorption on CNTsnd facilitated CNTs dispersiofor many
applicationg121] Using charged organic dyes for CNT dispersidinzOs»-MWCNTSs
composite electrodavasfabricated by an electrostatic heterocoagulation techinguéda

et al. The electrostatic hetecoagulation techniquesed ationic dyesethyl violet (EV)
and pyronin Y (PY)as MWCNTSs dispersants, while M nanoparticles were dispersed
by catecholcontaining anionic polymer poly(4tyrenesulfonic acito-maleic acid)
sodium salts (P(SSMA)).[122] The fabricated electrodes showed excellent
electrochemical performanceshich can be attributed to superior dispersion of organic
dyesand improvednixing between MgOs and MWCNTSs The electrode fabricated with
PY showed higher capacitance of 2.8 F&and the electrode fabricated with EV showed
better capacitance retention of 88% for scan rate raii@® 2nV s'.[122] In another study,
Chen et al.have fabricated PPgoatedVIWCNTSs composite electrodesing anionic dyes
as dopantand dispersantand investigated the effectanmionic dyes witldifferent charge

to mass ratiosThe anionic dyes of interest wesndium benzené,3-disulfonatéBDS),
1,3,(6,7}naphthalenetrisulfonic acidNTS), potassium indigotrisulfonate (ITRand

potassium indigotetrasulfonate (ITBnd their structussare shown irFigure2.31.
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Figure2.31: Chemical structure of (A) BDS, (B) NTS, (C) ITR and (D) ITReprined

with permission fromTaylor & Francis[123]

It was demonstrated thahionic dyes with higher charge to mass ratich adTR and ITT
canreduceparticle size of PRyas larger molecules with higher charge can prostideger
repulsion to inhibit growth of particlg$23] Furthermore, PRMWCNTSs composite
fabricated using BDS and NTé&nsisted of gglomerated PPy and MWCNTSs, whereas
composite fabricated using ITR and ITT resultedniquePPy-coatedMWCNTSs. Authors
suggested the coating mechanisrolved ITR and ITT adsorption oRWCNTSs, followed

by polymerization of pyrrolen the MWCNTSs surfacg.23] Among all dopants, composite
electrode fabricated using ITT resultedie best performanc&he electrode exhibitea
high areal capacitance of 3.99 and 2.67 Fatrscan rate of 2 and 100 mVrespectively

andexceptionatyclic stability 0f98.7% over 1000 cycld$23]
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Chapter 3  Obijectives

As mentioned in the literature review, many attempts have been made to improve the
performance opseudocapacitors by impravenixing with conductive additives. These
attempts have demonstrated some improvements and achieved high capacitance
comparable to theoretical capacitance. However, these approaches suffer from drawbacks
such as low active massddings and complex fabrication techniques, which have limited
their potential for practical applications. To addresséproblens, the objective of this
investigation was the development and fabricationhafh performanceadvanced
nanocomposite electles at high active mass loadings E&applications.
This was achieved by:
1 Investigation ofadvanced dispersarfty metal oxides and MWCNTSs
1 Development of scalable processing techniques for fabrication advanced
nanocomposites
1 Development oidvanced catlidal processing techniques for fabrication of non
agglomerated patrticles
1 Investigation of alternative metal oxides for ES applications
1 Fabrication and electehemical testing of advanced nanocomposite electrodes at

high active mass loadings.
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4.1 Abstract

We report the fabrication and testing EinOzi carbon nanotube (NT) electrodes for
supercapacitors (SCap) with high active mass (ABBtylpyridinium chloride surfactant
was used as a capping agent for synthesis and a phase transfer agent for thieg liguid
extraction. Water immiscible solvent;butanol, was used as a receiving and reducing
medium for the synthesis &finO, from cetylpyridinium permanganate. Improved co
dispersion and nanoscale mixing dhO. and NT enabled the fabrication of advanced
electrodes with mass loading of 421 mg cn¥, ratio of AM to current collector mass of

0.63 0.91, which showed the highest capacitance of 8.95% cm

4.2 Introduction

MnO- has gained significant interest as a supercapacitor (SCap)material due to its high
gravimetric capacitanceCf, F g1), largeand stable voltage window in B8Oy aqueous
electrolyte, lowtoxicity, and low cost.[6] The charging process is describedybelow
equation:

MnO+R"+e€z MnRO(1)
Small size of MnQ@ particles and porous electrode microstructure enable good ion access
(R" = H*, Na', and K) to the particle surface.[7] Carbon nanotube (NT) additives allow
for improved electronic conductivity of MnONT composites.[BL0] Despite the
impressive progres4[8,11 14] achievedn the design of Mn@based composites, there is
a need fothe manufacturing of advanced SCap electrodes with high actgs (AM) for

practical applications. It is known thag @ecreases significantly with increasing AM.[15]
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Moreove,[15] limited electrolyte access to AM can result in reductioaretl capacitance

(Cs, F cm®) with increasing AM. In this scenario, the bulk material exhibits low
capacitance whereas surface region is highly capacitive, and the overall capacitance is
reduced since total capacitance is governed by the capaitiidower capacitance. A high

Cs must be achieved at loelectrode resistance. Another important characteristic of the
SCap el ectrodes i s the r amnass.dtsHhouldenotedthat AM t o
Um val ues a0.52%dof filmes mvith skl of 0.6 1.0 mgcm?on metal foils.
Substantially higher Omlightadight&Gap.ar e requi r e
The objective of this study was the development of Mh@T electrodes with high AM

and enhanced performance. @anceptually novel manufacturing method is based on the
synthesis of surfactaiminO4 complex compound for the Mn@abrication. The surfactant

inhibited MnQ particle growthgenabled liquidliquid extraction of MnQG, and formation

of composites with improved morphology. This method eliminated the problems related to

the MnQ particle agglomeratioduring filtration and drying and their-dispersion in the

electrode processing medium. Moreover, the netlagilitatedimproved cedispersion

and nanoscale mixing of negglomerated Mn@and NT, which enabled enhanced

performance of the composite electrodes at high AM. We fabried¢ettodes with AM

of42i61mgcm?and Um v ail0@k Ehe @df 8.8 Fchr3was achieved.
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4.3 Experimental Procedure

Commercial cetylpyridinium chloride (CPC), KMaN&SQy, poly(vinyl butyral) (PVB),
n-butanol, multiwalled NTs (ID off nm, OD of 13 nm, length in the range é2lum,
BayerCompany, Germany), and Ni foamofpsity of 95%, ValeCanada) were used.
Solutions of 3.45 mM CPC in 150 mL of deionized (@gter and 3.45 mM KMn@in 50

mL of DI water were prepared and stirred for 15 min. Mixing ofgbletions resulteth

the synthesis ofetylpyridinium permanganate precipitaféhe addition of 50 mL of n
butanol as a reducing agent astidring for 1 h allowed for the synthesisMhO; particles.
The particles were spontaneously transferred to thetanolphase, whereas the aqueous
pha® became clear. The suspensioMof: particles was filtered, then washed and dried
particles were studied by-ray diffraction (XRD). The resultsf XRD studies presented
below confirmed the formatioof MnO,. The drying of the particles resulted in thei
agglomeration.

NT were added to water and ultrasonicated. It was foundthlaaddition of Fbutanol
resulted in the transfer of NT to tinebutanol phase, whereas the agueous phase became
clear(SupplementaryaterialsFigure4.5). This observation paved the way fbe phase
transfer of the apreparedMinO2 and NT fromwater to the fbutanol phase. Therefore, the
procedure for theynthesis oMnO. was modified by adding NT to the synthasisdium.

In the modified procedure, NTs were dispersedater in the presence of CPC surfactant,
which facilitated NTdispersion. Then, KMngsolution was added to form cetylpyridinium

permangaate. The addition of rbutanol to the mixture, containing cetylpyridinium
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permanganate and NTresulted in thé&InO. synthesis and edispersion oMnO. and NT

in the nbutanol phase (SupplementdaterialsFigure4.6). Themass ratio oMnO. and

NT was 4:1. The slurry, containifgnO. and NT in a solvent, containing dissolved PVB
binder,was used for the impregnation of Ni foam current collectbine. AM loading of

MnO; and NT of the electrodes wasthre range of 4261 mgcn2. The mass of the PVB

binder wasn the range of 0i5.% of the total AM. The electrodes wateed at 60 °C for

48 h.

XRD analysis was performed using a powder diffractometpripped with a Brker
SMART6000 CCD area detectorandRd gaku Cu KU rotating anod
microscopy(SEM) and electrochemical characterization methods weseribed in Ref.

15.
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4.4 Results and Discussion

Previous investigations showed that interactmfreationic surfactants and other long chain
organic cations with permanganates resulted in the formation of coogtgpounds, such
as cetyltrimethylammonium permanganate,[16] triphenylphosphonium permanganate,[17]
tetrabutylammonium permanganate,[18§l amther compounds,[19,20] which were used as
oxidants for many applications.[1% this investigation, we prepared cetylpyridinium
permanganate by reaction of CPC &MnO4 in water. The addition of-butanol allowed
synthesisof MnO; in the nbutanol phae. The synthesis &inO, wasconfirmed by the
XRD analysis Figure4.1). The XRD patterrshowed reflections of the birnessite phase.
However, the mechanism oMnO. formation is not well understoodPrevious
investigations[21] showed that the reduction of 'Mspedes at the interface of aqueous
KMnOs solutions and 1butanolresulted in the precipitation MnOz in water.In contrast,

in this investigation we prepared cetylpyridinium permangaimateater and the addition
of n-butanol led to the formation dfinO. in the nbutanol phase. Thanalysis of the
literature indicated that cationic surfactants facilif2@] phase transfer dinO4 species
from water to an organic phase. The orgafiase, containing transferr&thOs species
has been separatadd theaddition of a reducing agent to the organic predkmved the

fabrication ofMnO:; particles[22]

76



Ph.D. Thesis Ryan Yuk Yeung Poon
McMaster University Materials Science and Engineering

¥ Birnessite MnO, JCPDS 87-1497
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Figure4.1: XRD pattern of Mn@ powder

We suggested that stirring of the mixture, containing cetylpytdiniermanganate ane n
butanol, resulted in the phasansfer of cetylpyridinium permanganate from waten-to
butanol and its dissociation in thebatanol phase. Theedox reaction oMnOs species
with n-butanol resulted inhe precipitation oMnO2, which remained in the-butanol
phase. We suggested that surfactant was adsorbed dm@weparticles during synthesis
and surfactant modified particles were dispersed 4butanol. In the previous studies
performed without surfactafi21], the MnO. prepared by theeduction ofMnO4 species
with n-butanol, precipitated in aagueous phase.

