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Abstract

In this thess,anadvancedaolloidalfabricationtechnique calledparticleextractionthrough
liquid-liquid interface(PELLI), has beerdevelopedo fabricatecomponerg of positive
andnegativeelectrode®f electrochemicatapacitor{ECs) This newcolloidal straegy is
appliedto createstablesuspensiosifor the electrophoretiaeposition(EPD) of thin films

andadvancednks for screemprinting applicatiors.

Bottomup and top-down PELLI strategieswere developedto extract MnO; particles
synthesizedn anaqueos phaseto the organicphaseof 1-butanolanddichloromethang
respectively During both extractionprocesses, dxadecylaminevith amine functional
groupwasusedasthe extractorfor transferringthe MnO; particles. Comparedo thetop-

downPELLI technique thebottomup PELLI synthesizegarticlesof relativelysmallsizes,
which is beneficialfor fabricatingMnO.-multiwalled carbonnanotubg MWCNT) binary
composite EC electrodeswith enhancedelectrochemicalperformance Hence the

subsequent worlwascarriedout using thebottomup strategyfor PELLI.

Headtail extractorswith a single functional group such ascarboxylic acid and
phosphonateandheadtail-head(HTH) multifunctionalextractorswith functionalgroups
of both carboxlic acidandphosphoatewereusedasthe vehiclesfor transferring MnQ@
from the synthesignediato the deviceprocessingnediato achievea good suspensiorof
MnO.-MWCNT to fabricatgoositiveEC electrodesAdvanced=eOOHMWCNT negative
electrodes weralso preparedby PELLI strategiesusingHT and HTH extractors.The

experimentalesultsshowedthat both positiveandnegativeelectrodegpreparecoy HTH



extractorsexhibit the highestelectrochemicaperformanceMoreover,stablesuspensios
of MnO; particles synthesizedby PELLI with multifunctional HTH extractorswere
preparedo fabricateadvancedhin films by EPD andalso MnOz-carbonblack printing

inks for screerprinting of thin EC electrodes.

Subsequently, ttabricateefficient polypyrole (PPy) based composite negatelectrodes,

for the first time, noragglomerated FeOOH particlegere preparedwith PELLI using
tetradecylamineas extractor Introdudion of PPy enhancs the electrochemical
performance of the binary composite of PPy coated MWCNT in a potential rar@8 o
+0.1V. Advanced asymmetric ECs devices with MA@WCNT positive electrodes and
PPyFeOOHMWCNT negative electrodes were fabricated. These deviceth wi
comparable capacitance for both the positive and negative elecarudlagh active mass
loading were found to have high electrochemical performance in a wide working voltage

window of 1.6/ in aqueous electrolyte.

Key words: particle extraction heterocoagulatign electrochemical capacitor

electrophoretic depositioik, screerprinting.
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1 Introduction

In mid-1970s, the energy crisis caused by the potential risk of using up the conventional
fossil fuel arose peopl ebds at soumesAlttmomgs on de
different kinds of renewable energy sources, such as solar, wind andwalse, are

abundant in the nature, they depend on the natural condition and are not continual and even.

As a result, these kisaf energy cannot meet the demarmdn@dern technical equipment,

which need an uninterrupted and stable power s{ipply Therefore, aiming to address

these issues, many effective and practieahhologies of electrochemical energy storage

and conversion, such as batteries, fuel cells and supercapacitorst attmecand more

peopl e b sq2 &t A.eHoweveo nn many practical areas, such as portable
electrochemical devices, hybradectric vehicles and large industrial equipment, most of

the preset electrical energy storage systems cannot meet teguiremerg of high
performance. Therefore, itbés extremanly si gt
advance our understdimg of electrochemical energy storage mechanisms at the

nanoscalg?].

Electrochemical capacitors (ECs), also called ultracapacitors or supercag&c®yplay

an important role in these kind of areas because of their high power density (about 10 kw/
kg), which can be fully charged or dischadtgeithin a few seconds. Although ECs are
limited by their low energy delivery (about 5Wh/kg), they are considasethe most
promising products to complement or replace the batteries in the energy storage systems,

such as for uninterruptible power supplier protecton against power disruptions, stores



energy for acceleration in electric vehicles and harvestingrigy@&nergy when the engine
shutoff as well as rapid loading. The recent application of electrochemical double layer
capacitors (EDLCs) in eengency doors on an Airbus A380 proved that their performance
and stability are good enough for large scale implatation. Therefore, in the US
Department of Energy, ECs\ebeen considered as important as batteries in future energy

storage systen, 9].

ECs can be classified into three types, EDLCs, pseudocapacitors and hybrid
supercapacitofg]. This dassification is based on their charge storage mechanism as well
as the active materials used. Among tHeSs, EDLCs is the first kind of commercial and
most commoly useddevices currently fabricated by carbdvased active material with

high surface aie and high conductivity, such as carbon nanotube, activated carbon and
carbon black. Pseudocapacitors is iecond kind of ECs, which normally uses the redox
material with high specific capacitance and large energy storage capacity (conductive
polymer, tansition metal oxide, etc.) as the active matefialincrease the energy density
and power density of EC$¢he devices are fabricated as an asymmetric hybrid capacitor,
which combines both the advantages of EDLCs and pseajgtcitors. In hybrid capacito
systems, combination of two different electrode materials with different opgrati
potentials are usefbr the positive and negative materials, such as transition metal oxide
(oxide-hydroxide}carbon based material, conductive polyroarbon based matatiand
conductive polymetransition metal oxid@xide-hydroxide) compositeAs a result, this
strategy inceases the overall cell potential and results in higher energy density as well as

power densitj2, 10]. Among these electrode materials, manganese dioxide {vard

2



iron oxide-hydroxide are good candidatedor the fabrication of positive and negatie
electrodedor ECs respectivelj7, 11]. This isattributedto their high specificcapacitance
their naturalabundance, friendly environmental natarellow cost. However, the specific
capacitance decreasérastically with increasing active mass loading, especially at high
chargedischarge rates, due to the low electronic conductofitgctive materialand poor
electrolyte access ttheir surface.lt is importantto fabricatesmall particleswith high
surfaceareawithout agglomerationto provide more active sites for ions absorption
Meanwhile conductive additiveshouldbedispersd well anduniformly mixedwith active
materialto generateconductivenetworkwhich canenhancehe electronic conductivityb,

12-14).

In this investigationanadvanced colloidal fabrication techniqualledparticle extraction
throughliquid-liquid interface techique (PELLI) has been developed fdhe fabrication

of individual component, binary composite aathary composite for both the positive and
negative electrodes of electrochemical capacitors (ECs). Furthermore, the new colloidal
strategies were appligd fabrication of stable suspension for electrophoretic deposition
(EPD) of thin film and fabricatio of environmendlly friendly printing inks for screen
printing applicationWe focus orthe development of advanced composite electraas
efficient electronicdeviceswith high active mass loadings, a high ratio of the active
material mass to the cuntecollector mass, high capacitance, good capacitance retention

at high chargelischarge rateand low impedarc
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2 Literature review

2.1 Conventional capacitors

In 1745 GermanEwald Georg von Kleistliscoveed that chargecould be storedin glass
jar containinga volume of waterwhena high voltagewas applied1]. In 1746,scientist
Pieter van Musschenbroé&om University of Leidennventeda capacitoy calledLeyden
jar. Thestoragemechanisnof capacitorsn earlytime weremainly developedy scientists
Benjamin FranklirandFaradajl]. The first generation of capacitoxslledelectrostatic
capacitors, showschematically ifrigure2.1, are composed of two conducting electrodes
separated by an insulating dielectric material. Whererain voltage is appliedo a
capacitor,the dielectric materialwould be polarizedand thenthe positive and negative
charges accumulate on the positive electrode and the negative elecspaetively. As
the charges are separated by the dielectric material, a static dietdris built between
the two electrodes to store energy. Thkisels of capacitorsare mainly usedfor small

energy storagdevicesandto redue theripple of powe supply.
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Figure2.1 Schematic of eleobstatic capacitors

The capacitance C is supposed to be a constant value for an ideal electrostatic capacitor.
This value is defined by the relationshipamfcumulated charge Q on a certain electrode

and the applied voltage V between the two electrodes:

C= (2-1)

<I|O

For aconventionalcapacitor C is directly proportional to the surface ar@aof each
electrodeanddielectricpropertyof thedielectricmaterialand inversely proportional to the

distance between the electrodies

A
C=g¢, ,ea (2-2)



Herein & representghe permittivity of free spaceand € representshe permittivity of

insulating material betweenthe electrodes.The performanceof a capacitor can be
characterizetby its powerdensityandenergydensity whichcanbeexpresseth eitherper
unit mass per unit surface arear perunit volume ThestoredenergyE of acapacitorcan

beexpressetby thefollowing equation

E= % cV? (2-3)
From thisequation it is evidentthatthe storedenergyin a capacitoris proportionalto the
capacitanceandthe squareof the appliedvoltagebetweernthe two electrodesThe power
of a capacitorcould be calculatedrom an electriccircuit, containinga capacitorwith an
external loathg resistage R in series Theinternalresistancecomingfrom differentparts
of acapacitor suchaselectrode currentcollectoranddielectricmaterial canbeconsidered
asequivalentseriesresistancdESH. WhenR is equal to ESR the maximunpowerP can
be achievedandexpresseasthefollowing equation

V2
43 ESR

(2-4)

Although conventionalcapacitorshavehigh powerdensity their applicationsarelimited
by their low energydensity Therefore, electrochemicaapacitorswith higher energy

densitythanthatof conventionaktapacitorsattractmoreattentiors.



Based on the working mechanisduring charging and discharging supercapacitors
typically can be divided into three groups:ggctric double layer capacitors (EDLCs), (ii)

pseudocapacitors and (iii) hybrid supercapacitors.

2.2 Categories ofelectrochemicalcapacitors (ECs)

2.2.1 Electric double layer capacitors (EDLCSs)

Figure 2.2 shows the schematic diagram ofattee double layer capacitors (EDLCS),
consisting of two high surface area porous electrodes separated by a separator in the middle
and immersed in an electrgtie. The charge accumulates at the interface betwsen
electrode and electrolyte. As a resah, electric double layer is builp atthe interfaceof
electrolyteandelectrodesurfaceand the thickness of each layejustin the order of a few
Angstromd2]. It is imporantto point out thatthe surfaceareaof porousactivatecarbon
materialusingin EDLCs s around0.1 million timeslargerthanthat of smoothsurface

Based on equation{2), d is the thickness of the double layer capacitor with a high surface
areaA. In this situation, the corresponding electric field of the electrochemical double layer

is extremelyhighand its value can reach®\d cm* easily. Theréore, the capacitance and
energy density of EDLCs are much higher than that of conventional capab#oe tine
capacitance is just in the order of pF or
EDLCs, which does not involve redox reaction, thema limitation on the electrochemical
kinetic during charging or discharging process. As a result&an have a much higher
power density than pseudocapacitors involving redox reaction, as well as a much higher

energy density thaconventionaktapaciors.



Electrolyte, Active Layer

Figure2.2 Schematic structure and principlesaadingle cell EDLC®].

2.2.2 Pseudocapacitors

Different from EDLCs, which arenly based on electrostatic charge storage mechanism
(nonfaradaic), pseudocapacitors involve reversigldox reaction faradaic) combined
with electrostatieffectduring charging or discharging proceBer thesamesurfacearea
the value opseudocapacitan@®uld be 10Q@imeslargerthanthatof electricdoublelayer

capacitancéecausef thecontribuion of faradaiaeactionf3]. In thisfaradaic processhe

10



charges pass through the electrode/electrolyte interface whereas the charges just

accumulate at the electrode/electrolyte interface in EDLCs.