The ability to synthesize and dispetdaO: particles in theorganic phase offers benefits
for SCap applications. In previousvestigationg23], MnO: particleswere synthesized
from aqueous KMn@ solutions, then dried and dispersed again inoeganic phase,

containing wateinsoluble binder for the fabrication of SCap electrodes. However, the
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drying procedureesulted in particle agglomeration, which hindereadrtmixingwith NT.

The major reasons of the agglomeration are the reduction of surface endvipOof
nanoparticles and surfacendensation reactions. In contrast, in this investigation we found
that drying and relispersion steps can be avoided &, particles can be prepared and

mixed with NTin the rnbutanolphase.

Figure 4.2. SEM image of MN@NT composite; arrows show examples of elongated

particles

As mentioned above, NTs can bmnsferred from wateto n-butanol spontaneously
without the use of a surfactahtowever, the use of CPC facilitated dispersion of NTs and
their transfer to fbutanol.

The addition of Fbutanol to the aqueous phase, contaimitylpyridinium permanganat

and NT led to the formation @af suspension d¥inO. and NT (Supplementarylaterials
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Figure4.6). We suggest that CPacilitated cedispersionMnO; and NT aswell as axl
their mixing. Moreover, we found that goddpersion facilitated the impregnation of Ni
foam currentollectors and allowed the fabrication of electrodes Wigjin AM.

Figure4.2 shows an SEM image ofMnO.i NT compositdormed by filtering and drying

of the suspension dfinO. and NT in Rbutanol. The SEM studies indicated that phase
segregation oMnO, and NT was avoied. Themicrostructureshowed many elongated
particles, the formation of such particles is probably governed by the shape of NT
encapsulated irthe MnO. matrix. The SEM images at higher magnificatioasd
transmission electron microscopy imagegvealed may MnO. coated NTs
(SupplementaryMaterials Figure 4.7 and Figure 4.8). The analysis of the electron
microscopy data showed improved mixinfMnO2 and NT. As a result, we achieved
improved electrodperformance at high AM.

The capacitive performance of the etedes was analyzday different methodsHigure

4.3 andFigure4.4, SupplementariaterialsFigure4.9 to Figure4.11, Table4.1). Figure
4.3(a) and (b)9(a) show cyclic voltammetry (CVs) faMinO2i NT composites with AM
loadings inthe range o#2i 61 mgcm?. The nearly ideal box shape Cy&present good
capacitive behavior, which was achievedhigh AM. The capacitances of 6.03, 7.22, and
8.95 Fcmi?2 were achieved for mass loadings of 42, 51, and 6tmg respectively, at a

scan rate of 2 m¢?.
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Figure4.3: (a, b) CVs at different scan rates and (c, gl G versus scan rate for MRO
NT electrodes with AM of (a, ¢) 42 mg ¢hand (b, d) 61 mg crh

However,Cs decreasedavith scanrate increase due to limited diffusion of electrolyte in

pores Figure4.3(c)and3(d),9( b) ] . The Um namge of @680.9WferrAkl i n t h

of 42161 mgcm? The elativelyh i gh om values offer benefits
with reduced mass. The high capacitance was achieved at relatively low electrode
resistanceFigure4.4(a) and9(c) showcomplex impedance data in the Nyquist diagram.

For theelectrode with AM of 42 mgm? the slope of the graph wakse to 90°, indicating

good capacitivgroperties. The electrode with AM of 61 rogi2 showed slightly higher

resistanceand reduced Nyquist diagram slope. The equivalent series resistance value
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increased from .97 to 1.27 Ohms with AiNtrease in the range of 4L mgcm?. The

complex capacitance, derived from the AC impedance #&gare4.4(b) and 4(c)9(d)]

showed a frequency dispersion of the relaxatype,[24,25] due to the decrease of the real

part CsNj) wi t h f r e g uaaration maxima in aimaginasy p@t\jNj) . The
frequency of the relaxation maximum decreaséth increasing AM due to limited
diffusion in pores. The constant current chadisecharge graphg-{gure 4.11) were of

nearly ideal symmetric triangular shape, whintlicated good capacitive properties.

4.0
350 5 \-\
~ 3.0f {1 & 4P ——42.2 mg em™
= :
E 25 . i E —4=61.2 mg cm®
= ] © 3
o 2.0f 4 <3
S 15 e
'N Pl 1 w
1.0} . o
0.5F 3 1
[] L
0.0 ﬂ - E) = - 1 X p
0.0 %5 l.ﬂ 1.5 2.0 10 10 10 10 107 10" 10° 10'
(a) (ohms) (b) Frequency (Hz) (©) Frequency (Hz)

Figure4.4: (a) Nyquist plot of complex impedance and (b, c) frequenpenidgences of
components of complex capacitance for MAO electrodes with AM of 42 and 61 mg

cm?
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4.5 Conclusions

A conceptually new method has been developed for the manufacturiNin@fi NT
electrodes for SCaps. CPC was used asmplexing and capping agent for synthesis and

a phasdransfer agent for liquidiquid particle extraction. We suggested a mechanism of
synthesis, which involved the formatianf cetylpyridinium permanganate in an aqueous
phase, phasgansfer to Fbutanol phase and reduction of Mn@pecieshy nbutanol. In

this method, the problem of particle agglomeration in the drying process wasaddichi

The coedispersionof MnO2 and NT in nbutanol facilitated their improved mixing, which
allowed the fabrication of advanced electroddth high AM. We demonstrated the
formation of SCap electrodes with AM loading in the range ®642ngcm?. Thehigh

AM | oading all owed f or forithg fabrication of ®@ap with wa s
reduced total mass. The electrodes showed enhanced capacitive behavior and low

resistance. The higheSt of 8.95 Fcm? was obtained.
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4.7 Supplementary Materials

e —
ot 2

Figure4.5: Extraction of MWCNT from the aqueous phase (bottom) to thetéanol phase
(top).

(b)

Figure4.6: (a) Aqueous mixture of cetylpyridinium permanganate and MWCNT, (b) phase

transfer and formation of mixed suspension of Ma@d MWCNT in the dbutanol phase.
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Figure4.7: High magnification SEM image of the MRP®IWCNT composite material.
The diameter of the MWCNT in the middle of the picture is significantly larger, compared
to the diameter of original MWCNT (13 nm).

Figure4.8: Transmission electron microscopy (TEM) (JEOL, JEM 1200 EX TEMSCAN)
image of MNQ-MWCNT composite.
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Table4.1: Capacitances calculated from the CV data versus scan rates for MnO

MWCNT electrodes with different mass loadings.

Mass loadings (mg crm?)
42 51 61
Scan Rate Cs Cgq Cs Cq Cs Cy

(mV s?) (Fem? | (Fgh) | (Fem?) | (Fg? (Fem?) | (Fgh
2 6.03 142.9 7.22 141.1 8.95 146.2

5 5.67 127.2 6.29 122.9 7.29 119.2

10 4.67 110.7 541 105.6 5.66 92.4

20 3.82 90.6 3.89 76.0 3.73 60.9

50 2.36 55.9 2.12 41.4 1.54 25.2
100 1.24 29.4 1.05 20.7 0.67 10.9
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Figure4.10: Specific capacitance, calculated from CV data at 2 rhessus mass loading
for MNO.-MWCNT electrodes
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5.1 Abstract

The problem of poor cyclic stability of FeOOH anodes for supercapacitors was addressed
by Zndoping. Zndoped FeOOH materials exhibited significant improvement in
capacitance retention during cycling. Ferthmprovement in capacitance retention and
capacitive properties at low absolute values of negative potentials was achieved in
composites containing Zdoped FeOOH and polypyrremated carbon nanotubes.
Another important finding was a simple procedwethe fabrication oMnOz cathodes,

which avoided particle agglomeration during the drying stage and facilitated enhanced
mixing of MnQzand conductive carbon nanotube additives. Enhanced capacitive properties
of cathodes and anodes at high active maadings allowed good capacitive behavior of

the asymmetridevices, which showed promising chasgjerage properties for practical

applications

Key words: supercapacitor; iron; polypyrrole; zindopant; nanotube
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5.2 Introduction

FeOOH is gpromising material for anodes of aqueous supercapacitors[1, 2]. Of particular
interest are asymmetric supercapacitor cells with enlarged voltage windows, which contain
FeOOH anodes and Mn@athodes in mild ASOs (A=Li, Na, K) electrolytes[1, 3]. The
chargng mechanisms of FeOOH and Mn@e described by the following reactions:
Fe(llOOH +A*+eZz AFe (1 1) OOH (1)
AMN(IINO2z  Mn ( b-AA) ©e (2)
The interest in FeOOH anodes is attributed to relatively high specific capacitance of
FeOOH, which is compable with specific capacitance of Mn@aterials for cathodes.
The ability to match the capacitance of FeOOH anodes with high capacitance eof MnO
cathodes is important for the development of cells with high total capacitance. However,
from the previous imestigations it appears that FeOOH based electrodes showed relatively
high resistance and poor cyclic stability[4]. The poor capacitance retention of FEOOH is
attributed to relatively high solubility of Fe(ll) species formed during electrode cycling in
A2SOselectrolyte solutions[5]. Another difficulty is related to the deviation of the shape of
cyclic voltammograms (CV) of FeOOH from the ideal box shape, especially at low
negative potentials[4]. In contrast, Mn€lectrodes showed nearly ideal box shape CV
even at high electrode mass[6]. This introduces problems for the fabrication of asymmetric
devices. Previous investigations[7] highlighted the need in the development of efficient

FeOOH electrodes with enhanced performance at high active mass loadargsrito
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achieve high areal capacitance and low relative mass of current collector and other passive
components.

The goal of this investigation was the development of advanced anodes with enhanced
cyclic stability and improved chargischarge behavior f@application in the asymmetric
devices. The testing results presented below indicated that Zn doping of FeOOH resulted
in enhanced cyclic stability. Further improvement in cyclic stability and chdisgharge
behavior of the anodes as well as asymmeligdices was achieved by the fabrication of
composites of ZirWoped FeOOH and polypyrrole coated multiwalled carbon nanotubes
(MWCNT). Moreover, we report a new procedure for the fabricatiaonfposite MNn@
MWCNT cathodes, which offers benefits of simglicand low cost for the maszale
production of the composites with reduced particle agglomeration and enhanced mixing of
the individual components. The procedure facilitated the fabrication of electrodes and

devices with higlactive mass loadings, whishowed good electrochemical performance.
5.3 Experimental Procedure

Synthesis of FeOOH and Atoped FeOOH was based on the method, described in ref{8].
Pure FeOOH, 8%ZkeOOH and 12%ZkeOOH were mixed with MWCNT (Bayer) to

form composites FC, 8ZFC and 12ZFC, respectively. Polypyrrole coated MWCNT were
prepared by the meatk, described in ref[9] and mixed with 12ZFC to form 12ZFCPC
composite, containing 50% 12ZFC. The composite slurries in ethanol were impregnated in
Ni foam current collectors. The composites contained 30% MWCNT and 3 % polyvinyl

butyral (PVB) binder.
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For the synthesis of MN&MWCNT composite, 0.5 mL of 40% NaMnQ@olution was
added to a mixture of 1.5 mL water and 5 mL of ethanol. In this procedure, ethanol was
used as a reducing agent. Thegogduct of this reaction contained Na ions. However, the
washirg procedure was avoided, because Na ions were involved in charging of the active
material in the N&8Os solutions. In this procedure we also avoided drying of Mm@ich
usually results in agglomeration and generates problems witispersion in the dese
processing medium and mixing with MWCNT. Therefore, MWCNT were added directly
to the obtained Mn&suspension in a mass ratio of MWCNT:MaxQ:4. PVB solution in
ethanol was added to the suspension. The mass of the PVB was 3% of the total mass of
MWCNT and MnQ. The suspension was impregnated into the Ni foam current collector
to form MnQ-MWCNT (MC) cathodes. The mass loadings of cathodes and anodes was
40 mgem?.,

The electrodes and devices were tested in 0.5 MB®aelectrolyte solutions using
equipment described in ref.[9]. The individual electrodes were tested in adlaeteode
system and device was tested in a-glectrode system.

5.4 Results and Discussion

Figure5.1(A-D) shows cyclic voltammetry (CV) data at different scan rates for FC, 8ZFC,
12ZFC,12ZFCPC in the potential rang@.8-0.0 V. The CVs for FC, 8ZFC, 12ZFC show
good capacitivéehavior at potentials beloWw.2V, as indicated by higburrents and large

CV areas. Howeverteduced currents were recorded at lower absolute values of the

negative potentials. In contrast, th2ZFCPC electrodes showed enhanced performance at
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potentials-0.2 - 0.0 V (Figure5.1D) and-0.2 - +0.1 V(Supplementarynaterials Figure

5.5). It will be shown below that improved charge storagepprtiesof 12ZFCPC offer

benefits for the fabrication of asymmetric devices.
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Figure5.1: (A1 D) CVs at scan rates of (a) 2, (b) 5 and (c) 10 si¥nd (E,F) Gand Gn
versus scan rate for (A, E(a)) H®, E(b)) 8ZFC, (C, E(c)) 12ZFC, (D,F) 12ZFCPC.

Figure5.1(E,F) shows capacitances of the composites versus scan rate. The FC, 8ZFC,

12ZFC and 12ZFCPC electrodes showagacitances of 4.5, 4.2, 4.0 and 4.4k,
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respectively, at a scan rate of 2 ra¥/ The capacitance, normalized by the FeOOH mass
was 112.1, 111.7 and 111.4Ffor FC,8ZFC and 12ZFC, respectively. The capacitance
decreased with increasing saate due to electrolyteiffusion limitations in pores of the
electrode materials. The electrodes showed relativelyingedance and relaxation type
dispersion of complex AC capacitance, derived from the impeddatze Figure 5.6,
Figure5.7).

FC, 8ZFC, 12ZFC electrodes exhibited maxima in the capacitance reténgoreb.2A).

The capacitance increase at the beginning of the cycling can result from the changes in the
electrode microstructure. We suggested that partial dissolution &fefh@ species can

result in increased porosity and improved electrolyte access to the bulk of the active

materials.
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Figure5.2: Capacitance retention versus cycle number for (A)(a) FC (b) 8ZFC (c) 12ZFC
(B) 12ZFCPC

However, FC showed significant reduction of ttepacitance after first 150 cycles and
capacitance retention of 64% was obtained after 1000 cyclesdén to reduce electrode
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degradation during cycling, we modified FeOOH with Zn. 8ZFC and C2&Rowed
capacitance retention of 85 and 98%, respectively after 1000 cycles. It is known that Zn
compounds promote iron hydroxide precipitation [I0jerefore, more electrochemically
negative Zrspecies prevent release of the Fe(ll) ions from the etiedrduring cycling.
12ZFCPC showed 98%yclic stability and reduced capacitance variations during 1000

cycles Figure5.2B).

MC electrodes, prepared by a modified neetlshowedKigure5.3) nearly boxshape CVs
in the potentiatange of 0.6 +0.9V and relatively high capacitance of 5.8F2at 2 mV

s, which was achieved &w electrode impedanc&igures.8).
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Figure5.3: (A) CVs at scan rates of (a)2, (b) 5 and (c) 10 stVand (B) Gand Gnversus
scan rate for MC

Therefore, the procedure, developed in this investigation is promisingpe practical
application. It offers benefits of simplicity, reduced agglomeration and impnowadg

of MnOzand MWCNT.
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12ZFC and 12ZFCPC wemombined with MC for thedabrication of the asymmetric
devices. Theapacitance of the asymmetric devices is given by formula 1/C=1ICa,
where @ and Q are thecapacitances of cathode and anode, respectively. The relatively
poor capacitive propertiesf 12ZFC atlow absolute values of the negative potential
resulted in the poor capacitive properties of the 12ZFQ@e@ce at voltages below O\2

as indicated by the low CV areas in this ranggyre 5.4). However,nearly boxshape

CVs were obtained for the 12ZFCRC devices, which showed higher capacitaand

low impedance Kigure 5.9). The galvanostatic chargkscharge curves were of nearly
triangularshape Figure5.10). The highest capacitance of 2.21F?was obtained at 2 mV

st. Thel2ZFCPGMC devices were capable of powering a blue LED disgfayuie5.4D,

inset).
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Figure5.4: Testing data for (A,BL2ZFGMC and (C,D) 12ZFCP®AC cells: (A,C) CVs

at scan rates of ()2, (b) 5 and (c) 10 sty and (B,D) Gand G», inset shows LEDs
powered by a supercapacitor module.
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5.5 Conclusions

The problem of poor cyclic stability of FeEOOH anodes wddressed by Zdoping.
Testing resultshowed that 8ZFC, 12ZFC exhibit significant improvement in capacitance
retention during cyclingFurther improvement in capacitance retention and capacitive
properties at low absolute values wégative potentials vgaachieved in 12ZFCPC
composites. Another important finding was a simmiecedure for the fabrication of MC
anodes, which avoided particle agglomeration during the drsiage and facilitated
enhanced mixing of the individual components. Enhanced cagguibperties ofathodes

and anodes allowed good capacitive behavior of the 12ZFCRIC devices, which

showedpromising capacitive properties for practical applications.
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Figure5.7: (A) Nyquist plot of complex impedance, and frequency dependence of (B) Cs'
and (C) Cs" for 12ZFCPC

A, :
~ 3}
£
=
Q2
N
1_
0 1 2 107 10" 10° 10' 10° 107 10" 10 10’ 10°
Z' (Ohm) Frequency (Hz) Frequency (Hz)

Figure5.8: (A) Nyquist plot of complex impedance, and frequency dependence of complex

capacitance (B) Cs' and (C) Cs" for MC

A

Z"(Ohm)

Z 0.0f

0 i 2 5 4 ) A F ;

0 2 4 6 10° 10" 10° 10' 10° 10? 10" 10° 10' 10
'

Z' (Ohm) Frequency (Hz) Frequency (Hz)
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Figure5.10: Galvanostatic chargéischarge for asymmetric 12ZFCHRIC device at

current densities of (a) 3, (b) 5, (c) 7 and (d) 10 mAcm
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6.1 Abstract

This paper reports efficient liquiehuid extraction strategies for concentrated suspensions

of oxide particlesand demonstrates the benefits of using such strategies for thin film
applications and the fabrication etipercapacitor electrodes. Vperformed materials
synthesis in an aqueous phase and achieved effinggetials transfer to an organic phase,
avoiding agglomeration during the drying stage. The metal ox3depended in an organic
solvent were used directly for the deposition ofypmrtitania composite films and
fabrication of MnOs-carbon nanotube composite electrodes for supercapacitors. Strategy
E1 involved thanodification of particles isitu during synthesis and a Schiff base reaction
with an extractor at the liquitiquid interface. In the onstep E2 procedure the interface
reactions were used for the extraction. We disadssntages of the E1 and E2 strategies.
Both strategies featured a biomimetic approach for the surfaddication of the particles,

which allowed for song adsorption of the extractors. The ability to perfaificient
extraction using concentrated suspensions allowed for the fabricatidmzGisi carbon
nanotubeelectrodes with high active mass loading. The electrodes showed a capacitance
of 2.63 F o2, good capacitanceetention at high charggischarge rates and low
impedance. The results of this investigation pave the wayth®ragglomerate free
processing of various functional materials for applications in advanced films, coatings and
devices

Key words: supercapacitor, manganese oxide, titania, carbon nanotube, energy storage,

particles
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6.2 Introduction

The creation of advanced materials for electronic, electrochemieainetic and optical
applications can be accomplished by the developroémidvanced techniques for the
synthesis and processing d@finctional metal oxide particles. In many fabrication
procedures [i13], the use of organic solvents is critical for the development of moisture
stable ceramic films, coatings and devices. In such edoces, theparticles must be
dispersed in organic solvents, containing dissolfsuctional organic molecules or
macromolecules, binders and fifiorming agents, which are insoluble in water. Organic
solvents araised in many film fabrication techniquesich as electrophoretaeposition
[4,5], spray deposition [6], spitasting [7] and dip coatin@]. The use of organic solvents

is of particular importance for tapmsting of multilayer solidtate capacitors and fuel
cells, due to theuperior properéis of polymer binders that are soluble in organigents,
compared to water soluble binders [9]. Namueous processing critical for the
development of electrodes of aqueous supercapaeitardatteries, biomedical implants
and other compositesontaning water insoluble polymers as functional components or
film forming agents [10,11].

It is important to note that many important techniquesrforganic particle synthesis are
based on aqueous processing. Elgathesized particles are usually dried dnen re
dispersed in organisolvents for the fabrication of films, coatings and devices. However,

drying the particles results in their agglomeration. The reductipartitle surface energy
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and condensation of surface OH groupsraagor driving forcegor the formation of hard
agglomerates. Thigroblem can be addressed by using ligiqdid extraction to transfer
the synthesized particles from an aqueous phase to an organicgduedieg the particle
agglomeration during the drying stage.