Figure2.3 shows several faratt mechanisms, proposed by Conway, which can result
psedocapacitive behavior in capacifdf8]. The first one is underpotential deposition
(UPD), which occurs when metal ions form an adsorbed monolayediie@ent metal
surface well above their redox potential. The degoan of lead on the gold surface is a
representative example of UPD. The second one is redox pseudocapacitance. This occurs
during the process of the electrochemical absorption of iorhersirface or near the
surface of a material accompanied by a dara charge transfer. Transitional metal
oxides/oxide-hydroxides, such as BO2[10, 11], MnO;[12-14], Mn304[15, 16], NiO[17],
Cos04[18, 19], Ni(OH)2[20, 21], Co(OHY[22, 23], FeOOH24, 25|, etc, as well as
conductive polyers, such as poly(3,4-ethylenedioxythiopheneXPEDOT]26, 27],
polyaniline (PAND[28, 29 and polypyrrole(PPy]30-32], are classified ashe redox
pseudocapacitive materials. The third one is intercalation pseudocapacitance. This results
from intercalationof ionsinto the tunnels or layers of a redox active material with a

concomitant faradaic charge trandbeit without crystallographichase change.
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Figure2.3 Various reversible redox mechanisms for pseudocapacitance

2.2.3 Asymmetric supercapacitors

Typically, electric double layer capacitors (EDLCs) asdudocapacitors can be classified

as synmetric supercapacitors as both the positive and negative electreekthaisame

kind of material. However, in order to maximize the electrochemical performance of the

capacitors, hybrid supercapacitors, coupleith wne electric double electrode with #mer

pseudocapacitive electrodeassembledy two differentpseudocapacitive electradeve

received a great deal of attentions recently. This kind of hybrid cells combine the high

power density of EDLCs with theigh energy density of pseudocapacitdys.it is shown

in Figure2.4, the hybrid supercapacitors with relatiwhigh specific energy as well as high

specific power fil the gap between symmetric supercapacitors andrLbatteries.
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Figure 2.4 Ragone plot of three major electrochemical energy storage deancetne
constants are shown in dashed line, by dividing tleeiip energy with specific powf33]

2.3 Electrode materials

The type of electrode materials has a great influence on the electrochemical performance
of electrochemicatapacitors Normally, carborbased electrode materialghoseenergy
storage is based on electrostatic mechanism are used in EDLCs, whereas metal
oxide/oxide-hydroxideand conductive polymer are used as pseudocapacitive material
pseudocpacitorswhere thechargestorageis basedon redox reaction In order to fully

utilize the merits of both the carbon based electrode materaald pseudocapacitive
materiak, composite electrodes combining these two kinds of material attract a lot of

attention. Significantadvancemenin the developmenbf compositeelectrodeshasbeen

achievedecently
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2.3.1 Carbon based electrode materials

Carbon based electrode materials offer several significant advantages, such as high
chemical stability, abundant sourae nature, notioxic for environment, relatively low

cost and wide operating temptna range. Therefore, researchers focus on investigating
different kinds of carbon based electrode materials, like carbon nad@ib85],
graphenf36, 37], activated carbap38], carbon aerog€l89, 40], graphite[41] and other

related nanestructured carbon materig2-44).

In EDLCs, as the charges are stored at the electrode/electraigtiade, the specific
surface area, pore size distribution asllvas the shape and structure of pore result in
different electrochemical performarjd8]. Especially, the specific surface area and pore

size distrilution affect the electrochemical performance greatly.

2.3.2 Transition metal oxidegoxide-hydroxides

Compared to carbebased material, transition metal oxittesde-hydroxidesare more
attractive for ECs application because of their high specific capacitancearrally,
transition metaloxides/oxide-hydroxidesoffer two or more oxidation states for charge
transfer without involving phase change. These oxidation states all@mdogy storage

not only electrostatally but alsovia faradaic reactidag]. In the transition metal oxide,
RuQ; is widely recognized as the most promising candidate for ECs because of its high
conducivity, high specific capacitance as well as goodersble electrochemical
propertie§3, 47]. However, its limitedavailability, high cost ad toxic nature significantly
limitsits application irour real life. ThereforcRuQG, wasnormallyextensivelyinvestigated

for military applicationswvherethe costis notthemajorconcern Other metabxides/oxide-

14



hydroxidesmaterials, such as MnOMn30s, Coz04, NiO, V205, Co(OH), Ni(OH),,

FeOOH etc, havébeen explored to replace Rui@ the application of EC$lowever many
metaloxides/oxide-hydroxidessuch as Cgs, NiO, V20s, Co(OH), Ni(OH)., etc,arenot
environmentdy friendly andlow capacitancef MnzOs particles limits their applications

Among all these metabxides/oxidehydroxides materials MnO, and FeOOHwith a

relative high theoretical capacitance abundant source and environmental friendly properties,
havebeen considered dise promisingcandidategor fabricationof positiveandnegative
electrodegor ECH4, 48-50] . However their natureof low electronicconductivityneeds

to be enhancedy combiningwith different kinds of conductivemedia suchas carbon

nanotubecarbon blackgrapheneetc.

2.3.3 Conductive polymers

Another family of potential electrode material based on faradaic charge mechanism for
pseudocapacitorare conductive polymegrssuch as Poly(3;¢thylenedioxythiophene)
(PEDOT]27,51], polyaniline (PANI)52, 53] and polypyrrole (PPY30, 54, 55]. In 1990s,
conductive polymers were first introduced to fabrigeeudocapacitive electrasleecause

of their high conductivity, low costight weight, relatively high theoretical capacitance,

and simple fabrication methodsloreover, it waseportedthat conductivepolymerwas
beneficialfor fabricatingportable flexible, pressableand lightweight modernelectronic
deviceswhich have promising marketdemandsn our real life. Currently, lots of ECs
devices with relative high energy density as well as high power density have been fabricated
using conductive polymer bad electrod§56]. Among theseconductivepolymers, PPy

shows goromisingfuture becauset could be operatedn mild electrolyte whereasP ANI
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andPEDOTneedsacidicelectrolytesvhicharenotenvironmeral friendy, morecorrosive
andlesssafe Significant progress othe development oPPyelectrodeausing different
kinds of dopantsand synthesizednethodshasbeenreported In this research PPy was
selectedasthe electrodematerialby combiningwith FeOOH forfabricationof negative

electrodes

2.3.4 Compositeelectrodes

Generally, carbon based electrode materials, which store energy through electrostatic
mechanism without involving faradaic reaction, can achieve-lairg cycle life and high

power density due tteir high conductivity, high surface ar@adgood chemical stability.
However, these electrodes have a limitation of low energy density that greatly restricts their
applications. On the contrary, pseudocapacitive electrode materials (transition metal
oxidegoxide-hydroxidesand conductive polymers) Is&d on faradaic reaction charge
mechanism, can achieve high energy density because of their high theoretical specific
capacitance. However, these materials also have their limitations, such as low conductivity

of transition metal oxides and low mechaniialbility of conductive polymer

Therefore, aiming to address the limitations of the aforementioned materials, composite
electrodes based on carbon based materials and pseudocapacitive materials are widely
utilized in electrochemical capacitors, which eahieve a high power density, high energy
density, good mechanical stability as well as good cyclic stghility9]. Significant
progresson the developmenbf compaite electrodes such as MNn@MWCNT, MnO»-

carbon black,Mn30s-MWCNT, V205s-MWCNT, NiO-MWCNT, PPyMWCNT, PPy

GrapheneFeOOHMWCNT, PPyFeOOHMWCNT, has beemchievedecently
16



2.4 Electrolytes

Electrolytes play an importantrole on electrochemicaperformanceof ECs, involving
EDLCs pseudocapacitorand hybrid ECs. Significant efforts have beencontributedto
investigatethe ionic conductivity, ion mobility, viscosity ion size potential window,
concentratiopstabilizationandtemperatur®f electrolyteson the effectof electrochemical
performanceof ECs suchasESR capacitancepower density, etdlectrolytescould be
mainlydividedinto following groups:(1) agueou®lectrolytes (2) organicelectrolytesand
(3) ionicliquids basedelectrolytes Aqueouselectrolytesand theorganicelectrolytesare

the most commoelectrolytedor ECsapplications

2.4.1 Aqueouselectrolytes

Compared toorganic electrolytes aqueous electrolyteare commonly usedin energy
staage deviceswing to their advantagesf low costandfacile handing [60]. Normally,
the conductivityof organic electrolytess at leastone order of magnitudewer thanthat
of aqueouselectrolytes. For instarce, 1M H,SQw has aconductivity of 0.8 S cm? at
25 [61]. The main drawback of aqueouselectrolytesare attributedto their small
electrochemicalstable potential window, which easily results in the issue of water
decompositiof62]. Aqueouselectrolytescan primarily be divided into three groups
including acidic electrolytes alkalineelectrolytesand neutralelectrolytes H.SQs, KOH
and NaSOs, which arecommonlyused are the representative$or acidic electrolytes
alkaline electrolytesand neutral electrolytes respectively Comparedto other acidic
electrolytesH>SQs is commonlyusedin theacademidnvestigation®owingto its relatively
high ionic conductivity providing lower ESR of ECs with regards to neutral
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electrolyte§60]. It was found that the ionic conductivity of H.SQy is dependat on its
concentrationand temperature The maximum value should be achievedat a certain
concentratiorandtemperatureFor similar reason KOH representshe basicelectrolytes
owingto its relativelyhigherion conductivitywith regard€o otherbasicelectrolytes such
as LIOH and NaOF6(Q]. It has beemeportedhatthecapacitancef EDLCselectodeswas
increasedvhen the basicelectrolyteswas usedcomparedto neutralelectrolyte This is
because¢he pseudocapacitanegascontributedo thechargestoragedn alkalineelectrolyte
environment Although acidic and basicelectrolytesshow greationic conductivity, their
drawbacksof corrosionand safetylimit their further developmentespeciallyat a high
temperatureconditio{63-65]. Therefore neutral electrolytesplay an importantrole in
thesefields. Extensive efforts have beenfocusedon developmentof various neutral
electrolytesfor ECs such & K2SQu, Li2SQy, N&eSQu, KCI, LiCl, NaCl, et¢60]. Among
these electrolytes NaSQs has beenconsideredas the promising candidatesfor
pseudocapacitorelectrodes especially for MnO,. Neutral electrolytesare not only
beneficialfor pseudcapacitivematerialsbut alsofor hybrid ECswith a higheroperation
voltage window owing to their electrochemicaktability for many materials Moreover

neutralelectrolyteshaveadvantagesf environmentafriendlessandlow cost

2.4.2 Organic electrolytes

Although aqueouselectrolytesare popularly investigatedin academicwork, their low
operatingvoltagewindow (1.4-2V) resultsin low energydensityof thedevices Therefore
the ECs assembledith organicelectrolytes providingtypically higheroperatia voltage

window (2.5-2.8V), showsgreatdemandsn the commercialmarket$60, 66]. The energy
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densityof ECsis enhancedvhenusingorganicelectrolyteswith largeroperativevoltage
window. Moreover organicelectrolytedhasedECscanbepackagedn cheaperways,such
as using cheap@ackagesindcurrentcollectors However organicelectrolytedhasedECs
also show their limitations of lower conductivity smaller capacitancehigher cost
flammableproperty andtoxic effects Moreover they careasilysufferfrom the problems
of large self-dischargerate and significant degradationof performancedecauseof the
impurity effect caused by complex purification processing The electrochemical
performanceof organicelectrolytesbasedeECs are dependenbn the ion sizg viscosity,
conductivity, electrochemicastablepotentialwindowsof the organicelectrolytesusedin

thesystem§g3].

2.5 Manufacturing methodologies

2.5.1 Colloidal techniques for fabrication of bulk electrodes and thin film s
Compositematerias are necessaryor achievingdesiredelectrochemicaperformanceof
ECs electrodes which require high electical conductivity, high surfaceareaand high
capacitanceNormally, activemateriat, such as Mn@ 67], Mn3O4[15], NiO[17], V203[68]
MoOs[69], FeOOH25], PPY7Q], etc,haveverylow electronicconductivity, whichis far
awayfor ECselectrodesapplications especiallyat a high active massloading condition
andhigh chargedischargerates Therefore combiningwith conductiveadditive such as
MWCNT and graphene,are requiredto enhancetheir performancgrO, 71]. For ECs
applications oolloidal techniqguesare common strategiesfor fabrication of advanced

compositewhich areachievedy efficient dispersiorof differentindividual components.
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2.5.1.1 Co-dispersionmethod

Co-dispersionmethod is a simple stratey to dispersethe active materials and the
conductiveadditivesat the sametime in one pot using only one dispersingagent For
example it was found that celestine blue dyas an efficient co-dispersingagentfor
BiMn20Os and MWCNT[72]. The disperson of MWCNT is attributedto the electrosteric
interactionsand p-p interactionsbetweenMWCNT and celestine blue dysvhereas the
disperson of BiMn2Os is attributedto thestrong adsorptionf celestine bluen BiMn20s
particles surface providing the electrosteric stabilization. Therefore the BiMn2Os-
MWCNT compositeelectrodesvith a highcapacitancef 6 F cm? (2mV s?) wasreported
at a very low regstance Shi et al.repored that safranin(SAF) is an efficient dispersing
agent for co-dispersingMWCNT and PPy(Figure 2.5)[73]. These PPyMWCNT
composite electrodes with Eigh active mass loading of 27 nugn? showed ahigh
capacitance of.8 F cm2. Theseco-dispersingsuspensiosishoweda promisingpotertial

in thedepositionof thin films by electrophoreticeposition(EPD).

SAF Mixing and
O \-/" ultrlsomcmon

8 Ultrasonication \o tfi

As-prepared PPy Dispersed PPy &
S-\F %
4 2 Ul(l asonication f /

Stable PPy/MWCNT suspension

As-received MWCNT Dlsper.se(l MWCNT

Figure2.5 Co-dispersiorof PPyMWCNT by SAH73].
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2.5.1.2 Heterocoagulationtechnique

Heterocoagulatiotechniques one of thdacile strategesto createstronglinking between
theactivematerialsandtheconductiveadditivesfor improvingthecontactof theindividual
componergin thesecomposits. They are mainlglassifiedinto following two groups (1)
heterocoagulatiorbasedon electrostaticinteractioni74, 75 and (2) heterocoagulation

basedon Schiff basedeactiornl6, 67].