Recentinvestigations showed that particles of metals and quadtisican be extracted
from water to different organic solvents. Variatsategies have been developed for the
extraction of gold [1R14] andsilver [15] nanopatrticles. Sizdependent transfer obiyl
particles allowed obtaining suspensions with narrow particle size distributi@j.
Luminescent CdTe and HgTe quantum dots, synthesized iagaaous media were
transferred to nopolar organic solvents for théabrication of photovoltaic and
optoeletronic devices [17]. Liquidiquid extraction has been utilized for the separation of
rare earthfluorescent powders [18]. It was found that magnetite particles da8]be
transferred from an aqueous to an organic phase for applicatioregnetic device
Considerable attention has been given to the development extraxtmules [16,18,20
22] and analysis of the extraction mechanif23% The extraction efficiency was enhanced
in the presence of cosolvenssich as suil phase [22] or acetone [17ha by changes of
temperature [24]. In many cases the investigations were focused osetio¢ very dilute
suspensions of metal nanoparticles. The impottiask is the development of efficient
extractors for the particles @inctional oxides in concented suspensions. However, the
major difficulty in particle extraction is poor adsorption of the extracbalecules on the

oxide particle surface at the ligdiidjuid interface.
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The goal of this investigation was the development of advamedidlods for te extraction

of oxide particles, synthesized in an aqueggolase to an organic phasnszOsand titania
were selected as modelaterials, which have a variety of advanced functional properties.
Two strategies, described below, were based on stidagrption oimolecules from the
catechol and gallic acid families on the oxjukticles. One strategy involved thesitu
modification of particles imn aqueous phase during synthesis and then at the liquidi
interface using a Schiff base reactisith extractor molecule®nother strategy involved
modifications only at the liquitiquid interface. Both techniques allowed for the use of
concentrated suspensioriBhe advantages of the methods were demonstrated by the
fabrication and testing d¥insO4-carbon nanotube electrodes frpercapacitors, which
showed high capacitance at high active ni@ading. Moreover, we showed advantages of
the liquidliquid extraction for the fabrication of composite polymstania films,

containingwell dispersed tédnia particles.

6.3 Experimental Procedure

3,4-dihydroxybenzaldehyde, -iexadecylamine, lauryl gallateTiOSQs, Mn(NG:s)a,

NaOH, ZXbutanol, poly(vinyl butyrato-vinyl alcohotco-vinyl acetate) (PVB, average
Mw=50,000 80,000)(Aldrich), multiwalled carbon nanobes (MWCNT, ID 4 nm, OD

13 nm, length12 & m, Bayer, Ger many) 95% eorosity wesee d . N i
provided by Vale Limited Company.

The synthesis of colloidal titania [25] wasrformed using aqueod$OSOs solutions. The

pH of the solutions was adjusted to pld byNaOH. The synthesis dn3Os particles [26]
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was performed usinlyin(NOs). solutions. The pH of the solutions was adjusted to=pH
10 byNaOH.

The precipitates were washed with water, dried iraad then usetbr X-ray diffraction
and electron microscopy analysis.

The extraction procedures E1 and E2 were based on the wageoimmiscible ibutanol

as the receiving organic liquid, containibipexadecylamine or lauryl gallate as extractors.
The concentration ditania andvinzOsin the tbutanol phase after extraction was varied
in the range of 615 gL . The mass ratio of extractor/oxide wasi0.3.

In the extraction procedure E1, 3jthydroxybenzaldehyde wasdded to TiOS® or
Mn(NOs). solutions before synthesis. After the idjustment and precipitation, the 1
hexadecylamine solution irtdutanol was added. The particles were extracteebiatdnol
using thexadecylamine as an extractor, which reacted witldiByidroxybenaldehyde,
adsorbed on the particle surface. It is important to notd.thakadecylamine did not allow
extraction without surface modificatiaf the particles with 3ihydroxybenzaldehyde.
In the extraction procedure EZ2, titania andvnz:Os synthesized whout 3,4
dihydroxybenzaldehydadditive, were extracted teldutanol phase using lauryallate as
an extractor. In both procedures the ultrasonic agitation stindng facilitated the
extraction of the precipitated materials to theutanol phase.

The suspension of titania, prepared by the procedure E1, was witkedVB solution in
ethanol and used for the deposition of compd#ites on stainless steel substrates by spray

coating. The mass ratio tfania to PVB was 1:1.
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The suspension o¥Mns30s, prepared by the procedure E2, wased with MWCNT
suspension in-butanol,containing lauryl gallatas a dispersant and dissolved PVB as a
binder. The mass ratio Mn30s+MWCNT:PVB was 80:20:3. The obtained slurry was used
for the impregnation of Ni foam current collectors for the fabricatiorswbercapacitor
electrodes. The mass loading of the impregnatatrial after drying was 30.4 mg ém
Electron microscopy investigations were performed using a JEEM:7000F scanning
electon microscope (SEM). Xay diffraction (XRD) studies were performed using a
powder diffractometer (Nicoldt 2 , monochromati zed CuKU radi :
performedon Bruker Vertex 70 spectrometer. Dynamic light scattering (RefsaMax

Pro: BecknanCoulter) was used for the particle sdistribution analysis. The suspensions

of particles in ibutanol,separated from the agueous phase, were diluted with ethanol for
theparticle distribution analysis.

Cyclic voltammetry and impedance spectroscopiestigationswere performed using a
potentiostat (PARSTAT 2273, Princetdpplied Research, USA). Capacitive behavior of
the electrodes wastudied in threelectrode cells using 0.5 M B&Q; aqueous solutions.
The area of the working electrode was £.ciime counter electrode wagplatinum gauze,

and the reference electrode was a standard cakletode (SCE). Cyclic voltammetry
(CV) studies were performed atan rates of i2100 mV st. The integral capacitances
Cs= Q/ pV Th=a@/dpV m calcelated using half the integrated area of thecGive

to obtain the charge Q, and subsequently dividing the chabgelt@ width of the potential

wi ndow @V and el e antass m.dlke akkernatiag cilBrend measarenienty e

of complex impedareZ* = Z' - iZ" were performed in the frequency range of 10 inHz
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100 kHzat the amplitude of the signal of 5 mV. The complex differecaglacitanc&€s*
= Cs - iCs" was calculated [27] from the impedance daseiCs = Z"/¥|ZFS and Cs" =
Z'I%|ZFS, wherer = 2" & (&-frequency).

6.4 Results and Discussion

Figure 6.1 shows Xray diffraction patterns of the synthesized and dreaterials. The
titania particles weramorphous. The XRD pattern fdnsO4 shows diffraction peaks,
corresponding to the JCPDS file 0@434.Figure6.2 shows SEM images dinzO4 and
titania particles afterdrying. The dried powders of both materials contained large
agglomeratesyhich are detrimental for many applications.

The liquidliquid extraction procedures E1 and E2 were developeaxtder to avoid the
drying process and reduce particle agglomerafitwe. approach was based on the use of
1-butanol as an organic solveimymiscible with waterln the E1 procedure the particles
were modifiedwith 3,4di hy dr o xy b e nCHO). dFiguney6B(8) shiowsNp
chemicalstructure of this molecule, which includescatechol group and aaldehyde
group. The unique property of catecholates is their staolsgrption on various inorganic
surfa@s. The catechol chemistajlows high bondingtrength under wet conditions. The
interest incatecholate adhesives resulted from the fundamental investigf2&i39] of
mechanisms of strong mussel adhesion to diffesarfacesn seawater, which invoed
protein macromolecules, containing catechaitiuno acid, £3,4-dihydroxyphenylalanine.
Further investigationsf catecholates resulted in thevelopment of advanced cappard

dispersing agents for the synthesis and dispersion of inonganapartites [5,31].
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Figure6.1: X-ray diffraction patterns of (a) titania and @hz0a, prepared by chemical

precipitation.

Figure6.2: SEM images of (alMinz0sand (b) titania powders.

We found that t he p@HOtin watereas beextractddi td theeld wi t t
butanol phase usingHexadecylamin@\H2R") asan extractorlt is important to note that

we did not observe extractiaf unmodified particles due to the poor adsorption obRIH

on theparticles.Figure 6.3(B) shows a chemical structure of BRY. This molecules a

typical headtail surfactant, insoluble in water.
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Figure6.3:( A) Ch e mi c a |-CHO}(B) aheniaalstaicturef ofoNRNj(C) Schiff

base reactions betweenMR ' ' -@HOJ ad$dided by (a) chelation o)) (ridging of

metal atoms (M) on the particle surface, (D) schematic of extraction, involving (a)
modi fi cati on oCHO guang synteekieand () extrdctiorRidyj Schiff base
formation, (E) (a) syntChH®,gb)extactedtitanid. ani a, mo

The extractiormechanism involved the Schiff base reaction of the aldehyde grobpslpf

CHO and amino groups of NR".Figure6.3( C) s hows a-dCBl@anparticlesn o f
by (a) chelating bonding [5] and (b) bridging bondidg of metal atoms on particle
surfaces and the Schiff base reaction Wt2R". The synthesiand extraction steps are
illustrated inFigure6.3D(a), (b).

The particl es -@PHOeslpowad ecthtivelyifasddionantatioR Nj contrast,

the adsorption of REHO on particlesresulted in improved colloidal stability in the
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agueous phase. Thisnst surprising, because various catecholate molecules with a similar
structure were found to be efficient dispersants for inorganic paiftigldswas found that
RNEHO adsorption on colloidal titania partickesulted in color change from white to red
(Figure 6.3E(a)). A similar colorchange was observed for colloidal titania tijgtes,
modified with othercatecholate molecules [25]. The modification of oxide particles with
catecholates is of significant scientific interest, because it resultadvenced optical,
photovoltaic, magnetic, charge transfer and dilngctionalproperties [5,25]. The red color
of the particles remainedfter their transfer to the organic phaség(re 6.3E(b)). The
agueousphase was clear and colorlegsg(re 6.3E(b)) after the transfer, indicating
efficient extraction, which was achieved at relatively high suspersimeentrations.
Similar to other heathil surfactants, NER" wasaccumulated at the liquiliquid interface

wi t h hydr egrdupslekposeddd\whter and hydrophobic hydrocarbon groups
extendedut of the water phase into the organic phase. The Schifféasion resulted in
the modification of the particteat the liquidiquid interface and allowed patrticle transfer
to the organic phageéigure 6.3D(b)). The liquidliquid interface provided unique
conditions forsurfacemodification, because the accumulation of ARM molecules and
their orientation at the interface facilitated the Schiff base reaction.

The results of the FTIR analysis supported the proposed extrawticmanismFigure6.4
compared the FTIR spectra of@xeived NHR", R MXJHO, extracted titania andnzOs
particles. The peaks at 2848 a2@20 cm' in the spectrum of NER" are attributed to
stretchingvibrations[32,33] of CH and CH groups. The absorption 488 en™ resulted

from the deformation BH vibrations [32]. Theabsorptions at 1651 and 1589-tin the
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spectr eCHOrods RINf ed from aromatic CbQ@C9% i br at
cmiwas attributed to CbO s absogptiond)dbseryedinithbr at i
spectra of the extracted particl@&gure 6.4(c),(d)), indicated that NHR" andR fJHO

adsorbed on thearticles and formed a Schiff base.
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Figure6.4: FTIR spectraof () INR " ' , -CHOb (¥) titéhidj extracted by Schiff base
formation, (d) MROg4, extracted by Schiff bagermation.