For example Figure 2.6 shows the MnQ-MWCNT composite fabricated by
heterocoagulation based on electrostatic intergat#nin this strategy phosphate ester
and m-cresolsulfonphthalein dyeere used as thalispersingagentsfor MWCNT and
MnQO. particles, respectively Therefore MWCNT and MnQ imparted positive and
negativechargeon their surface respectivelywhich createdinks betweerMWCNT and
MnO. by electrostatic interaction Advanced MnO-MWCNT composite has been
successfullyfabricated Theelectrodeshoweda high arealcapacitancef 5.3 F cmi? ata

scanrateof 2mV s?.

Charging of MnO, :

Figure 2.6 MnO>-MWCNT composite fabricated by heterocoagulation based on
electrostatianteraction74).
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Figure2.7 showsthatMnO.-MWCNT compositecan befabricatedby heterocoagulation
based on Schiff base reactidretween3,4-Dihydroxybenzaldehyde (DHBand new
fuchsin (NF) which were used fodisperson of MnO. and MWCNT, respectively The
stronglink createdby the Schiff base reactiomechanisniacilitateda goodcontactof the
active materialsMnO; particlesand conductiveMWCNTSs additives Therefore these

MnO>-MWCNT compositeshowed goodelectrochemicgberformance

(A) (B)

Figure 2.7 MnO>-MWCNT composite fabricated by heterocoagulation dase Schiff
based reaction betweefd) new fuchsin (NF)and (B) 3,4-Dihydroxybenzaldehyde
(DHB)[67].

2.5.1.3 Particle extraction through liquid-liquid interface (PELLI) method

PELLI methodis one of the mostimportantcolloidal strategiedor transferringdifferent
materials such as metal oxidemetal hydroxides,metal oxidehydroxidesand metal
particles betweentwo immiscible phasesPELLI techniquesllow extracion of particles
formthesynthesizednediato theorganicmediawhicharebeneficiafor deviceprocessing

PELLI techniquesattractsmoreandmoreattentionbecause ofheir ability for fabricaing
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high electrochemicaperformanceompositeelectrodessuchasMnO.-MWCNT[ 14, 76|
andMn30s-MWCNT[ 16]. Thesewereachievedy reducingagglomeratiorf particlesand
improving contact betweerthe active materialsandthe conductivemedia Poonet al[16]
demonstradthatMnz04 couldbeextractedrom agqueouphaseo theorganicphaseausing
lauryl gallate Advanced Mn3O4+-MWCNT composite has been fabricated for ECs
applicationsWallar et al[14] alsoreportedthatlauryl gallate(LG) could be usedasan
extractorfor extractionof Ag particlesand MnO; for further processingvith MWCNT,
which werewell dispersedn theorganicphaseto fabricateadvancedg-MnO.-MWCNT
ternarycompositeelectrodegor ECs(Figure2.8). Moreover Clifford et al.demonstrated
thatagglomeratioffreehydroxyapatitenanorodreparedy PELLI methodcouldbeused

for fabricationof thin films by EPD.

A B E

Interface —wm—— LG

C &
|~
' MWCNT

Figure2.8 (A) MnO: precipitation,(B) MnO: extractedoy LG in 1-butanol, (C) MWCNT
dispersionin 1-butanol,(D) MnO.-MWCNT extractedn 1-butanol and(E) Ag extracted
by LG in 1-butonaj14].
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2.5.1.4 Electrophoretic deposition(EPD)

Electrophoreticdeposition (EPD) techniqueis widely used in the field of surface
engineeringfor fabrication of compositeand ceramicfilms with designedfunctionsfor
specificapplicationssuchascorrosionprotectiorf77], flame-retardanit78, 79|, biomedical
application§80-83], sensorB4] and erergy storag¢sl, 85, 86]. EPD techniquehas
emergedas promisng manufacturingmethodowing to the advantage®f facile control

processinglow costandhigh quality of film formation

Figure2.9 demonstratethe schematic®f electrophoretic depositioaf thin films for ECs
applicationsFirstly, the stablesuspensionwere preparedisingsafranin(SAF) as the co
dispersing and chargingagentfor dispersingand chargingMWCNT, grapheneand PPy
particle$71]. Subsequentlytwo electrodesone referenceelectode and other working
electrock for deposition wereimmersedn the suspensioseparatedby a certaindistance
When a specific voltage is appliedto thesetwo electrodes an electric field is formed
betweerthem.The chargingparticlesin the suspensionvould allow them tobe deposited
ontheworking electrodedy theelectricforceintroducedy theelectricfield. High quality
compositethin films with improved electrochemicaperformancecomparedo the films

formedby the singlecomponentwere obtainedby EPD for ECsapplications Moreover

Clifford et al.[87] demonstratethatagglomeratiorffreehydroxyapatite nanorods prepared

by PELLI could be used fgoreparatiorof stablesuspensiorior depositingthin film by

EPDfor biomedicalapplications
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Figure 2.9 Co-dispersion of MWCNIgraphene and PRyraphene and their applications

for film formation by EP[71].

2.5.1.5 Screen printing

Flexible,compressiblewearableandportableelectronc devicesareemergedaisnecessary

productsor humanbeingin modernsociety54, 88-90]. In orderto scaleup thefabrication

of thesedevicesfaciletechniquswith low costcouldbefoundto meetthemarketdemands

Various pinting techniquessuchas screenprinting[91, 92], inkjet printng[93] androll-

to-roll printing[90], showstheir promisingpotentialfor fabricationof electonic devices

Theseprinting techniquesare mainly basedon the transfering of the printing inks to the

given substrategor assemblyof electronicdevices Among all the printing techniques

screenprinting is one of the most facile and inexpensiveprinting techniquesfor the

fabricationof electronicdevices

Figure2.10showsthe schematiof saeenprinting. The setupnainly consistof squeegee

screen platestencilandsubstrateDuring the pushreleaseprocessthe printable inks will
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betransferredrom thescreerplateto thesubstratdy squeegethroughthe mess pening
of the stencil Similar patternscould be achievedon the substrateaccordingto the
designableatternsof meshopeningon thestencil Currently screen printing techniques
havebeenwidely usedfor fabricationof differentkinds electronicdevices such asolar
cell, batteryandelectrochemicatapacitors In the processof screenprinting, fabrication
of printing inks is significantly important for printing electronicdeviceswith desired
properties Normally, toxic solvens are requiredfor fabricationof stableprinting inks.
Therefore extensiveefforts should be devotedto the developmentof environmental

friendlinessprinting inks in nearfuture.

<+ _Squeegee

Screen Plate

Fram
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€|
=l0C
& 1S
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% —> TNk
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Printable inks Screen Plate Screen Printing Printed Patterns

)

Figure2.10 Schematic of screen printif@0].
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3 Researchobjective

New colloidal techniquesare necessary fananufacturingof advancedcomposits for
achieving desiregropertiesfor applicatiors of electrochemicatapacitorsand thin film
fabrication For ECsapplicationscompositeelectrodesareimportantto be designedwith
propertiesof high electronicconductivityfor electrontrarsfer, high surfaceareafor ions

absorptiorandhigh capacitancef non-agglomeratdactivematerial

The main objectiveis to fabricate advanced composite electrodes supercapacitor
deviceswith high active mass loadings, high ratio of the active risteass ¢ the current
collector mass, high capacitance, good capacitance retention at high-disalgege rates

and low impedancé&hemainobjectiveis basedn shorttermobjectives3.1-3.6.

3.1 Liquid liquid extraction of oxide particles by headtail extractor

hexadecylphosphonic acid

In Chapter 4, the background information of particle extraction thrdigid-liquid
interface (PELLI) and experimental works are presented to demonstrate the benefits of
PELLI for synthesis of reduced agglomeration tigls with heaeail extractor
hexadecylphosphonic acid and improved mixing with conductive media for
eledrochemical supercapacitors with high active mass loading and high active material to
current collector mass ratio. &hmesults discussed in this giter are reproduced from
Liquid-liquid extraction of oxide particles and application in supercapacitor&;®2017,
Journal of Materials ReseardRi Chen Mustafa S. Ata, Xinya Zhao, Ishwar K. Puri and

Igor Zhitomirsky, https://doi.org/10.1557/jmr.20192, Copyright 2019, with permission
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from Materials Research Sociefijhe author of this thesis is thestimuthor and the main

contributor of this publication.

3.2 Bottom-up and top-down PELLI of oxide particles and

electrophoretic deposition of thin films

In Chapter 5 Bottomup and topdown liquidliquid extraction methods have been
developed for the transfef colloidal metal oxide particles, synthesized in an aqueous
phase, to organic phasegheadtail extractors The extracted neagglomerated parties
have been developedrf fabrication of supercapacitor electrodes and thin films by
electrophoretic demition. The results discussed in this chapter are reproduced from
Strategies for liquidiquid extraction of oxide particles for applications in sua@acitor
electrodes and thin films, 49981 2017, Journal of Colloid and Interface ScielRi€Zhen
Mustafa S. Ata, Xinya Zhao, Amanda Clifford, Ishwar K. Puri and Igor Zhitomirsky,
https://doi.org/10.1016/.jcis.2017.03.095, Copyright 2019, with pssion from Elsevier

The author of this thesis is the first author and the main contributor of thisatidsiic

3.3 Effect of extractors and active mass loading on the electrochemical

performance of electrochemical capacitors

In Chapter 6, head tail extracsowith different functional groups have been developed to
synthesize small size particles by PELLI forriahtion of supercapacitor electrod@$e

goal is to achiewe a high area normalized capacitance, low impedance and enhanced
capacitance retention aigh chargedischarge ratesd'he results discussed in this chapter

arereproduced from Mn&carbon nanotubelectrodes for supercapacitors with high active
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mass loadings, 164(9), A16-/3167, 2017, Journal of Electrochemical Soci®&yChen
Ryan Poon, Reesh P. Sahu, Ishwar K. Puri and Igor Zhitomirskgpi:
10.1149/2.1491707jes, Copyright 2019, with perioisffom ECS- The Electrochemical
Society The author of this thesis is the first author and the main contributor of this

publication.

3.4 Multifunctio nal extractor for liquid -liquid extraction of oxide
particles and applications in supercapacitors, electqohoretic

deposition and screen printing

In Chapter7, headtail headextractorand headtail extractorhave beendevelopedfor
extractionof oxide paticleswith reducedagglomeratiorior fabricationof supercapacitors
bulk electrodes Stable colloidal sugpensionpreparedby PELLI with headtail head
extractorhasbeendevelopedor electrophoreticepositiorthin film andscreerprinting of

thin electodes The results discussed in this chapter aeproduced from Influence of
molecular structure of extraor molecules on liquidiquid extraction of @ide particles and
properties of composites, 44, 15718720, 2018, Ceramics Internation&j Chen
Zhengzheng Wang, Rakesh P. Sahu, Ishwar K. Puri and Igor Zhitomirsky,
https://doi.org/10.1016/j.ceramint.201%.244, Copyright 2019, with permission from
Elsevier The author of this thesis is the first author and the main contributor of this

publication.
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3.5 High areal capacitance of FeOOktarbon nanotube negative

electrodes for asymmetric supercapacitors

In Chapte 8, FEOOHCNT negativeelectrodesavebeendevelogd by PELLI with head
tail head extractor and head tail extract@omparableapacitanc®f negaive electrodes
andpositiveelectrodehasbeenachievedat similar masdoadingandefficientasymmetric
supercapacitorhiasbeendevelopedThe results discussed in this chapter seproduced
from High areal capacitance of FeO@Hrbon nanotube negativelectrodes for

asymmetric supercapacitors, 44, 18a@0D15, 2018, Ceramics InternationRl_ Chen

Ishwar K. Puri and Igor Zhitomirsky https://da.org/10.1016/j.ceramint.2018.07.002,
Copyright 2019, with permission from Elsevi€he author of this thesis the first author

and the main contributor of this publication.

3.6 Polypyrrole-carbon nanotubeFeOOH compaites for negative

electrodes ofasymmetric supercapacitors

In Chapter 9,polypyrrole (PPy) coated carbon nanotubes (CNT) were combined with
FeOOH to fabricate advanced negative supercapacitor electrodddigh efficient
asymmetricsupercapacitodeviceshave beenfabricatedusingPPyFeOCH-CNT ternary
compositeand MnO.-CNT binary compositeas the negativeand positive electrodes
respectivelyTheresuts discussed in this chapter aeproduced from Polypyrrolearbon
nanotubeFeOOH composites for negatielectrodes of asymmetric supgpacitors, 166

(6), A935A940, 2019, Journal of Electrochemical Soci®yChen Ishwar K. Puri and

Igor Zhitomirsky, doi: 10.1149/2.0281906jes, Copyright 2019, with permission from ECS
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-- The Electrochemical Societyhe author of this thesis is thiest author and the main

contributor of this publication.
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4 Liquid liquid extraction of oxide particlesby head

tail extractor hexadecylphosphonic acid

This chaptetlis reproducedrom Liquid-liquid extraction of oxide partiels and applicatio
in supercapacitors, 92-9, 2017 Journal of Materials ResearcRi Chen Mustafa S. Ata,
Xinya Zhao, Ishwar K. Puri and Igor Zbinirsky https://doi.org/10.1557/jmr.2017.92
Copyright 2019, with permissioriromMaterials Research Sociefiyjhe author of thithesis

is thefirst authorandthe maincontributorof this publication

4.1 Abstract

Many manufacturing techniques require the use ofampreous colloidal suspensions,
containing wdl dispersed oxide particles and various water insoluble functional
components. We report an efficient method for the direct transfer of.Mn@ titama
particles, synthesised in water, to an organic solvent through the interface of two
immiscible liquids Particle agglomeration during the drying stage was avoided and stable
suspensions of neagglomerated particles in the organic phase were obtairesl. T
advantages of this method were demonstrated by the fabrication of advanced composite
MnO..multiwalled @rbon nanotube electrodes, containing a polymer binder, for
electrochemical supercapacitors with high active mass loading and high active material to
current collector mass ratio. The electrodes showed a capacitance ofdrif3aRd low
impedance. Highxraction efficiency from concentrated suspensions was achieved by the
use of an advanced extractor, which allowed strong adsorption on the pdyidies

polydentate bonding. The extraction mechanism is discussed
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4.2 Introduction

Particle extraction throdgliquid-liquid interface (PELLI) is emerging as a new method of
technological and scientific interest. PELLI has been utilized for the separatare efarth
fluorescent powdef$], alumina and zircd]. Sizedependent transfer of gold paltis
allowed obtaining suspensions with narrow particle size distrij@fioRELLI has been
utilized in the hydrometallurgy of cassiitd 4] and other mineral particlgs. Luminescent
CdTe and HgTe quantum dots, synthesized in ancagueedia were transferred to ron

polar organic solvents for the fabriima of photovoltaic and optoeleonic devicefs].

Various oganic molecules were used as extractors for PELLI applications. The chemical
structures of such molecules contained hydrophobic hydrocarbon chaitisnatidnal
groups, which provided electrostatic or chemical interastisith inorganic particles.
Invesigations were focused on the use of ionic surfaci&Hl which had an electric
charge, opposite to that of inorganic particles. In this case, the surfadsamptio was
governed by electrostatic interactions with inorganic particlesp#on interactions of
carboxylatemodified gold nanoparticles an@tonic surfactants resulted in the particle
transfer from water to toluefid. The adsorption of other gactors,such as thiol based
molecules and fatty acids, on inorganic particles involved chemical interactions. The
molecules, containing thiol groupdlowed for partial extraction of CdTe and HgTe
guantum dof$]. The chemical interactions of carboxylic groups of fatty acids with ir
atomson the particle surface allowed for magnetite particle extrgd&iohong chain
surfactants, containing amino groups were investigated for extraction ¢f-ddidand
silve{12] nanoparticles. It wasotind that polymer molecules can also be used as
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extractorfl3]. The extraction efficiency was enhanced in the presencesafleents, such

as suboil phas¢b] or acetongs]. In another strate§¥4], PELLI was triggered by changes

of the temperature. The temperature increase from the room temperature to 80€ resulted
in the reduction of the solubility of the polymer extractoamn aqueous phase and transfer

of the adsorbed patrticles to an organic pfige

Previous PELLI research has been mainly focused on nanoparticles of metals and
semiconductor quantum dots. The development of PELLI methods for oxide nanoparticles
offers benefits for many applications. Various applications of oxide miat@mighin film
electronic devices, protective coatings, sensors, biomedical implants, agueous batteries and
supercapacitors require the use of water insoluble organic components, such as binders,
film forming agents and functional organic molec{dés 16]. In many nanufacturing
procedures, oxide nanoparticles must be dispersed in an organic solvent, containing
dissolved functional organic molecules or macromolecules, which are insoluble in water.

It is important to note that many important techniques for thgeaxanoparticle synthesis

are based on aqueous processing. The synthesized nanopatrticles are usually dried and then
re-dispersed in an organic solvent. However, the drying of the oxide or hydroxide particles
results in their agglomeration. The reductafrpaticle surface area and condensation of
surface OH groups are major driving forces for particle agglomeration. The important task
is the development of PELLI methods for the transfer of synthesized oxide nanoparticles
directly from an agqueous phase @ oganic phase, avoiding the drying procedure.
However, poor adsorption of extractor molecules on oxide particles and low extraction

efficiency are still major obstacles in achieving this goal.
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The selection of extractor molecules with strong adsorptmopaticle surface is of critical
importance for the development of PELLI methods. The approach, based on electrostatic
interaction of surfactants and particles has limitations related to the control of particle
charge in water as well as in organic sandow recovery efficiency, attributed to weak
surfactant adsorption on particles. The extractor molecules, containing carboxylate, amino
and thiol groups allow for relatively weak bonding and poor adsorption on the oxide

particles.

The goal of thisnvestgation was the development of efficient PELLI method for oxide
particles. The approach is based on the use of hexadecylphosphonic acid (HDPA) as an
advanced extractor molecule. The chemical structure of HBFRAIe4.1A) containsa
phosphonate group. Literature data indicates that phosphonates exhibit strong adsorption
in water on various inorganic materfdl-23], such as hydroxyap#di FeOs, SiC;, ZnO,

Al>0s and TiQ, clay, calcium carbonate, indium tin oxide. The oxygen atoms of the
phosphonate ligand allow for-bor tri-dentate bondingFigure 4.1B), which results in
significantly stronger adsorption, mpared to monodentate bondig] of many extractor

and dispersant molecules. The chelation bondkigue 4.1B(a,b)) involves the
formation of the coordination bontietween two or three oxygen atoms of HDPA and a
metal atom on the particle surface. The oxygen atoms of the phosphonate ligand can also

be bonded to different metal atonfsgure4.1B(c,d)).
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Figure 4.1 (A) Chemical structure of HDPA (B) adsorptianechanismsof HDPA,
involving (a) chelating bidentate bonding, (b) chelating tridentate bonding, (c) bridging
bidentde bonding(d) bridging tridentate bonding, (C) schematic of the PELLI method: (a)
particles, precipitated in aqueous phase, (b) transfer throughiliquid interface, (c)
formation of a stable suspension of particles-lsutanol.

(C)

We report the syntlséss of MNnQ and titania particles in aqueous solutions and their
extraction to the 4butanol phaseHgure 4.1C), containing dissolved HDPA. In this
strategy, water insoluble HDP#wolecules adsorbed on oxide particles at the water
butanol interface. The results presented below indicated high extraction efficiency and
reduced particle agglomeration. An important outcome of this study was the fabrication of
MnO,-multiwalled carbon anotube (MWCNT) composites for application in eledes of

electrochemical supercapacitors, which showed promising capacitive properties
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4.3 Experimental procedures

Hexadecylphosphonic acid (HDPA), poly(vinyl butyctvinyl alcoholco-vinyl acetate)
(PVB, average Mw=50,00@0,000), NaMn@, TiOSQs, NaOH, NaSOs nbutanol
(Aldrich) and multiwalled carbon nanotubes (MWCNT, ID 4 nm, OD 13 nm, lenigdh 1
em, Bayer, Germany) were used. Ni foams with 95 % porosity were provided by Vale

Company.

The synthesis of Mn@patrticles was performed by a chemical prectmtamethod using
agueous NaMngsolutions and #butanol as a reducing agent. Previous investigd@dns
27] showed that various alcohols, such as ethasmpropanol, methanol and otheralols,
miscible with water, can be used as reducing agents for the synthesis affidnO
permanganate solutions. In this investigation, wateniscible rbutanol was used as a
reducing agent for NaMnOThe addition dn-butanol to aqueous solutions astitring
during 1 h resulted in the precipitation of Mni@®an aqueous phadeigure4.2a,b). Further
addition of HDPA solution in4butanol and stirring resulted in tegtraction of MnQ@from
the aqueous phase tebntanol phasergure4.2c). The MnQ particles formed a stable
suspension in the-butanol phase. The synthesis of titawias performed using aqueous
TiOSQy solutions. The pH of the solutions was adjustee-@Hy NaOH. The addition of
HDPA solution in Rbutanol and stirring resulted in the extraction of titania from the
agueous phase tobutanol phaseHgure 4.2d,e). The extracted titania formed a stable
suspension in“butanol. Thenass of extracted Mnr titania particles was varied in the
range of 0.3L.0 g. The mass ratio of HDPA:oxide was-0.3. The extraction efficiency
was above 95%.
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NaMnO, solution

' 1-Butanol HDPA

HDPA

1-Butanol

(d) (e)
Figure4.2 (a) NaMnQy solution, p) precpitation of MnQ after mixing of NaMnQ with
n-butanol, €) extraction of MnQto the nbutanol solvent after addition of HDPA solution
in n-butanol and mixing,d) asprecipitated titania in waterg) extraction of titania to the

n-butanol solvent afteaddition of HDPA solubn in nbutanol and mixing, red arrows
show the interface of water anebatanol.

Electron microscopy investigations were performed using a JEOL-7®MF scanning

electron microscope (SEM). -y diffraction (XRD) studies were perfoed using a
powderdi f r act omet er (Nicolet |2, monochromat.
the XRD and SEM studies were prepared using suspensions, shbiguaiie4.2b,d. The
suspensins were filtrated, washed with waterdaethanol and then dried in air for 72 h.

FTIR studies were performed on Bruker Vertex 70 spectrometer. For the preparation of
samples for the FTIR studies, the suspensions, shown incleigvere filtrated and the

obtained materials were dried in air. iEmic light scattering (DLS, DelsaMax Pro:

Beckman Coulter) was used for the particle size distribution analysis. The suspensions of
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particles in ARbutanol, separated from the aqueous phase, were diluted with dtrathel

particle distribution analysis.

The suspension of MWCNT inloutanol was added to Mr@®uspension in order to obtain

the MNnG: MWCNT mass ratio of 4:1. The organic suspension was separated from the
agueous phase, ultrasonicated and then the @olafiPVB binder in ethanol was added.
Obtained suspension was used for the fabrication of MA@WCNT electrodes by
impregnation of the Ni foam current collectors. The active mass loading of the electrodes

was 35.5 mg cm

Cyclic voltammetry andmpedance spectroscopy investigations weréopmed using a
potentiostat (PARSTAT 2273, Princeton Applied Research, USA). Capacitive behavior of
the electrodes was studied in thidectrode cells using 0.5 M BO; aqueous solutions.

The area of the woilkg electrode was 1 ¢nThe counter electrodeas a platinum gauze,

and the reference electrode was a standard calomel electrode (SCE). Cyclic voltammetry
(CV) studies were performed at scan rates -2 mV $. The integral capacitances
C=Q/ VSman@Q/ @vm wer e calcul ated using half
to obtain the charge Q, and subsequently dividing the charge Q by the width of the potential
window @V and el ect r o dhe alernating cuBentomreasaementsv e m
of camplex impedance Z*=4AZ" were performed in the frequency range of 10 mHz to 100

kHz at the amplitude of the signal of 5 mV. The complex differential capacitag@sC

iCs was calculatef@g] from the impedance data as<€Z'/ ¥ $Szahd G'=Z/ ¥ $SZ |

wher e frequénty). ( f

53



4.4 Results and discssion

The successful extraction of Mp@nd titania from water to-butanol was achieved using
HDPA as an advanced extractor. The polydentate bonding of the phosphonate groups of
HDPA to the metal atoms on thanicle surface allowed for stroraglsorption, which was
confirmed in several experiments, discussed below. After synthesis, the pdri@les
accumulated in the aqueous phdsgire4.2b) and precipitadd. Figure4.2b shows clear
supernatant 4butanol solvent without Mngparticles. However, the addition of HDPA
solution in nbutanol allowed for the bottaimip extraction ®MnO. particles from the
bottom aqueous phase to the togamic phase against the derof gravity Figure4.2c).

The titania particles showed a similar behaviéigQre 4.2e). Our approach is different
from the topdown strategh29], where gravitation force promoted transfer of destabilized
agglomerated particles from water to an organic liquid with higher density. The colloidal
stabilization of the pd#icles in the rFbutanol stvent indicated that adsorbed HDPA
provided asteric stabilizationThe extracted particles have also been analyzed by the FTIR
method.Figure4.3 compares the FTIR spectra of the extracted particles &tAHThe
absorptions in theange of 28068000 cm' in the spectra of Mngand titania particles are
attributed to stretching vibratisf80, 31] of CH. and (Hs groups of adsorbed HDPA. The
FTIR spectrum of pure HDPA showed similar absorptions. The adsorption6Sti#

in the pectra of particles and corresponding adsorption at 1474irrthe spectrum of
pure HDPA resulted from the deformationHCvibrationd31] of HDPA. The strong

adsorption of HDPA was critical for the extraction. The insolubility of HDPA in water is
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another importantactor, which was considered for the selection of this molecule as an

extractor.

Transmittance (a.u.)

3200 2800 2400 2000 1600 1200

Wavenumber (cm'l)

Figure4.3 FTIR spectra of (a) HDPA and of extracted materials: (b) Ma@l (c) titania.