The extraction of the synthesized particles from water to the orghage resulted in the
reduced particle agglomeratiofhe investigation oéxtracted particles by dynamic light
scattering methodF{gure 6.5) showed thathe average radius of titania and #a
particles was 63 and 69 nnespectivelyThe extracted titania particles were used for the
fabrication of TiO>-PVB films by spray coating. The SEM age Figure 6.6) showed

relatively smooth and continuous film. The comparison of such morphology S#it
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image of the dried powdeFigure6.2) indicated that the formation tdrge agglomerates

was avoided by eliminating the drying stage.

(A B

Intensity (a.u.)
Intensity (a.u.)

1 10 100 1000 1 10 100 1000
Radius (nm) Radius (nm)

Figure6.5: Particle size distribution for (a) titania and Whz0a, extracted by Scffibase

formation method.

: Pl 10 pm
Figure6.6: SEM image of a titani®VB film.
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Theinterest in TiQ-PVB composite is attributed to their advanced antibacterigderties
and biocompatibility [35]corrosion protection [36,37], mechanics)ective permeability

and other functional properties [i38)].

A Ba b
o R R
S Y, OH OH
HO Y
OH R O O O O
N A A1
M M M

Figure6.7: (A) Chemical structure of GR, (B) GR adsorption on a particle surface by (a)
chelationand (b) bridging of metal atoms (M) on a particle surface, (C) schematic of
extraction, involving (a) synthesis and precipitation of particles and (b) extraction using
GR adsorption at the liquiliquid interface, (D) (a) precipitatebnzOs and (b)Mn3z0s
extraction by adsorbed GR.

In the extraction procedure E2 we used lauryl gallate (@8lecules as extractors. The
chemical structureFigure 6.7A) of GR includes the hydrophilic galloyl group and a
hydrophobic hydrocarbogroup. The galloyl group contains three phenolic OH groups,
bonded tahe adjacent carbon atoms of the aromatic ring. Similar to catechgjalibgl
group shows remarkably strong adsonpt@n particles byhelating Figure 6.7B(a)) or

bridging Figure6.7B(b)) mechanisms. It isnportant to note that GR is insoluble in water.
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Similar to otherheadtail surfactants, the GR molecules accumulated at the Hopudl
interface with hydrophilic galloyl groups exposed to water lyalophobic hydrocarbon
tails extendd out of the water phase into tbeganic phase. Such accumulation and
orientation of the GR moleculdacilitated GR adsorption on the particles at the liquid
liquid interfaceand particle extractiorFigure 6.7(C) shows a schematic of extraction,
which was also illustrated by the imagedvisOs suspension beforend after extraction
(Figure6.7D(a),(b)).

The adsorption of GR on particles was confirmed by the resutted#TIR studiesThe

FTIR spectrumKigure6.8(a)) of asreceived GRshows absorptions at 2916 and 2848 cm

! related to stretchingbrations [32,33] of ClHand CH groups. The spectra of extracted
materials Figure6.8(b),(c)) showed similar peaks, indicating that GR a@sorbed on the
particle surfaces. The peaks inthe rangd &0 0 b1 60 0r €elmat ed t o str e
vibrations [41] of thearomatic mg of GR Figure6.8(a)) were also observed in the spectra
of theextracted materiald-{gure6.8(b),(c)).

Figure6.9 shows particle size distributidor the extracted materials. The average radius
for titania andVinzO4 particles was 71 and 152 nm, respectively. The particle size was
significantly lower than the size of agglomerates, observed in thei®&ayes of the dried
powders Figure6.2). The particle size for the powdeesstracted in the E2 method was
larger than that in the E1 method. Isis1 g g e s t -€O adsoration oR Prticles during
synthesis limitedhe particlegrowth. However, E2 method offers advantages of a simple

onestep procedure.
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Figure6.8: FTIR spectra of (a) GR, (b) titania, extracted using GR andrieps extracted

using GR.
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Figure6.9: Particle size distribution for (a) titania and {@hz0s, extracted by adsorbed
GR.

Both methods allowed the use of relativelgncentrated suspensions. The benefits of the
E2 method weredemonstrated by the fabrication Mn30O4 MWCNT electrodes for

supercapacitors. It was found that GR allows for improved dispeo$i®dWCNT in 1
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butanol. Thesuspensions diinz0O4 and MWCNTwere mixed and used for the fabrication
of composite electrode witlinzOsxMWCNT mass ratio of 4:1.

Previous investigations [445] showed that specific capacitance sipercapacitor
electrodes does not correlate with BETface areapecause very small pores are not
accessible by the electrolyte. Howewe reduction in particle agglomeration can result
in improved electrolyte access to the particle surface and enhanced capacitémce.
targeted the fabrication of electexiwith high active mass loadinghich must be above
10 mg cn? for practical applications [46]. Th@ravimetric capacitance decreases
drastically with increasing activ@ass loading, especially at high chadigcharge rates;
therefore thdrue electrochemical performance [46] at high mass loadings musbalso
presented as an areal capacitance. It was found that at high-disafggrgerates the
increase in active mass loading can result irrékdection of areal capacitance [47]. It was
shownthat diffusionlimitations of electrolyte at high charglischarge rates resulted in
poor electrolyte access to the bulk of thick films. [47] In this casebthie electrode
material behaved as a capacitor with low capacitasw®ected in series with cagitive
surface layer and reduced the tatapacitance of the film.

The Mn304 and composite electrodes were fabricated and testeelveral investigations
[48i 53]. The areal capacitance at low chadigchargerates [4853] was in the range of
0.12 0.60F cni? for masdoadings of 0.#2 mg cn?. The capacitance decreased drastically
with increased chargdischarge rates. In our investigation we testéectrodes with
significantly higher active mass loading 9.4 mg crif. We observed good capacitive

behavior Figure6.10A), as itwas indicated by nearly bsshape CVs. The capacitance,
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calculated from the CV dat&ifure6.10B) at a scan rate of 2 m\tsvas2.63 F cn?. The

capacitance, measured at 100 mvixgs0.95 F cn.
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Figure6.10: CV at a scan rate of 10 m\AsCs and G, versus scan rate for the composite
Mn304 T MWCNT electrode.
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Figure6.11: (A) Nyquist plot of complex impedance, (By@nd (C) G" versus
frequency for the compositdnzOs T MWCNT electrode.

The obtained capacitances exceed significantly the eagacitancelata reported in the
literature forMn304 electrodes. Moreover, thergalar t o f | FEgurealadAhfore Z Nj
mass loading of 30.4 mg chwassignificantly lower, compared to the literature data for

electrodes witlow mass loading [5®&2].
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The differential capacitancd-iQure 6.11B,C) showed a relaxation typdispersion, as
indicated by the decrease of real part with frequencyaanelaxation maximum in the
frequency dependence of the imaginpayt. The relatively highelaxation frequency of
15 Hz indicates goodapacitive behavior. The results indicate that ligigdid extraction

is a promising technique for the fabrication of advanced materialsaambe used for other

applications.
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6.5 Conclusions

The use of liquidiquid strategies E1 and E2 offers advantageseofuced particle
agglomeration and process simplicity, becauseptiréicle drying stage can be avoided.
Practically important is the abilito achieve efficientextraction using relatively
concentrated suspensior&trong adsorption of catechol and galloyl groups on patrticle
surfaces is a key for the efficient extraction.

Another important factor is the concentration and orientation aéxttractor molecules at
the liquidliquid interface, which facilitates thextractor adsorption in Schiff base reactions
in the E1 method arabnding of the galloyl groups in the E2 method. The ability to modify
the particles during synthesis and limit particle growth patentiallyreduce the particle
size in the E1 method. However, the @atep E2method offers the advantages of process
simplicity.

Building on the processing advantages offered by our approadtgweademonstrated the
fabrication of polymetitania films, containingnon-agglomerated particles by a spray
deposition method. A similaapproach can be used for other inorganic materials and
deposition techniques. Excellent capacitive performance ®n30+-MWCNT
supercapacitor electrodes was achieved at higiheamass loadingThe capacitances of
2.63 F cnt at 2 mV ¢t and 0.95 F c at 100 mV s are significantly higher than the
literature data foMn30O4 based electrodes. In addition to exceptionally high capacitance

we achieved significantly lower impedae) which is beneficial forsupercapacitor
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applications. The results of this investigation pave way for the agglomerate free

processing of various materials aatirication of advanced films, coatings and devices.
6.6 Acknowledgements

The authors gratefyll acknowledge the Natural Sciences dhangineering Research

Council of Canada for the financial suppand Vale Canada for the donation of Ni foam.

126



Ph.D. Thesis Ryan Yuk Yeung Poon
McMaster University Materials Science and Engineering

6.7 References

[1] S. Yamada, Z. Wang, E. MouandK. YoshinagafiCrystallization of titania ultrdine
particles from peroxotitanic acid in aqueous solution in the present of polymer and
incorporation into poly(methyl methacylate) via dispersion in organic sob/€uafjoid
Polym. Sci.vol. 287, no.2, pp. 13246, 2009

[2] W. Chen, C. Takai, H.R. Khosroshahi, M. Fajd T. Shirai, /A modified solgel
methodusing acetonethanol mixed solvent for fast constructing nanometric it@l1so
Ceram. Int, vol. 42, pp. 55%68, 2016.

[3] Y. Zhang, J. Wang, L. Yu, L. Wand?. Wan, H. Wei, L. Linand S. Hussain,
ANI@NiC0o,04 core/shells composite as electrode material for supercapaCismam.int.,
vol. 43, pp.20572062, 2017.

[4] O.O. Van der BiestndL.J. VandeperrdiElectrophoretic deposition of materig@gnn.
Rev. Mater. Scivol. 29, pp. 327352, 1999.

[5] M. Ata, Y. Liu andl. Zhitomirsky, A review of new methods of surface chemical
modification, dispersion and electrophoretic deposition of metal oxide pagi@&s;
Adv, vol. 4, pp. 2271622732, 2014.

[6] X. Zhao, C. Hinchliffe, C. Johnston, P.J. DobsodP.S. GrantfiSpray deposition of
polymer nanocomposite films for dielectric applicatioidater. Sci. Eng. Bvol. 151, pp.
140-145, 2008.

[7] T. Wang and J.L. Keddie, fiDesign and fabrication of coldal polymer
nanocomposite8 Adv. Colloid Interface Sgivol. 147 148 pp. 319332, 2009.

[8] F. Mauvy, P. Lenormand, C. Lalanne, F. Ansart, J.M. BaasdtJ.C. Grenier,
fiElectrochemical characterization of YSZ thick films depositedipycoatingprocess) J.
Power Sourcesvol. 171, pp. 783788, 2007.