The extraction mechanism involvéhe adsorption of HDPA on the particles at the interface

of the two immiscible liquids anglansfer of the inorganic partes to the fbutanol phase

by the adsorbed HDPA. In our investigatiorhutanol was used as a reducing agent for

the synthesis oMnOz and as a receiving liquid in the PELLI method. However, the
influence of the nature dhe receiving liquid and liquitiquid interface on the extraction
process is not well understood. It should be noted that the adsorption of organic molecules
on the particle surface is influenced by a soly8at33]. Other observations indicated that

the modification of wateoil mixturesby the sukoil phases was beneial for the particle
transfer through the interfg&. It is known that the surfactconcentration increases at

the liquidliquid interfacg¢29]. From this point of view the accumulation of HDPA at the
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interface was benefi@ for interaction with parties and their extraction. In many
investigations, the liquiiquid interface was used as a platform for the 2D assembly of
particles[34, 35]. It was found that the driving foe for particle accumulation at the
interface is the reduction of the interface surface gnbejween two liquid84, 36].
However, in our experiments, Ma@articles precipitated in the aqueous phd&sgufe
4.2b). The stirring and ultrasonication promoted their transfer to the Hegudl interface,
where HDPA molecules adsorbed on the particles. It is known that the adsorption of
surfactant moledas on the particle surface at the licliglid interfacg¢34] can result in
reduced interfacial energy. It is in this regard that teiguid interface provides unique
conditions, which facilitate various chemical react[@s 36, 37]. The modification of
particles at the liquidiquid interface with adsorbed HDPA promoted particle transfer from

water to Rbutanol in the PELLI method.

It is important to note that many PELLI@fations were limited by the use of relatively
dilute suspensiofi8, 10, 12]. In our investigation, the application of HDPA as an advanced
extractor allowed the use of suspensions of significantly higgrasentrations. Thigpical

particle concentration in the-butanol phase was 40 g L. The experimental results
presented below indicated that concentrated suspensions are beneficial for practical
applications for the fabrication of supercapacitorcietales by impregnan of current

collectors with an active material.

The MnQ and titania particles, synthesized in agueous phases showed poor colloidal
stability and precipitated immediately after stirring or ultrasonic agitation. In contrast, the

extracted particleshowed good colloidal stability in thebutanol phase. The good

56



dispersion of particles and suspension stability are critical for colloidal processing of oxide

materials and composi{&s].

The suspensions, shownRigure4.2b,dwere filtrated, washed in water, dried in air for 72

h and studied by XRIand SEM. The XRD patterng={gure4.4) showed that Mn@and

titania were mainly amorphous. However, small broad peaks of the birnessite phase were
observed in the XRD patteof MnG;. The peak broadening resulted from the smatigar

size. The formation of mainly amorphous Mn@ontaining a small amount of a birnessite
phase was also observed in other investigations, where Khla®reduced with different

alcohols, suchsaethandB9] or isopropang#q).

(a

Intensity (a.u.)

(b)
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Figure4.4 XRD patterns of (a) Mn&(Y-JCPDS file 871497) and (b) titania.

The SEM studiesHigure 4.5a) showed that Mn@ powder containedetatively small
particles with a typical size of Oglm and agglomerates. The size of the agglomerates was
in the range ©0.2-5 ¢ m. The SEM images of the titania powdErgure 4.5b) showed
relatively large agglomerates with igal size of 20¢ m. In contrast, the investigation
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of extracted particles by dynamic light scattering method showed that the average radius of
MnO; and titania particles was 90.6 and 188.1 nm, respecti¥agure4.6). The exracted

particles showed relatively small polydispersity indexes of 11.3 and 11.7% fos &haO

titania, respectively. Multiple testing experiments showed well repeatable results due to the
use of stable suspensiomis.contrast, the relispersion of drieghowders, shown in Fig. 5

in ethanol, resulted in unstable suspensions. The analysis of particles in such suspensions
by the dynamic light scattering method presented difficulties due to rapid sedimentation of
the paticles. The sedimentation resulted igrsficant variations of the measured particle

average sizes and the polydispersity indexes with time.

(a) (b)

Figure4.5 SEM images of (a) Mngand (b) titania, preparedadim suspensions, shown in
Figs. 2(b) an®(d), respectively, after filtration, washing with water, and drying in air for
72 h.
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Figure4.6 Particle size distributions for (a) Mr@nd (b) titania, extractedsing HDPA
and (c) SEM image of MnEMWCNT composite

The ability to transfer Mn®and titania particles to an organic solvent and avoid particle
agglomeration during the drying stage offers benefits for many applications, utilizing
advanced properties ofich materials. Of particular importantsethe application of the

PELLI method for the fabrication of advanced electrodes for electrochemical

supercapacitors. As a step in this direction, we investigatec ladcles, prepared using

the PELLI method.

The charge storage properties of Mraerelated to the redox reactiei]:
MnOz+ A*+€z Mn @A 4-1)

where A= Na', K", H". The use of Mn@as a charge storage material offers the
advantagg41-43] of high theoretical specific capacitance (1370H gand nearly ideal
capacitive behavior in a voltage window of ~0.9 V in mild aqueous electrolytes, such as
K>SOy or N&SQy. The Equation4-1) indicates that high electronic and ionic conductivities

of the eletrode material are important for the efficient chadgeharge behavior.
Conductive additives, such as MWCNT are usually added to NmOrder to improve

electronic conductivity. However, the specific capacitance of MWCNT is low. Therefore,
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the anount d MWCNT in the composite electrode must be optimized. An important task

is to avoid MnQ particle agglomeration and achieve good electrolyte access to the active
material. Good dispersion and mixing of Mpn@hd MWCNT is extremely important for

the dectroce performance. The ability to achieve high capacitance at high active mass
loadings is one of the challenges in the supercapacitor technology. Literature data indicates
that gravimetric capacitance decreased by one order of magnitude with anenmfreas
electrode mass due to poor utilization of the capacitive properties of[M#@7]. Another
important parameter is the ratio of active material mass toutient collector mass R
Relatively high specific capacitances were achieved in thin films with active mass of 0.005

2 mg cn?, deposited on foil substrafd§-48]. However, R, for such films is only $10°

to 53 10, Relatively small areal capacitance can be achieved assumhmass loadings.

The extracted Mn&formed stable concentrated suspensions, suitable for the impregnation
of Ni foam current caéctors and fabrication of the supercapacitor electrodes. MWCNT
were added to the suspensions with mass ratio of MWW@W/CNT=4:1. The PVB binder

was added in order achieve 3% mass content of PVB in the composite electrode. The
suspension was impregnatetbithe Ni foam. The total mass of the impregnated materials

after drying was 35.5 mg cfrand R, was 0.5.

Figure4.7ashows CVs at different scan rates for the composite MA@ CNT electrodes.

The nearly ideal box shape CVs andrease of current with increasing scan rate indicated
good capacitive behavior. The electrodes showed relatively high gravimetric capacitance
(Figure 4.7b) at high active mass loading (35.5 mg®9mwhich was comparable with

capadtance, achieved in literature at small mass loadings2®t cn¥)[46, 47, 49]. The
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highest capacitance.®f 144.5 F ¢ was obtained at a scan rate of 2 my $dowever,

due to the use of high active material loading we were able to achieve high areal capacitance
Csof 5.13 F cnt at a scan rate of 2 mV's At high scan rates we observed significant
improvement in capacitance retention, compared to the electrodes, prepared using
advanced calispersants for Mn@and MWCNT50]. The use of the PELLI method
allowed ~2 times higher £at 50 and 100 mV-%5 compared to €achieved athte same

scan rates at higher mass loadiitj of 40 mg cn¥.

0.15
— gL l‘.
010} __p 2
R il a 1120
£ 0.05 &£ AT -
@ Ve o0
< £ 2
T 000F [] & 2 80 —
= -~ g
@ L o
£-0.05} Q21
O 440
0.10 - 1
0.15— : : : - Py e A
0.0 0.2 0.4 0.6 0.8 1.0 0 20 40 60 80 100
(A) Potential (V) vs SCE (B) Scan rate (mV s71)

Figure4.7 (A) CVs at scan rates of (a) 2, (b) 10, and (c) 20s\(B) Csand G, calculated
from the C\& data at different scan rates.

The analysis of the impedance datg(re 4.8a) revealed good capacitive behavior, as
indicated by nearly 90%lope of the Nyquist plot. The electrodes showed an advantage of
low resistance R= Z'. The lo&" values resulted from high capacitance. The frequency
dependences of the components of complex capacitance, calculated from the impedance
data are presented figure4.8b,c. The real component of the differential capacitange C

at low frequencies was slightly lower than the integral capacitapael@v scan rates. It
should be noted that differential capacitan@s measured at significantly lower voltages

(5 mV). It was mentioned in the previous investigaf®l] that lower differential

61



capacitance can result from limited electrolyte access to some active sites of the capacitive
material at low voltages. It is important to note, that integral capaeitdepends of scan

rate, whereas théifferential capacitance is a function of frequency. The frequency
dependences of the components of differential capacitance showed a relaxation type
dispersion, as indicated by the reduction &f With frequency anda maximum in the
frequency dependenad Cs'. The relatively high relaxation frequency, corresponding to

the G maximum, indicates good capacitive behavior at high chdisyharge rates.
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Figure4.8 (a) Nyquist plot for complex impedance afrdquency dependences of (b C
and (c) G’ calculated from the impedance data for MADWCNT electrodes.

4.5 Conclusions

New PELLI method has been developed for the fabrication of stable Mn@ titania
suspensions im-butanol. The extraction efficiencgbove 95% was achieved from
concentrated suspensions using HDPA as an advanced extractor. The important factors for
the efficient extraction are water insolubility of HDPA and its strong adsorption on the
inorganic nanparticles, involving the polydentatending. The extraction mechanism was
based on the interaction of HDPA and the inorganic particles at the-liquid interface.

The problems, related to the particle agglomeration during the drying stage weralavoide
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in the PELLI method. The ability tnansfersynthestedparticles from water to the organic
solvent and obtain concentrated and stable suspensions allowed for the impregnation of Ni
foam current collectors using slurries of Mrsdd MWCNT, containing solution of water
insoluble PVBbinder. The reduced agglomeration and efficient mixing of Mau
MWCNT allowed for the fabrication of advanced electrodes with high active mass loading
and high active material to current collector mass ratio, which gsh@wed capacitive
performance ahlow impedance. The capacitance of 5.1 was achieved at a scan

rate of 2 mV 3. The electrodes prepared by the PELLI method are promising for energy
storage in electrochemical supercapacitors. The PELLI methodbeamsed for other
applicationswhich require agglomerafieee colloidal processing of oxide materials and

composites

4.6 References

[1] A. Otsuki, G. Dodbiba, A. Shibayama, J. Sadaki, G. Mei, and T. Fujita, "Separation
of rare eath fluorescent powders by twmuid flotation using organic solvents,”
Japanese Journal of Applied Physiesl. 47, p. 5093, 2008.

[2] L. P. Wang, Y. KanemitsuG. Dodbiba, T. Fujita, Y. Oya, and H. Yokoyama,
"Separation of ultrafine particles of alumiaad zircon by liquidliquid extraction
using kerosene as the organic phase and sodium dodecylsulfate (SDS) as the
surfactant collector for abrasive manufactunmaste recycling,'Separation and

Purification Technologyol. 108, pp. 13338, 2013.

63



[3]

[4]

[5]

[6]

[7]

[8]

[9]

W. Cheng and E. Wang, "Skependent phase transfer of gold nanoparticles from
water into toluene by tetraoctylammonium cations: a wholly electrostatic
interaction” The Journal of Physical Chemistry ®l. 108, pp. 246, 2004.

G. Zambrana, R. Medin&. Gutierrez, and R. Vargas, "Recovery of minus ten
micron cassiterite by liquitlquid extraction,”International Journal of Mineral
Processingyol. 1, pp. 338345, 1974.

B. Hu, Y. Nakahiro, and T. Wakamatsu, "The effect of organic solvents on the
recovery of fine mineral particles by liquidjuid extraction,'Minerals engineering,
vol. 6, pp. 731742, 1993.

N. Gaponik, D. V. Talapin, A. L. Rogach, Ayéhmdler, and H. Weller, "Efficient
phase transfer of luminescent tha@pped nanocrystalécom water to nonpolar
organic solvents,Nano Lettersyol. 2, pp. 803306, 2002.

H. Yao, O. Momozawa, T. Hamatani, and K. Kimura, "Phase transfer of gold
nanoparticles across a water/oil interface by stoichiometrigpain formation on
particle surhces, Bulletin of the Chemical Society of Japaal. 73, pp. 2672678,
2000.

J. Erler, S. Machunsky, P. Grimm,-Bl. Schmid, and U. A. Peuker, "Liquigyuid
phase transfer of magnetite nanopartiélevaluation of surfactants,Powder
technologyyol. 247, pp. 265269, 2013.

M. Karg, N. Schelero, C. Oppel, M. Gradzielski, T. Hellweg, and R. von Kilitzing,
"Versatile phase transfer of gold nanoparticlesrfraqueous media to different

organic media,Chemistry A European Journalol. 17, pp. 46481654, 2011.

64



[10]

[11]

[12]

[13]

[14]

[15]

[16]

A. Kumar, P. Mukherjee, A. Guha, S. Adyantaya, A. Mandale, R. Kugetaal,
"Amphoterization of colloidal gold particles by capping with valnelecules and
their phase transfer from water to toluene by electrostatic coordination ttjth fa
amine molecules,angmuir,vol. 16, pp. 9778783, 2000.

K. S. Mayya and F. Caruso, "Phase transfer of surfamdified gold nanopatrticles

by hydrophohiation with alkylamines,Langmuir,vol. 19, pp. 698%6993, 2003.

A. Kumar, H. Joshi, RPasricha, A. Mandale, and M. Sastry, "Phase transfer of
silver nanoparticles from aqueous to organic solutions using fatty amine
molecules,"Journal of Colloid ad Interface Sciencepl. 264, pp. 396101, 2003.

S. Underwood and P. Mulvaney, "Effectie solution refractive index on the color

of gold colloids,"Langmuir,vol. 10, pp. 34273430, 1994.

X. Feng, H. Ma, S. Huang, W. Pan, X. Zhang, F. T&ral, "AgueousT
phasetransfer of highly stable gold, silver, and platinum nanogasiand new
route for fabrication of gold Nanofilms at the oil/water Interface and on solid
supports,"The Journal of Physical Chemistry &l. 110, pp. 1231-12317,2006.

T. Casagrande, G. Lawson, H. Li, J. Wei, A. Adronov, and |. Zhitomirsky,
"Electrodeposition of composite materials containing functionalized carbon
nanotubes,Materials Chemistry and Physioml. 111, pp. 4249, 2008.

Y. Su and |. Aitomirsky, "Hybrid MnQ/carbon nanotub®N/carbon nanotube

supercapacitors,Journal of Power Sourcespl. 267, pp. 23242, 2014.

65



[17]

[18]

[19]

[20]

[21]

[22]

S. P. Pujari, L. Scheres, A. T. Marcelis, and H. Zuilhof, "Covalent surface
modification of oxide surfacesRhgewandt Chere International Editionyol. 53,

pp. 63226356, 2014.

R. Boissezon, J. Muller, V. Beaugeard, S. Monge, and. JRobin,
"Organophosphonates as anchoring agents onto metal-loasgel materials:
synthesis and application$¥sc Advancesol. 4, pp.3569035707, 2014.

B. KalskaSzost ko, M. Rogowska, and D.
functionalization of magnetite nanoparticlesColloids and Surfaces B:
Biointerfacesyol. 111, pp. 65662, 2013.

F. Li, H. Zhong, G. Zhao, S. Wang, ai. Liu, " A éhgdooxypctyli o n
phosphonic a@d to ilmenite/water interface and its application in flotation,"
Colloids and Surfaces A: Physicochemical and Engineering Aspett<l90, pp.
67-73, 2016.

C. S. Pauly, AC. Genix, J. G. AlauzumMl. Sztucki, J. Oberdissand P. H. Mutin,
"Surface modification of alumineoated silica nanopatrticles in agueous sols with
phosphonic acids and impact on nanopatrticle interactid?tsySical Chemistry
Chemical Physicsjol. 17, pp. 191739182, 2015.

G. Thomas, F. Demoisspd. Boudon, and N. Millot, "Efficient functionalization of
magnetite nanoparticles with phosphonate using a-stage continuous

hydrothermal processPalton Transactionsyol. 45, pp. 1082110829, 2016.

66

of



[23]

[24]

[25]

[26]

[27]

[28]

[29]

[30]

P. Kar, A. Pandey, Jl. Greer, and K. ShankdiUltrahigh sensitivity assays for
human cardiac troponin | using Ti@anotube arrays]“ab on a Chipyol. 12, pp.
821-828, 2012.

M. Ata, Y. Liu, and I. Zhitomirsky, "A review of new methods of surface chemical
modification, dispersion and elecpboretic deposition of metal oxide particles,"”
Rsc Advancesiol. 4, pp. 227182732, 2014.

V. Subramanian, H. Zhu, and B. Wei, "Alcokadsisted room temperature synthesis
of different nanostructured manganese oxides andr tphseudocapacitance
propeties in neutral electrolyte Chemical Physics Lettergol. 453, pp. 24249,
2008.

M. Cheong and I. Zhitomirsky, "Electrophoretic deposition of manganese oxide
films," Surface Engineeringiol. 25, pp. 346352, 2009.

J. Li and I. Zhitomirsky, "Electrophoretic deposition of manganese oxide
nanofibers,'Materials Chemistry and Physioml. 112, pp. 52530, 2008.

P. Taberna, P. Simon, andRl. Fauvarque, "Electrochemical characteristics and
impedance spectrogpy studies of carbecarbon spercapacitors,Journal of The
Electrochemical Societypl. 150, pp. A292A300, 2003.

S. Machunsky and U. A. Peuker, "Ligtiiduid interfacial transport of
nanoparticles,Physical separation in science and enginegrol. 2007, 2007.
E.SDgunuzovil, J. V. Dgunuzovi FGi nic.ovD.l ,Mze

K. B. Jeremil, and J. M. Nedeljkovil,

67



nanoparticles by gallates on the properties of PMMA#Ti@nocomposites,”
European Polymer Journalol. 48,pp. 13851393, 2012.

[31] M. Giza, P. Thissen, and G. Grundmeier, "Adsorption kinetics of organophosphonic
acids on plasmanodified oxidecovered aluminum surfaced,angmuir,vol. 24,
pp. 86888694, 2008.

[32] I. Zhitomirsky and A. Petric, "Electrophoretdeposition of ceramic materials for
fuel cell applications,Journal of the European Ceramic Societyi. 20, pp. 2055
2061, 2000.

[33] I. Zhitomirsky and A. Petric, "Electrophoretic deposition of electroiyierials
for solid oxide fuel cells,Joumal of materials scienceol. 39, pp. 82831, 2004.

[34] A. Toor, T. Feng, and T. P. Russell, "Saffsembly of nanomaterials at fluid
interfaces,"The European Physical Journal ¥gl. 39, p. 57, 2016.

[35] D.M. Andala, S. H. R. Shin, HY. Lee, and KJ. Bishop, "Templated synthesis of
amphiphilic nanoparticles at the ligilicquid interface,"ACS nanoyol. 6, pp.
10441050, 2012.

[36] W. P. Lee, H. Chen, R. Dryfe, and Y. Ding, "Kinetics of nanoparticlenggi$ by
liquidi liquid interfacial reactiori, Colloids and Surfaces A: Physicochemical and
Engineering Aspectspl. 343, pp. 37, 2009.

[37] X. Liang, L. Xing, J. Xiang, F. Zhang, J. Jiao, L. Cetial, "The role of the liquid
liquid interface in the gythesis of nonequilibrium crystalline WuriziZnS at room

temperature,Crystal Growth & Designyol. 12, pp. 11731179, 2012.

68



[38]

[39]

[40]

[41]

[42]

[43]

[44]

Y. Li, K. Wu, and I. Zhitomirsky, "Electrodeposition of composite zinc okide
chitosan films," Colloids and Surfaces A: Phgschemical and Engineering
Aspectsyol. 355, pp. 6370, 2010.

J. Liand I. Zhitomirsky, "Cathodic electrophoretic deposition of manganese dioxide
films," Colloids and Surfaces A: Physicochemical and Engineering Aspexdts,
348, pp. 24853, 2009.

G. M. Jacob, Q. M. Yang, and |. Zhitarsky, "Electrodes for electrochemical
supercapacitorsMaterials and Manufacturing Processes). 24, pp. 1359364,
2009.

S. Devaraj and N. Munichandraiah, "High capacitance of electrodeposited MnO
by the effect of a surfaeactive agent,'Electrachemical and Solibtate Letters,

vol. 8, pp. A373A377, 2005.

L. Athoué F. Moser, R. Dugas, O. Crosnier, D. Béanger, and T. Brousse,
"Variation of the MnQ birnessite structure upon charge/discharge m a
electrochemical supercapacitor electrodeagueous Ng&Qw electrolyte,” The
Journal of Physical Chemistry @ol. 112, pp. 7274277, 2008.

D. Béanger, L. Brousse, and J. W. Long, "Manganese oxides: battery materials
make the leap to electrochemlicapacitors,The Electrochemical Socidtyterface,

vol. 17, p. 49, 2008.

R. Jiang, T. Huang, Y. Tang, J. Liu, L. Xue, J. Zhyaetal, "Factors influencing
MnO./multi-walled carbon nanotubes composite's electrochemical performance as

supercapator electrode,Electrochimica actayol. 54, pp. 71737179, 2009.

69



[45] M. Toupin, T. Brousse, and D. Béanger, "Charge storage mechanism o MnO
electrode used in aqueous electrochemical capaditbemistry of Materialsyol.
16, pp. 31843190, 2004.

[46] K.-W. Nam and KB. Kim, "Manganese oxiddilm electrodes prepared by
electrostatic spray deposition for electrochemical capacit@@itnal of the
Electrochemical Societypl. 153, pp. A81A88, 2006.

[47] H. Xia and C. Huo, "Electrochemical propestief MNQ/CNT nanocomposite in
neutral aqueas electrolyte as cathode material for asymmetric supercapacitors,”
International Journal of Smart and Nano Materials). 2, pp. 28291, 2011.

[48] G. M. Jacob and I. Zhitomirsky, "Microstructure and propsrid manganese
dioxide films prepared by aetrodeposition,’Applied Surface Scienoel. 254, pp.
66716676, 2008.

[49] J.Liand l. Zhitomirsky, "Electrophoretic deposition of manganese dibcétbon
nanotube compositesJournal of Materials ProcessinTechnologyyol. 209, pp.
34523459, 2009.

[50] Y. Wang, Y. Liu, and I. Zhitomirsky, "Surface modification of Mn@nd carbon
nanotubes using organic dyes for nanotechnology of electrochemical
supercapacitors,Journal of Materials Chemistry Apl. 1,pp. 1251912526, 2013.

[51] Y. Zhu, K. Shi,ard 1. Zhitomirsky, "Anionic dopaiitdispersants for synthesis of
polypyrrole coated carbon nanotubes and fabrication of supercapacitor electrodes
with high active mass loadingJournal of Materials Chemistry Ajol. 2, pp.

1466614673, 2014.

70



5 Bottom-up and top-down PELLI of oxide particles
and electrophoretic deposition of thin films
This chapteris reproducedrom Strategies for liquidiquid extraction of oxide particles

for applications in supercapacitor electrodes and thin fjl#@9, 18, 2017 Joumal of

Colloid and Interface Scienc®i Chen Mustafa S. Ata, Xinya Zha#émanda Clifford,

Ishwar K. Puri and Igor Zhitomirskttps://doi.org/10.1016/}.jcis.2017.03.09Copyright
2019, with permissiorfrom Elsevier The author of thighesisis the fir st authorandthe

main contributorof this publication

5.1 Abstract

Bottomup and topdown liquidliquid extraction methods have been developed for the
transfer of colloidal metal>ade particles, synthesized in an aqueous phase, to organic
phases. In such rti®ds the agglomeration of the particles during the drying stage was
avoided. Hexadecylamine was used as an extractor for.Maficles in the bottorup
extraction to the -butanol phase and tegown extraction to the dichloromethane phase.
The reductionof particle agglomeration facilitated the fabrication of Mrgarbon
nanotube composite electrodes for electrochemical supercapacitors with enhanced mixing
of the individual compnents and active mass as high as 35 mif.dlectrochemical
testing results showed superior performance of the composite-bar@on nanotube
electrodes, prepared by the bottomstrategy. The new strategies allowed the fabrication
of advancealectrodes, which showed a capacitance of 5.48'F ana scan rate of 2 mV

s! good capacitance retention at high scan rates and low resistance. In another
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conceptually new bottorap strategy colloidal titania particles were modified during
synthesis wh 2,3,4trihydroxybenzaldehyde, which allowed st catecholatéype
bonding to the Ti atoms on the particle surface. The Schiff base reaction with
hexadecylamine at the liqulajuid interface allowed for particle extraction. The extraction
strategies eveloped in this investigation pave the way forlagratefree processing of

advanced films, coatings and devices by colloidal methods.

5.2 Introduction

Colloidal processing in organic solvents is widely used for the fabrication of meisture
stable compositBims, coatings and devices, combining functionapgerties of inorganic

and organic materials. Typical slurry formulations for the fabrication methods usually
include inorganic particles, dispersed in organic solvents, which contain dissolved
polymers ad other functional organic materifl$that are insoluble in water. Various ron
agueous colloidal techniques, such as spin c44tiap spray deposibin[3], dip coating4],
electrophoretic depositigfb]and other techniqugd have been used to manufacture thin
films and coatings. Organic solvents offer processing advantages for many colloidal
methods, such as electrophoretic depodifipand tape castiff]. The use of organic
solvents for electrophoretic deposition allows for reduced gas evolution aetteoeés

and low porosity of the films and coatif§s Nonaqueous slurries offer many advantages
for the tape casig technolog|g] due to the superior properties of the polymer binders,
which are soluble in organic sols, as compared to water soluble binders. The use of

organic solvents is criticabf the development of electrodes of aqueous supercapacitors
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[10, 11], batteriegl2], biomedicalscaffold$13] and other devices that contain water

insoluble functional polymers or polymer binders.