[9] M. Jabbari, R. Bulatova, A.l.Y. Tok, C.R.H. Bahl, E. Mitsoudiad J.H. Hattel,
fiCeramic tape casting: a review of current methods and trends with emphasis on
rheologicalbehaviour ad flow analysig) Mater. Sci. Eng. Bvol. 212, pp. 3961, 2016.
[10] M. Ata, S. Ghoshand I. Zhitomirsky, fiElectrostatic assembly of composite
supercapacitoglectrodes, triggered by charged dispersadtdylater. Chem. Avol. 4, pp.
1785717865, 2016.

[11] K. Rezwan, Q.Z. Chen, J.J. BlakerdA.R. BoccaccinifiBiodegradable and bioactive
porous polymer/inorganic composite scaffolds for bone tissue enginédiogaterials
vol. 27, pp. 34133431, 2006.

[12] M. Karg, N. Schelero, C. Oppel, N&radzielski, T. Hellwegand R. von Kilitzing,
fiVersatile phase transfer of gold nanoparticles from agqueous media to diffegantc
mediap Chem. A Eur. .Jvol. 17, pp.46484654, 2011.

127



Ph.D. Thesis Ryan Yuk Yeung Poon
McMaster University Materials Science and Engineering

[13] A. Kumar, P. Mukherjee, A. Guha, S. Adyantaya, A. Mandale, Rnaand M.
Sastryg Amphoterization of colloidal gold particles by capping with valine molecules and
their phase transfer from water to toluene by electrostatic coordination withtafaite
molecules) Langmuir, vol. 16, pp. 97759783, 2000.

[14] K.S. MayaandF. CarusofiPhase transfer of surfaceodified gold nanoparticles by
hydrophobization with alkylaminesl.angmuir, vol. 19, pp.69876993, 2003.

[15] A. Kumar, H. Joshi, R. Pasricha, A. MandatelM. Sastry fiPhase transfer of silver
nanoparticles from aqueous to organic solutions using fatty amine molecli€s]loid
Interface Sci vol. 264, pp.396401, 2003.

[16] W. Chengand E. Wang,ASizedependent phase transfer of gold nanoparticles from
water into toluene by tetraoctylammamn cations: a wholly electrostatic interactiod,
Phys. Chem. Bvol. 108 pp 2426, 2004.

[17] N. Gaponik, D.V. Talapin, A.L. Rogach, A. Eychmulkend H. Weller, fiEfficient
phasetransfer of luminescent thi@apped nanocrystals: from water to nonpalaganic
solvents) Nano Lett, vol. 2, pp. 803806, 2002.

[18] A. Otsuki, G. Dodbiba, A. Shibayama, J. Sadaki, G. &eiT. Fujita, iSeparation of
rareearth fluorescent powders by tdiquid flotation using organic solvenés]pn. J.Appl.
Phys, vol. 47, pp. 5093, 2008.

[19] J. Erler, S. Machunsky, P. Grimm,-B. Schmidand U.A. Peuker,fLiquid-liquid
phasdransfer of magnetite nanoparticlegaluation of surfactantsPowder Techno|vol.
247, pp. 265269, 2013.

[20] G. Zambrana, R. Medina, GutierrezandR. VargasfiRecovery of minus ten micron
cassiterite by liquidiquid extractiong Int. J. Miner. Processvol. 1, pp. 335345, 1974.

[21] L.P. Wang, Y. Kanemitsu, G. Dodbiba, T. Fujita, Y. Ogad H. Yokoyama,
fiSeparatiorof ultrafine paricles of alumina and zircon by liquldjuid extraction using
kerosene as the organic phase and sodium dodecylsulfate (SDS) as the suodiettmt
for abrasive manufacturing waste recyclin§ep. Purif. Technglvol. 108 pp. 133138,
2013.

[22] B. Hu, Y. NakahirandT. WakamatsuiThe effect of organic solvents on the recovery
of fine mineral particles by liquitiquid extractiond Miner. Eng, vol. 6, pp. 731742,
1993.

[23] S. Underwoo@ndP. Mulvaney fiEffect of the solution refractive indeon the color

of gold colloidsp Langmuir, vol. 10, pp.3427-3430, 1994.

[24] X. Feng, H. Ma, S. Huang, W. Pan, X. Zhang, F. Tian, C. Gao, Y. Glrehyj Luo,
fAqueousorganic phas¢ransfer of highly stable gold, silver, and platinum nanoparticles
and nev route for fabrication of gold nanofilms at the oil/water interfacel on solid
supports) J. Phys. Chem. Brol. 110, pp. 1231112317, 2006.

128



Ph.D. Thesis Ryan Yuk Yeung Poon
McMaster University Materials Science and Engineering

[25] I.A. Jankovic, Z.V. Saponjic, M.l. Comoand J.M. Nedeljkovic, iSurface
modification ofcolloidal TiO; nanoparticles with bidentate benzene derivativésPhys.
Chem. Cvol. 113 pp. 1264512652, 2009.

[26] F. Giovannelli, Cc AutreLambert, C. Mathieu, T. Chartier, F. Deloram@dA. Seron,
fiSynthesis of manganese spinel nanoparticles at room tempebgitaoprecipitation,J.
Solid State Chemvol. 192, pp. 109112, 2012.

[27] P. Taberna, P. Simoand J.F. FauvarquefiElectrochemical characteristics and
impedancespectroscopy studies of carboarbon supercapacitods]. ElectrochemSoc,
vol. 150 pp. A292A300, 2003.

[28] B.P. Lee, P.B. Messersmith, J.N. Israelachaitid J.H. Waite, iMusselinspired
adhesivesand coating® Ann. Rev. Mater. Res/ol. 41, pp. 99132, 2011.

[29] H. Lee, S.M. Dellatore, W.M. MilleandP.B. MessersmitfMusselinspired surface
chemistry for multifunctional coatingsSciencevol. 318 pp. 426430, 2007.

[30] H. Lee, B.P. LeandP.B. MessersmitiA reversible wet/dry adhesive inspired by
mussels and geckas\ature vol. 448 pp.338-341, 2007.

[31] T. Zhang, P. Wojtal, O. RubeaindI. Zhitomirsky, fiDensity functional theory and
experimental studies of caffeic acid adsorption on zinc oxide and titanium dioxide
nanoparticle$yRSC Ady vol. 5, pp. 106877106885, 2015.

[32] M. Giza, P. ThisseandG. GrundmeierfiAdsorption kinetics of organophosphonic
acidson plasmamodified oxidecovered aluminum surfacgs.angmuir, vol. 24, pp. 8688
8694, 2008.

[33] E.S. Dzunuzovic, J.V. Dzunuzovic, A.D. Marinkovic, M.T. Marine@mcovic,K.B.
Jeremicand J.M. Nedeljkovic,fiinfluence of surface modified TOnanoparticles by
gallates on the properties of PMMA/Ti@anocomposites,Eur. Polym. J.vol. 48, pp.
13851393,2012

[34] D. Luo, T. Zhangand I. Zhitomirsky, fiElectrophoretic depasbn of tannic acid
polypyrrolidonefilms and composite,J. Colloid Interface Scivol. 469, pp. 177183,
2016.

[35] F. YalcinkayaandD. LubasovafiQuantitative evaluation of antibacterial activities of
nanoparticles (ZnO, Ti&) ZnO/TiG;, SNQ, CuO, ZrQ, and AgNQ) incorporatednto
polyvinyl butyral nanofibers,Polym. Adv. Technglvol. 28, pp. 137140, 2017.

[36] F. YuandR. Akid, iCorrosion protection of AA20243 alloy by modified hybrid
titaniacontainingsolgel coatings) Prog. Org. Cat., vol. 102 pp. 120129, 2017.

[37] M. Mahmoudian, Y. Alias, W. Basirurand M. Ebadi, fiEffects of different
polypyrrole/TiQ nanocomposite morphologies in polyvinyl butyral coatings for
preventing theorrosion of mild steed,Appl. Surf. Scjvol. 268 pp. 302311, 2013.

129



Ph.D. Thesis Ryan Yuk Yeung Poon
McMaster University Materials Science and Engineering

[38] X. Fu, H. Matsuyamand H. Nagai,iStructure control of asymmetric poly (vinyl
butyral} TiO2 composite membrane prepared by nonsolvent induced phase segalation,
Appl. Polym. Scivol. 108 pp. 713723, 2008.

[39] K. Nakane, J. OhaslandF. Suzuki,iPreparation and properties of a composite of
poly (vinyl butyral) and titaniayJ. Appl. Polym. Scivol. 71, pp. 185188, 1999.

[40] K. Nakane, T. Kurita, T. Ogiharand N. Ogata, fiProperties of poly (vinyl
butyral)/TiG; nanocomposites formed by syl process,Composites Bvol. 35, pp. 219
222, 2004.

[41] K. Shiandl. Zhitomirsky, fiPolypyrrole nanofibecarbon nanotube electrodes for
supercapacitors with high mass loading obtained using an organic dye-dsparsant

J. Mater. Chem. Avol. 1, pp. 1161411622, 2013.

[42] W. Dong, D.R. Rolisorand B. Dunna,fiElectrochemical properties of high surface
areavanadium oxide aerogetd:lectrochem. Solidbtate Lett vol. 3, pp. 457459, 2000.

[43] W. Dong, J.SSakamot@ndB. Dunn,fElectrochemical properties of vanadium oxide
aerogels) Sci. Technol. Adv. Mategwol. 4, pp. 311, 2003.

[44] Y.U. Jeong and A. Manthiram, fiNanocrystalline manganese oxides for
electrochemicatapacitors with neutral electrolytésl. Electrochem. Saocvol. 149, pp.
Al1419A1422, 2002.

[45] R.N. Reddyand R.G. Reddy,iSoltgel MnG as an electrode material for
electrochemicatapacitors) J. Power Sourcewol. 124, pp. 330337, 2003.

[46] Y. Gogotsiand P. Simon,iTrue performance metrics in electrochemical energy
storage) Sciencevol. 334, pp. 917918, 2011.

[47] K. Shiandl. Zhitomirsky, filnfluence of current collector on capacitive behavior and
cycling stability of Tiron doped polypyrrole electrodie, Power Sorces vol. 240, pp.42

49, 2013.

[48] D. Dubal, D. Dhawale, R. Salunkhe, V. FulandC. LokhandefiChemical synthesis
andcharacterization of My©4 thin films for supercapacitor applicatianl. Alloy.Compd,

vol. 497, pp. 166170, 2010.

[49] Y. Qiao, Q. Sun, J. Xi, H. Cui, Y. Tarand X. Wang, iA modified solvothermal
synthesiof porous MaO4 for supercapacitor with excellent rate capability and long cycle
life,0J. Alloy. Compd vol. 660, pp. 416422, 2016.

[50] A.A. Yadav,finfluence of elecbde masgoading on the properties of spragposited
Mn3z0Oa thin films for electrochemical supercapacitorghin Solid Filmsvol. 608 pp. 88

96, 2016.