Many techniques for the synthesis aefnsconductor quantum dots and particles of metals,
oxides, hydroxides and other functional inorganic materials are based on aqueous
processing. Following synthesis, washing and drying, these particles mustiispersed

in an organic solvent. However etdrying can result in particle agglomeration, which is
detrimental for many applications. Particle agglomeration is governed by the reduction in
particle surface area and condensation of the surface OH groups. The drying procedure and
particle agglomeratn can be avoided by extracting the particles from an aqueous phase to
an organic phase. Particle extraction through the litigidd interface (PELLI) is a
promising method for the colloidal processing of materials and composites. Previous
investigationssuccessfully extracted metgld, 15 and quantum dof&6] through the
interfacelying between two immiscible liquids. Various interactions of argaxtractor
molecules and inorganic particles have been explored for the extraction, such as
electrostatifl4], covalentl7, 18] and ionpaif15] interactions. Different organic solvents

have been used for the particle extradtioh Gold nanoparticles were extracted from an
underneath aqueous phase into top lower density organic liquids such as toluene, hexane
and diethyl eth¢d7]. In the case of chloroform solvent, which has highersiigrihan

water, the extraction was performed from the top aqupbase into the bottom organic
phas¢l?]. The extraction efficiency was enhanced by includinga@eent$16, 19]. In

another approa¢BQ], the extraction was triggered by a temperature increase from the room

temperature to 80 €, which resulted inettreduction of the solubility of the polymer
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extractor in an aqueous phase and transfer of the adsorbed particles to an organic phase.
The extaction efficiency of gold nanoparticles has been found to be influenced by the alkyl
chain length of the extraatanoleculegl?]. Larger particles required longer extractor
molecules for the phase trangfief]. There is increasing interest in new applications of the
PELLI method for photoelectronic and optoelectronicicked 16], separation of ra earth
fluorescent powdef81] and magnetic devicg&?]. It has been found that the adsorption of

the extractor molecules on particles at the ligigdid interface can provide pé&t de

agglomeration of the particles, synthesized in an aqueous|pBase

Previous investigations have primarily focused on the use of very dilute suspensions of
metal nanogrticles. Thus, an important task is the development of efficient extractors for
the particles of functional oxides in concentrated suspensidowever, the major
difficulty in particle extraction is poor adsorption of the extractor molecules on the oxide

particles.

The goal of this investigation was the development of PELLI strategies for the extraction
of oxide materials. Mn@and titania, whsh exhibit a variety of functional properties, were
used as model oxide materials for this study. Bottgumand op-down stréegies were
explored for the extraction of MnQusing a thexadecylamine (N4R'Y as an extractor
molecule. The benefits of tiRELLI method were demonstrated using the extractedMnO
particles to fabricate electrodes of electrochemical supercapacitod) shiwed high
areal capacitance and good capacitance retention at high -cliscbarge rates.
Electrochemical testing resulterrelated with particle size measurements and revealed the

advantages of bottomp extraction. Due to the poor adsorption of RMbn titania, we
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developed another extraction strategy. The titania pastislere modified irsitu by a
catecholate type 2,8trihydroxybenzaldehydeRMNEHO) molecule in the aqueous phase,
which allowed for strong bonding to the titania surface. The Schiff base reacti#Nof
CHO, adsorbed on the particle surface ancbRIEdissolved in the organic phase allowed
for the ligud-liquid extraction. The advantages of this method were demonstrated by the
fabrication of composite films. The PELLI strategiesre applied to suspensions of

relatively high concentrations and can be useaxtraction of other functional oxides.

5.3 Experimental procedures

NaMnQs;, TiOSQ, NaOH, NaSQ, 1-hexadecylamine (N#RY, 2,34
trinydroxybenzaldehydeRNEHO), poly(vinyl butyratco-vinyl alcohoklco-vinyl acetate)

(PVB, average Mw = 50,00080,000), 1butanol, dichloromethane, (Aldrich) and

multiwalled carbon nanotubeMWCNT, ID 4 nm, OD 13 nm, lengthi2 & m, Bayer
Gemany) were used. Ni foams with 95% porosity werevigted by Vale Limited. Ni

foams were cleaned by ultrasonication in water, acetone and finally in ethanol.

The synthesis of Mngparticles was performed by a chemical precipitation method using
agueous NaMO; solutions and -butanol as a reducing agent. The reduction of Mmas
achieved at the liquitiquid interface, becauselutanol is a water immiscible solvent. The
addition of Xbutanol to the aqueous NaMn®olution and stirring during 1 h resulted i

the precipitation of Mn@in an aqueous phase. After stirring, phase separation of the
agueous phase anebitanol was observed. The synthesis of titania was performed using

agueous TiOS@solutions. The pH of the solutions was adjusted to pH = 6 by NaOH
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In the bottoraup extractbn strategy dbutanol was used as a receiving solvent, which has
lower density, compared to the density of water. Dichloromethane, which has a higher
density than the water density, was used for thedtiypn extraction. The conogation of
particles in tle extracted suspensions was 15 g L', The mass ratio of NyRYoxide

particles andRNYHO /oxide particles was 0i.3.

For the fabrication of supercapacitor electrodes, the suspensions of extractethMnO
butanol or dichromethane were separatedm the aqueous phase and then MWCNT
were added. After ultrasonication of the mixed suspensions, the solution of PVB binder in
ethanol was added. The mass ratio of MMWCNT:PVB was 80:20:3. Obtained
suspensions were used to riabte MnQ-MWCNT supercapeitor electrodes by
impregnating thé&i foam current collectors. The active mass loading of the electrodes was
35 mg cn?. Titania suspensions indutanol obtained by liquitiquid extraction were
mixed with 2 g ! PVB solution in tbutanol for the depd@son of coatings on stainless

steel foils by dip coating methf®B, 24].

Electron microscopy investigations were performed using a JEOL-7®NIF scanning

electron microsope (SEM). Xray diffraction (XRD) studies were performed using a

powder diffractometer (Nicolet 12, monochromatized R U r adi ati on) . FTI R
performed on Bruker Vertex 70 spectrometer. Dynamic light scattering (DLS, DelsaMax

Pro: Beckman Coultg was used for the particle size distribution analysis.

Cyclic voltammetry and impedance spectroscopy investigati@me performed using a

potentiostat (PARSTAT 2273, Princeton Applied Research, USA). The capacitive behavior
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of the electrodes was studiexdthreeelectrode cells using 0.5 M b&Q; aqueous solutions.

The area of the working electrode was Pcfime counteelectrode was a platinum gauze,

and the reference electrode was a standard calomel electrode (SCE). Cyclic voltammetry
(CV) studies were performed at scan ratesidfo® mV $!. The integral capacitances C

= Q/ pV:=a®RQd p€m wer e calculated using half
to obtain the charge Q, and subsequently dividing the charge Q by the width of tlimjpote

wi ndow @V and el ect sm dhe al@rnatireg cuBenonmeasarameritsv e m
of compkx impedance Z= ZYi iZ"were performed in the frequency range of 10 mHz to

100 kHz at the amplitude of the signal of 5 mV. The complex differential capaeits”

= GV iCs"was calculatd[ 25, 26] from the impedancdata as €% Z"¥|ZFS and Q=

ZY¥x¢|ZPS, wherer = 2 f (f-frequency).

5.4 Results and discussion

MnO:z and titania, precipitated in the aqueous phases were washed with water, filtrated and
dried. X-ray diffraction studies of the Mn(howder showedHRigure5.1) relatively snall

peaks of the birnessite phase. The formation of poorly crystallized: Min@ssite phase

by precipitation was also reported in other investigaf@rfs However, the material also

contained an amorphous phase. Therasipitated titania was amorphaisgure4.4b).
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Figure5.1 X-ray diffraction pattern of manganese dioxitte-(JCPDS file 871497).

Figure5.2 shows SEM images of the Ma@nd titania powders after drying. The MnO
powders contained submicron particles and large agglomerates with a tigeoal & 5
pm. The SEM images of titania showed a large numbagglomerates with a typical size

of 10 100 pm.
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Figure5.2 SEM images of (A) manganese dioxide and (B) titania powders.

With a desire to redie agglomeration, we developed extraction methods (EM) foraMnO
and titania. In this investigatiortdutanol was used as a reducing agent for the synthesis of
MnO,. After the synthesis, a twjphase mixture was obtained, which contaiivetD, in

the bottom gueous phase, separated from tHaufianol top phasd-igure5.3A shows a
chemical structure of NHRY which was used as an extractor. JRMs a typical headail

surfactant, containing a hydrophilic Ngroup and a hydrophobic hyatarban group.

Figure5.4A shows a schematic of the bottarp EM1. The particles, precipitated in the
agueous phasé&igure5.4A(a)) were extracted to theldutanol phase after the addition of
NH2RY It is suggested that similar to other het@il surfactants, NbRMaccumulated at the
liquid-liquid interface with hydropilic groups exposed to water and hydrophobic tail
extended out of the water phase into tHmuffanol phase. The accumulation and orientation
of the NH:RYmolecules at the liquitiquid interface promoted their adsorption on the
inorganic particles and esiction Figure5.4 A (b and c)). Fig. 3B shows the possible
mechanisms of the NiRN adsorption, such as chemisorp{iag] (Figure5.3B(a)) or an

electrestatic interaction, involving surface OH gro{@9 (Figure5.3B(b)). Fig 4B shows
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MnO- suspension before and after exti@t. Practically all Mn@ material was extracted

to the Xbutanol phase. The results indicate that EM1 allows for the use of relatively
concetrated suspensions. In this bottap method the particles wetensferred to the

top lbutanol phase againstetHforce of gravity. The stirring and ultrasonic agitation

promoted interaction of NfRWith the particles and facilitated the phase transfer.
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Figure5.3 (A) Chemical structure of N#RN (B) adsorption mechanisms of MRNon oxide
surface: (a) chemisorption and (b) electrostatic interagtimwolving surface OH groups
(C) Schiff base reaction o ¥HO and NHRY (D) chemical structure of REHO, (EG)
schematics of the Schiff base reantifor RIEHO, adsorbed on particle surface by
different mechanism: (E) chelation, (F) bridging insphere complex and (E) bridging
outer sphere complex.
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NH,R’

1-Butanol

Figure5.4 (A) Schematic of (a) precipitation anlifferent steps in extraction in EM1, (B)
manganese dioxide suspension (a) before and (b) aftaceair.

Figure5.5A shows a schematic of the topwn EM2 process. Prior to the extraction, the
agueous phase was separated from thetdnol phase and then dichloromethane was
added. The top aqueous phase, @omtg MnQ, and baiom dichloromethane phases
showed aseparation Kigure 5.5A(a) and B(a)). The Mn@particles remained in the
aqueous phase. After addition of PRY sdution in dichloromethane to the
dichloromethane phase the extraction of Mn&as achieved. The accumulation and
orientation of the NpbRNmolecules at the liquidiquid interface and sedimentation of the
MnO: in the aqueous phase under the force of grgwvdynoted surface modification of the

MnO:; particles and their extraction to théditanol phase. However, stirring and ultrasonic
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agitation accelerated the extraction process. The AMp@rticles were practically

completely extracted to the dichloromethaoé/ent Figure5.5A and B).

A a C

NH,R’

Dichloromethane

Figure5.5 (A) Schematic of (a) precipitation agiol,c)different steps iextraction in EM2,
(B) manganese dioxide suspension (a) before and (b) after extraction

The suggested extraction mechanism was confirmed by the resultsFaflIRestudies of

the extracted material&igure5.6(a c) compares the FTIR spectra ofraseived NHRN

and extracted Mn@ particles. The FTIR spectrum of NRN(Figure 5.6(a)) shows
absorptios at 2851, 291@nd 2955 cit, which resulted from the CGHsymmetric
stretching, CH asymmetric stretching and Gldut-of-plane stretching, respectivEbp,

31]. Similar absorptions were observed in the spectra of \ya@icles, extracted by EM1
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and EM2 (Figure5.6(b and c)). Therefore, the results of FTIR studies confirmed thaRNH

was adsorbed on the Ma@articles. Thedsorbed NERMllowed for particle extraction.

Transmittance (a.u.)

3200 3000 2800 2600

Wavenumber (cm")

Figureb5.6 FTIR spectra of (a) a®ceived NHRMand (bd) particles, extracted by methods
(a) EM1, (b) EM2 and (M3

The analysis of extracted powders inrraqueous suspensions by the dynamic light
scattering metbd (Figure5.7A and B) showed smaller size of the particles, prepared by
EM1. The radius of the particles extracted in EM1 was igdéigebelow 100 nm. The
suspensions, ppaed using EM2, contained many particles with radii in the' 160 nm

range. As discussed above, the particle extraction in the EM1 is achieved against the force
of gravity. Therefore, EM1 favors the extraction ofadler particles. As also pointed out

abowe, the adsorption of extractor molecules on particles at the diquiid interface can
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provide partial particle dagglomeratiof22]. These particles can be extracted to the top
organic phase. In contrast, during the EM2 process, the force of gravity facilitates the
penetréion of the liquidliquid interface bythelarger particles. However, for both methods

the size of the extracted particles was significantly lower, as compared to the size of the

dried agglomerates, shownHigure5.2A.