[51] X.J. Li, Z.w. Song, Y. Zhao, Y. Wang, X.C. Zhao, M. Liang, W.G. Chu, P. Aadg

Y. Liu, AVertically porous nickel thin film supported M4 for enhanced energstorage
performance)J. Colloid Interface Scivol. 483 pp. 1725, 2016.

130



Ph.D. Thesis Ryan Yuk Yeung Poon
McMaster University Materials Science and Engineering

[52] A. RadhamanandR. Rao,fiTunable supercapacitance of electrospur®rbeaded
chains via chargédischage cycling and control paramet@réppl. Surf. Scj vol. 403 pp.

601-611, 2017.

[53] Y. Hu, C. Guan, G. Feng, Q. Ke, X. Huaagd J. Wang,fiFlexible asymmetric
supercapacitor based on structopimized MnO4/reduced graphene oxidenohybrid
paper with high energy and power densitdv. Funct. Mater.vol. 25, pp. 72917299,

2015.

131



Ph.D. Thesis Ryan Yuk Yeung Poon
McMaster University Materials Science and Engineering

Chapter 7  High areal capacitance of MrsO4-carbon

nanotube electrodes

R Poon* and |. Zhitomirsk)}zL
*Department of Materials Science aBdgineering, McMaster University,
Hamilton, Ontario, L8S 4L7, Canada

UCorresponding Authozhitom@mcmaster.c®055259140 ext. 23914

Submitted or25" July 2017. Accepted ori (" December 2017

Copyright 2@.7, reproduced with permission froEisevier

132


mailto:zhitom@mcmaster.ca

Ph.D. Thesis Ryan Yuk Yeung Poon
McMaster University Materials Science and Engineering

7.1 Abstract

This paper reports the fabrication of Mh-multiwalled carbon nanotube (MWCNT)
electrodes fosupercapacitors with a high active mass loading of 35 mfgwinichshowed

high capacitance &.5 Fcm?, good capacitance retention at high chaligeharge rates
and low impedance. Good electthemical performance was achieved using-cavalent
modification of MWCNT with an anionic steroidispersant, which allowed eallent
MWCNT dispersion and facilitated the fabrication of {aMWCNT nanocomposites
with uniform distributions of individual components. The electrodes showed activation
behavior, related to capacitance increase, impedance reductienraionent of the Mti

andMn?** oxidationstates

Key words: carbon nanotubes, nanopatrticles, supercapacitor, manganese oxide,
composite, electrode
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7.2 Introduction

Mn3Os is a promising material for energy storage in electrochemical supercapatjtors [
Advanced Mn304 based compositebave been developed [2,3], containing various
conductive additivesinvestigations showed good capacitive performanceMaogOs
electrodes with active mass loading below 2emy. The typical areatapacitances (£}
repated in the literature [48] for Mn3O4 basecelectrodes were in the range of 0.05 F

cmi2. An importantparameter is the ratio g of active material mass to current collector
mass. The Rm values for electrodes with active mass loadirig$ @ mgcnmi2and metal

foil collectors are typically below iB%. However, practical applications of
supercapacitors require electrodes with significantly higkem@ R..

Despite the impressive progress achieved in the materials synthesis and miarestruct
design [18], further investigations areecessary for the preparation Mhs;0s based
composites foradvanced supercapacitor electrodes with highea@ R, which can
potentially be achieved at higher active mass loadings. However, the capacitive
performance of Mn30Os usually decreases witincreasing active mass due to poor
electrolyte access to the actir@terial and low electronic conductivity. Therefore, new
strategiesnust be used for the development of advanced eleatnamtestructures.

The gal of this investigation was the fabrication of advandedOs MWCNT composites

for electrodes of electrochemicalipercapacitors with high active massding, low

impedancehigh Gsand Rn.
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7.3 Experimental Procedure

Sodiumtaurodeoxycholate (TD), Mn(N{», NaOH, poly(vinylbutyralco-vinyl alcohot
co-vinyl acetate) (PVB, averagdw = 50,000 80,000) (Aldrich), MWCNT (ID 4 nm, OD

13 nm,length 12 um, Bayer) were used. Ni foams with 95% porosity wanavided by

Vale Ltd.

Thesynthesis of MgO4 particles was performed using aquedus M Mn(NGs)2 solution.

The pH of the solution was adjustedtd = 10 by NaOH addition. The obtained precipitate
was washeavith water and dried in air. The suspension of 4'gMinz04, was mixedwith

1 g L'* MWCNT suspension, containing 0.5 ¢ TD. The obtained mixture was filtrated,
washed and dried in aifhe PVB solution in ethanol was added to the mixture. The PVB
content in the slurry was 3% of the total masslo§Os andMWCNT. The obtaied slurry

was used for the impregnation df foam current collectors. The active mass loading was
35 mgem?.

Scanning electron microscopy (SEM) investigations were performed using JEOL JSM
7000F microscope. Xay diffraction (XRD) studies werecarried out using a powder
diffractometer(Nicolet 12, CukUradiation). XPS analysis was performed uswpntera

Il Scanning XPS instrument and PHI MultiPak Versiém.0.7 software (Physical
Electronics Inc.). Cyclic voltammet§CV) and electrochemicaipedance spectroscopy
(EIS) investigations were carried out using a potentiostat (PARSTAT ZEXit&eton
Applied Research). The capacitive behavior of the electrodes was studied in-a three

electrode cell using 0.5 M N8Oy aqueous solutions. The areatloé working electrode
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was 1 cri.The counter electrode was a platinum gauze, and the referiect®de was a
standard calomel electrode (SCE). The areal capacit@gece Q/qVS and gravimetric
capacitance = Q/gm werecalculated using half the integrdtarea of the CV curve to
calculate the charge (Q), and subsequently dividing the charge tQebyidth of the
potential window @) and electrode area (S) active mass (m). The measurements of
complex impedance Z* Z' - iZ" were performed in the frequency range of 10 rilH@0
kHz at the amplitude of the signal of 5 mV. The comglagacitanc€s* = Cs' - iCs"' was
calculated from the EIS data &' = Z'/¥|ZPS andCs" = Z/¥|ZFS, wherey = 2 4 (&-
frequency). Atesting pocedures (TP) involved 2, 3, 5, 10, 10, 10 cycles atistan of 2,

5, 10, 20, 50, 100 mVs respectively. The capacitana@s calculated from the CV data

for the last cycle at each scan rate.

7.4 Results and Discussion

XRD pattern Figure7.1A) of asprecipitated material, dried at roademperature showed
diffraction peaks of M3O4 (JCPDS file 0240734). MWCNT were well dispersed in water
using TD (SupplementaryMaterials Figure 7.6) as a dispersant. Sedimentation tests
showed excellent suspension stability. The I*MWCNT suspensiongontaining 1 g L

1 TD were stable for 12 months. T{Figure7.5) is an anionic molecule, which belong to
the bile acid family. The adsorption and dispersion properties of bile acids andrsalts
related to their steroid structure with concave hydrophilccnvex hydrophobic surface
[9]. The analysis of adsorption sodium cholate molecules on single walled carbon

nanotube¢SWCNT) showed that such molecules wrap around SWCNThydihophobic

136



Ph.D. Thesis Ryan Yuk Yeung Poon
McMaster University Materials Science and Engineering

face pointing inward to form a ring [9]. Thedrophobic inteactions of the bile salt with

SWCNT resulted irstrong adsorption [9].

A B

@11)
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20 30 40 50 60 70
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Figure7.1: (A) X-ray diffraction pattern of aprepared MgO4, (B) SEM image of MgOs-
MWCNT electrode material.

A similar adsorptiormechanism can be suggested for TD adsorption on MWCNT. The
adsorbed TD provideelectrostatic dispersion of MWCNT. The good dispersion of
MWCNT facilitated the fabrication of composites with good mixiofy MnzOs and
MWCNT. Figure7.1B shows an SEM image of a compos#iectrode, containing well

mixed MWCNT and MizO4 nanoparticles.
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Figure 7.2: (A) CVs at a scan rate of 20 mV* &ind (B) capacitance versus scan rate
dependences for (ajt1(b) 3¢ and (c) &' TP for MnsOs-MWCNT electrode.

Electrochemical testing showed significant increase in thea@®& Figure 7.2A) and
capacitance, calculated from the CMgure 7.2B) during the firstfive TPs. Relatively
small changes were observaaring the following TPs. The remarkably high capacitance
of Cs=3.52 F m? (Cm = 101 F ¢') was obtained at a scan rate2ahV s for the 5th TP.
The capacitance decreased with increastan rate. Theapacitance of €&= 1.38 F crit
was obtained atl00 mV st. The obtained capacitance exceeded significantly the
capacitance values of 0026 F cir?, reported in the literaturfdi 8]. In contrast to other
investigations, we have achieved gabectrochemical performance for relatively high R

= 38%, which ieneficial for the fabrication of practical devices with reduced mass.
Figure 7.3A shows EIS data, prested in the Nyquist plot. ThéMnzOs MWCNT
electrodes showed relatively low resistaRseZ, which decreased during the first 5 TPs.
The slope of thgraphs increased during the first 5 TPs and the Nyquist pl&tticzycle

was a nearly vertical line, wehi indicated good capacitive behavior. The decreasée of Z
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during the first 5 TPs indicatedapacitance increase. Indeed, the low frequency
capacitance, calculated from the impedance data increased drastically duriffagURs

7.3B) in agreement with the CV data. The frequency dependences of the AC capacitance
showed a relaxation type dispersi@s, indicated by reduction ofs@ith frequency and
correspondingelaxation maximaKigure7.3C) in the frequency dependences gf.0he

EIS characteristics showed very small variations after tHES

A C

15f a

10

Z" (ohms)
C, (Fcm?)

. (Ohmss) 07 0’ ' 10°
Frequency (Hz) Frequency (Hz)

Figure7.3: Nyquist plot of complex impedance and frequency dependences of @&)dC
(C) Cs" after (a)  (b) 39and (c) ¥ TP for MrsO»-MWCNT composite electrode.
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Figure 7.4: XPS spectra of MsfO--MWCNT composite (A) aprepared and (B) aftef"s
TP.

XPS data for the agrepared electrode materi&igure7.4A) showed high content of Mh
and Mr#* originated from the mixeslalence nature df1n3Os4, and the presence of K
could be aesult of surface oxidation or vacancies in the lattice. The XPSftatahe 5th
TP (Figure7.4B) showed enrichment of the Mrand Mrf* oxidation states which resulted
in capacitance increase duertoreased pseudocapacitive contribution from thém**
redox couple. It is important to noteatHiterature data [10] oelectrochemical cycling of
thin film MnsO4 electrodes revealemicrostructure changes, which resulted in increased
porosity. Asimilar microstructure changes can be expected in the buhedflectrodes,
studied in thiswork. The microstructure changean also contribute to the capacitance
increase and result idecrease of resistance. Th&nzOs-MWCNT composites are
promising for practical applications in supercapacitor electrddesto high capacitance

and low impedanre, achieved at higactive mass loadings.
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7.5 Conclusiors

The noncovalent modification of MWCNT with a steroid Tddspersant allowed excellent
suspension stability and facilitatéige fabrication of advanced electrode microstructures
with uniform distributionof individual components. Good electrochemipatformance
was achieved at high active mass loading (3%£md) and high R (38%), which allowed
the fabrication of electrodes withs@f 3.52 and 1.38 F ctat 2 and 100 mV '}
respectively. Compared the literature, we achieved significantly high&s at a lower
impedance. The electrodes showed activatiemavior, related to enrichment of the ¥n
and Mrf* oxidation states. TheMnsO»-MWCNT composites are promising for practical

applications in supercapacitors.
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7.7 Supplementary Materials

Figure7.5: Chemical structure of TD

Figure7.6: 1 g L* MWCNT suspensions, containing 1 ¢ LD (left) and without TD
(right).
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8.1 Abstract

A new colloidal method has been developed for the fabrication eDMearbon nanotube
(CNT) composites for positive electrodes of supercapacitors and areal capacitance of 5.04
F cm?has been achieved. In this method, chemical precipitation eDMwas performed

in the presence of carbon nanotubes, dispersed using autolastiloride dye. An
electrostatic heterocoagulation mechanism has been developed, which allowed for
enhanced mixing of MiDs4 and CNT, and resulted in enhanced electrochemical
performance at high active mass of 36 mg?criesting results revealed changes i
microstructure and oxidation state of Mn during cycling, which allowed for enhanced
capacitance. In order to utilize the high capacitance of the positis®@MENT electrodes

in supercapacitor devices, advanced negative electrodes have been devetdQQH

T polypyrrole coated CNT electrodes with enhanced areal capacitance in a negative
potential window have been fabricated. Asymmetric devices showed promising

performance in a voltage window of 1.6 V.

Key words. manganese oxigeiron hydroxide, polypyrrole, carbon nanotubes,

supercapacitor, composite
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8.2 Introduction

MnsO4 is a promising ceramic cathode materials for supercapacitors due to its high
capacitance and lowost?. However, the specific capacitance of 3@a decreased
significartly with increasing electrode mass due to poor electrolyte access to the active
material and low electronic conductivity. It is challenging to achieve good electrode
performance at practically important active mass above 1@nvfg Therefore, research
efforts were focused on the synthesis of hanoparticles with high surface area and design of
advanced composites.

It is important to note that M@4is a member of a large group of advanced materials with

a spinelcrystalline structure. Therefore, the advaetayf MresOs, compared to other
pseudocapacitiveeramic materials, is the ability to form solid solutions with various spinel
compounds. The riclthemistry of spinel offerpossibilities for the modification of
composition, conductivity anchpacitive properties of M@a.

Many investigations focused on pure ¥afilms*®and reported capacitances at low active
massloadings in the range of 0.26.2 mgcm. High specific capacitances 568’ and

597 F g* werereported at mass loadings @fl6 and 0.64 mgm?, respectively. Good
electrochemicaperformance at higher mass loadings in the range®% 2Ingcm? was
achieved in compositespntaining various conductive additives, sashgraphit® carbon
black®, acetylene bladk'® andother materiafé. High gravimetric capacitance of 222.4 F
g*was achieved at a mass loadaf@.5 mgcm? and resultetfin areal capacitance of 2.11

F cm?2. MnsOs4was combined witltapacitive carbon materials suchgraphen&6 and
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activated carbof for the fabrication ofcomposites. Of particular interest are 3@
graphene oxide composites, which showagacitances of 538 ¢* (2.69 Fcm?)!® and

258.6 Fg*(2.33 Femi)'® at mass loadings of 5 aBdngcm?, respectively. Recent studies
showed that good capacitive behavior can be achievédiighér mass loadings using
advanced colloidal technique. MnsOs-carbon nanotube electrodeshowed areal
capacitancesf 2.8°and 4.2 F cm? at active mass loading$ 8.4 and 33 mgm.

Mn3Os cathodes were combined with various anodes, suchrashen#, activated
carbort?, lithium titanaté*and polypyrrolé® for the fabricatiorof asymmetric devices with
large voltagewindows. However, the progress in the develept of MreOs cathodes
introduces problemeelated to the use of various anodes, which have lower capacitances.
Therefore, there is a needtime development of advanced ceramic anodes, which match
capacitive properties of the D4 cathodes.

The goal ofthis investigation was the development of advancedvielectrodes and
asymmetricsupercapacitor devices. The approach was based on the synthesigOaf Mn
nanoparticles aneélectrostatic heterocoagulation with dispersed carbon nanotubes. The
results preseted belowindicated that this approach allowed enhanced mixing of the
individual components and enhanagghacitive behavior was achieved at mass loading of
36 mgem?. Good material utilization resultéal high areal capacitance of 5.041F?2and

good ate capability, which were achieved at lelectrode resistance. In order to match
high capacitance of M@ cathodes, we developeddvanced negative electrodes,

containing (Fe,Zn)OOH and polypyrrole coated carbon nanot(&3). The use of
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composites atlwed for improved capacitive behavior and enhanced cgtiiaility. The

asymmetric device showed promising capacitive properties.
8.3 Experimental Procedure

Tolonium chloride (TL), MNn(N®)24H20, FeCs-6H20, ZnCk, NaOH, NaSOs, polyvinyl
butyral(PVB) (Aldrich), carbon nanotubes (CNT, multiwalled, Bayer), and Ni f@salg)

were used.

For the synthesis of M@4-CNT compositel gLt CNT and 0.5 d-* of TL were added

to 100mL DI water and ultrasonicated. Mn(j©was added to the CNT squension, and

the pH of thesuspension was adjusted to pH = 10 by NaOH to synthesiz@4MFhe mass

ratio of CNT:MreO4in the suspension was 1:4. The composite was filtrated, washed and
dried at 60°C. The obtained material was mixed with PVB (3 wt%) tdusea slurry in
ethanol and impregnated into the Ni foam.

The synthesis of pure FeOOH and (Fe,Zn)OOH ( [Zn]/[Zn]+[Fe]= 0.1) was based on the
method, described in the liteua#?®. CNT were added to (Fe,Zn)OOH suspensions at pH
=7 in order to obtaifFe,Zn)OOHCNT suspensions.

The procedure for the formation of polypyrrole coated CNT (PNT) was described in a
previous investigatie?’. The suspensions of (Fe,Zn)OGENT and PNT were mixed,
ultrasonicated, filtrated and dried at 60 °C. The mass ratieepZ())OOHCNT:PNT was

1:1. The obtained composite materials were mixed with PVB (2.5 wt%) in ethanol and the
slurries were impregnated into the Ni foam current collectors. The mass loading of all the

electrodes was 36 nun2.
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XPS analysis was performeding Quantera Il Scanning instrument (Physical Electronics
Inc.). JEOL JSM7000F microscope was used for SEM investigations. XRD studies were
performedusing a Bruker D8 diffractometer. Cyclic voltammetry (CV) and impedance

spectroscopy (EISyere performedising equipment, described in ré$e?

8.4 Results and Discussion

The formation of MaOawas confirmed by XRD studieEigure8.1), which showed peaks,

corresponding to JCPDS file 024 34.

Intensity (a.u.)

20 30 40 50 60 70
20 (Degrees)

Figure8.1: XRD pattern of aprecipitated powder, arrows show peaks, corresponiti
JCPDS file 0240734.

Figure8.2A shows CVs for the MsDs-CNT electrode. Thaearly box shapes of the CVs
indicated good capacitive behavior. The areal capacit@®®f 5.04 Fcm?was obtained
at a sweep rate of 2 m& . The capacitance decreased with sweep(Figeire8.2B) to the

value of 1.78 Fem2at 100 mVs™. The Gof obtained MaOs-CNT electrode wahkigher,
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compared to the literature data for varioussrcomposites, described in the Introduction

secton.
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Figure8.2: (A) CVs at scan rates of (a) 2, (b) 5 and (c) 10 m¥rsd (B) Gand Gafor

Mn30s-CNT electrode
The enhanced capacitance resulted from improved mixing eDMmd CNT. It was found

that cationic TL adsorbed on CNT and provided good dispersion of CNT in water. The
adsorption mec-haminsmranvobwedof the polyar
adsorbed cationic TL molecules imparted a positive charge to CNT and provided
electrostat dispersion of CNT. The TL adsorption on CNT resulted in good colloidal
stability of 1 gL CNT suspensiongontaining 0.5 1 gL TL.

Literature data indicates that the isoelectric point ok®ris in the range of 3:8.7%.

Therefore, the MsOa particles formed at pH 10 were negatively charged. It is suggested

that electrostatic attraction of the negatively chargedO4and weltdispersed positively

charged CNT facilitated their enhanced mixing.
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The low impedance of the M@s-CNT composites mvided additional evidence of good
dispersion of CNT and enhanced mixing ofd@mand CNT .Figure8.3A shows a Nyquist

plot of the impedance spectroscopy data. The real part of the complex impedance
indicated a low resistance, whereas the low imaginary part resulted from high capacitance.
The components of complex capacitance derived from the impedanc€idata8.3B,C)
showed a frequency dispersion of the relaxation type. The relaxation frequency,
corresponding to the maximum of the imaginary part of the complex capacitance was about

0.08 Hz.

i{
J.

A

Z"(Ohm)

0 1 107 u;" 1n0“ 1no' 10° 107 1(.1" 1‘0“ 1u0‘ 10°
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Figure8.3: (A) Nyquist plot of complex impedance, and frequency dependence of complex

capacitances (B)<and (C) G" for MnsO4-CNT electrode.

SEM studies showed that-peepared electrodes contained nanopartmi@$nzOas (Figure
8.4A) with a typical size of 3®0 nm. Cycling resulted in significant changes of the
electrode microstructurdhe SEM image of the electrodéter cycling showed a porous
microstructure, containing flakes of a manganese okidgi{e8.4B). Such microstructure

is beneficial for the electrolyte access to theva material. XPS studies of the electrodes
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before and after cycling showed changes in the oxidation state of Mn. It was found that
cycling resulted in the reduction tife Mr¢* content and increasing contentMh®* and

Mn** (Figure8.4C,D) in the electrode material.

Figure8.4: (A,B) SEM images and (C,D) XPS spectra for&mCNT electrode: (A,C)

as prepared an@,D) after testing

Cycling of the MrOs-CNT electrodesKigure8.5) showed initial increase in capacitance
during the first 200 cycles and then capacitance reducliom capacitance was relatively
stable betweed00" and 1008 cycles. The initial capacitance increase resulted from the

increased porosity={gure8.4B), which facilitated electrolyte access to the active material.
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