The reducedagglomeration of the Mnparticles is beeficial for applications in the
electrodes of electrochemical supercapacitors. Theaggifomerated particles provide
larger surface area for the electrochemical charge storage reactions. However, it is
importantto note that BET surfaceea usually doesot correlatg32-35] with capacitance,

because very small pores can become inaccessible to the electrolyte.
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Figure 5.7 Particles size distributions for (a) manganese dioxide particles, extracted by

EM1, (b) manganese dioxide particles, extracted by EM2, (c) titania particles, extracted
by EM3.

Figure5.8(A and B) shows CVs for the MEMWCNT electrodes, prepared using EM1
and EM2. The reduction of particle agglomeration was beneficial for fabricating electrodes
that had an active mass as high as 35 nid.cfhe electrodes, prepared using EM1 showed

larger CV areas, compared to the electrodes, prepared using EM2. The larger CV area
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indicated higher capacitance. The CVs for electrodes, prepared using EM1 were of nearly
ideal box shapeHigure 5.8A). The capacitances were calculated from the CV data at
different scan rate$-{gure5.8C). The etctrodes, prepared using EM1 showed capacitance
of 5.48 F crh? (152.5 F ¢') at a scan rate of 2 mV'sand capacitancestention of 38.3%

at 100 mV &' The obtained capacitance was significantly higher than that reported in the
literaturd36] The electrodes, prepared using EM2, showed a capacitance ¢ 6ril3

(141.8 F §') and capacitance retention of 21.4% at 100 ht\VFg. 8C indicates that EM1
allowed for superior capacitive perfoance at scan rates above 20 rmVBhe capacitance

of 2.1 F cm?, obtained at 100 mV' $and mass loading of 35 mg thwas two times
higher, compared to the capacitgi3#® obtained athe same scan rate at mass loading of
40 mg cm? by the method, based on the use ofl@persants for Mngand MWCNT. It

is suggested that the reduced agglomeration of the particles allowed for improved mixing
of MnO, and MWCNT, which resulted in bettelectrolyte access to the Ma8urface and

improved electronic conductivity, which led to enhancegacitane.
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Figure 5.8 (A,B) CVs for manganese dioxiddWCNT electrodes, prepared using (A)
EM1 and (B) B2 at scan rates of (a) 2, (b) 10 and (c) 20 gy (C) Gs and G, for
manganese dioxidelWCNT electrodes, igpared using (a) EM1 and (b) EM2.
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The analysis of the impedance datag(re5.9A), presented in the Nyquist plot showed

lower resistance R =Nbf the electrode, prepatedby EM1. Analysis of the differential

capacitances, calculated from the impedance data showed a relaxation type dj§8krsion

as indicated by the reduction of the real paM€capacitancerigure5.9B) with frequency

and relaxation maxima{gure5.9C) in the frequency dependences of the imaginaNNC

components. The relaxation frequencies, corresponding to d¥i&xima wee 63 and 40

Hz for electrodes, prepared using EM1 and EM2, respectively. The higher relaxation
frequency for the electrodes, prepared by EM1 indicates better capacitive performance at
high chargedischarge rates, which is in agreement with the CV data. ififproved

capacitive performance of the electrodes prepared using EM1 correlates with smaller size

of the extracted particles. However, EM1 did not permit titania extraction due to poo

adsorption of NERNon the titania particles. This prein was addressed in EM3 by the

chemical modification of titania prior to its extraction.
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Figure5.9 (A) Nyquist plot of complex impedancé,C) frequency dependences (B)
Cdand (C) GNifbr manganese dioxidg!WCNT electrodes, prepared using (a) EM1 and

(b) EM2.
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In EM3 we used NERNas an extractor for titania particles, which were modified Rt
CHO. Using this strategyRNYHO was added to the TiOS@®olutionsprior to the titania
precipitation. The addition of the alkali resulted in the formation of a-datlsuspension,
contining titania particles with adsorb&¥8HO (Figure5.10A(a) and B(a)). The Schiff
base reactionHigure5.3C) at the liquidliquid interface linked the extractoratecules to
the modified particles and allowed for the extractiéigre 5.10A(b) and B(b)). The

extracted particles had a red color.

A a

NH,R'

1-Butanol

Figure5.10 (A) Schematic of (a) precipitation in the presence ¥{RIO, involving RN
CHO adsorption on particles (b) particle extraction in EM3, involving Schiff base reaction
at the liquidliquid interface, (B) titania suspension (@fore and (b) after extraction

Figure5.3D shows the chemal structure oRNEHO. It contains an aldehyde group, which
allows for the chemical bonding of this molecule to the amino group of thBWkiractor

in the Schiff base redion. The OH groups, which bonded to the aromatic ring allowed for
adsorption 5RNNCHO on the titania surface. It is important to note that molecules with
similar structure, such as catecholates and gallates, containing phenolic OH groups bonded

to adjaent cabon atoms of the aromatic rings, exhibit unique adsorption propérties.

87



interest in catecholate and gallate adhesives resulted from the fundamental investigations
[39-41] of mechanisms of strong mussel adhesion to different siacseawater, which
involved protein macromolecules, containing catecholic amino acid3,4L
dihydroxyphenylalanine. Further investigations of catecholates and gallates resulted in the
developmat of advanced capping and dispersing adéfisfor the synthesis and

dispersion of inorganic nanoparticl€sgure5.3(E G) illustrates Schiff base reactiofts

different adsorption mechanisms ofifHO, involving chelation, inner sphere and outer
sphere bonding mechanisms, suggested i literature for the catecholatype

bonding42).

It is important to note that titania particles, prepared witfRMHO showed poor
colloidal stability. The addition ®RMEHO allowed for the formation of stable suspensions.
This is not surprising, because various catecholates and gallates were used as efficient
dispersing and capping agents for inorgauadicle$42]. The color change from white to
red resulted from the adsorptionRMEHO on the particle surface. A similaolor change
was observed for the colloidal titania particles, modified with catechpd&et3]. The
improved colloidal stability of the titania particles, as wslbacumulation and orientation

of NH.RMN4t the liquidliquid interface, was beneficial for the modification of the particles
with the extractor molecules in thelit base reaction and extraction. The results of the
FTIR studies confirmed the suggested extraction mechanism. The FTIR spé@egune
5.6(d)) of the extracted titania particles showed absorption at 2849, 2918 and 2955 cm
attributed to CH symmetric stetching, CH asymmetric stretching and Gldut-of-plane
stretching. Similar absorptions were observetthé spectrum of pure NRNFigure5.6(a)).
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The radii of the particles, extriad by EM3 were below 100 nrigure5.7C). The sizes
of the extracted particles were significantly smaller than the sizeseadigblomerates
shown inFigure 5.2B. The SEM images of the composite titaR¥B films showed a
smooth morphology, without agglomeratésg(re 5.11). The ability to avoid particle
agglomeration can also bereficial for the deposition of other oxide materials by various
colloidal techniques. EML1 offers the advantage of a simplestageextraction, but EM3
alows the particleso be modified during synthesis. In this appro&¥8IHO and other

molecules can potentially reduce the particle growth during synthesis.

10pm

Figure5.11 SEM image of a titanid?VB film.

5.5 Conclusions

Advanced extractors and PELLI strategies, developed inmhésiigation allowed for the
extraction of MnQ@ and titania particles, which were synthesized in aqueous phases, into
organic phases. Thus particle agglomeration during the drying stage caoidedain
contrast to previous investigatigad, 18, 44] focused on the use of dilute suspensions,

these finding open practical PELLIplications for concentrated suspensions of oxide
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particles. New PELLI strategies allowed the reduction of particle size, enhanced co
dispersion and mixing of Mn&oand MWCNT. The important outcome of this study was
the fabrication bsupercapacitor electres with active mass loading as high as 35 nig,cm
which showed excellent electrochemical performance. The batpm®&M1 produced
smaller particle sizes, compared to the-dogpvn EM2. As a result, the MpEMWCNT
electrodes, prepared by EM1 showed an impdocapacitive behavior. The electrodes
showed aapacitance of 5.48 F ¢t a scan rate of 2 mVsgood capatance retention

at high scan rates and low resistance. In another conceptually new -ogttsirategy,
colloidal titania particles were mo@ifl during synthesis witRN®8HO, which has sbing
catecholatdype bonding to the Ti atoms on the particle swgfdthe Schiff base reaction
with hexadecylamine at the liquldjuid interface allowed for particle extraction. This
strategy can potentiallyeduce particle growth during synthesis andraett smaller
particles. Further development of PELLI techniques will facilitate the colloidal processing
of advanced nanomaterials and nanocomposites for application in energy storage devices

and films with @hanced performance.
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6 Effect of extractors and active massloading on the
electrochemicalperformance of electrochemical
capacitors

This chager is reproducedrom MnO;-carbon nanotube electrodes for supercapacitors

with high active mass loadings, 164(9), A18YB57, 2017 Journal of Electrochemical

Society Ri Chen Ryan Poon, Rakesh P. Saklshwar K. Puri and Igor Zhitoimsky, doi:

10.11492.1491707jesCopyright 208, with permissiorirom ECS-- The Electrochemical
Society The author of thighesisis the first author and the main contributor of this

publication

6.1 Abstract

MnOz-carbon nanotube electrodes with hagtiive mass loadings feupercapacitors have
been fabricated with the goal of achieving a high area normalized capacitance, low
impedance and enhanced capacitance retention at high chiscgarge rates. Interface
synthesis and liquitlquid extraction ®MnO; particles producedon-agglomerated Mn®
particles which allowed the fabrication of electrodes with good dispersion of carbon
nanotubes in the MnOmatrix. This strategy was used to fabricate electrodes with active
mass loadings in the range ofi 30 mg cm? and mass ratiosf active material to the nickel
foam current collector of 0.38.78. The comparison of the experimental data for different
extractor molecules provided an insight into the influence of the molecular structure,
adsorption mechamsand interface phenomeaoa patrticle size and electrode performance.

The analysis of capacitance data at different chdiggharge rates and different mass
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loadings was utilized to optimize electrode performance. The highest capacitance of 7.52
F cni? was achieved at a scan rate of 2 ni¥ and active mass loading of 47 mg'ém
Electrodes with mass loading of 35 mg'érshowed improved capacitance retention at

high scan rates and the highest capacitance of 2.63%atm scan rate of 100 mVs

6.2 Introduction

Electrochemical supercapacifi-5] are being developed for novel applications in electric
and hybrid vehicles, buses, aircrafts and varioustrel@ic devices. The success of the
supercapacitor technology will depend largely on the ability to utilize high specific
capacitance of advancetlarge storage materials in the electrodes with high active mass
loading$6, 7]. MnO- is one of the most promising materials for charge st¢8at/@ due

to its high theoretical specific capacitance of 1400 g relatively large voltage window.
However, due to the low electronic conductivity of Myredd poor electrolyte access to the
material surface, the specific capacitance decreased draglidpilith increasing active
mass loading, particularly at high chamdjecharge rates. The investigation of charge
discharge beavior by the cavity microelectrode technique highlighted the importance of
electrode porosity and conductive additives for the manufacturing of efficient electrodes
with enhanced performance at high cycling fdt8s Hence, MnQis usually mixed with
conductive additives in order to increase the electronic conduiigjtyThe gravimetric
capacitance of composite Mp@arbon nanotube electrod#6-19] with mass loading in

the range of 0i24.2 mg cnh? was typically 150200 F ¢*. The important task is to achieve
good electrochemical performance at a high ratio of the active material mass toehe curr
collector mass (M. Metallic currentcollectors offer the benefits of high conductivity and
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low contact resistanf20]. However, the typical Mvalues for 1 mg ch? films of active
materials, deposited on metal foil current collectors lie belowi0.02. Significantly

higher active mass &lings and Mvalues are required for prézal applicationg7]. The

area normalized capacitance is another important parameter for the characterization of
capacitorelectrodes with high active mass loadimjsA high area normalized capacitance

must be achieved with low electrical resistance of the electrodes.

The developmendf advanced microstructures that providmed electrolyte access to the
active material is a promising basis for the fabrication of efficient electrodes with high
active mass loading. Previous investigatj@is?4] have shown that the specific
capacitance does not correlate with the BEifaxe area, since some very small pores are
inaccessible by the electrolyte. However, small particle sizes, low agglomeration and good
mixing of active materials with cwmluctive additives are of critical importance for
fabricating advanced electrodes wiilgh active mass loadings, high capacitance, good

capacitance retention at high chadischarge rates and low impedance.

MnO. particles are typically prepared by pre@apon from aqueous solutions. The
synthesized particles are dried and themispersed in an organic solvent, containing
conductive additives and dissolved organic binder, which is insoluble in water. However,
MnO. particles agglomerate during drying.h& reduction of surface energy and
condensation of surface OH groups are major driving forces of particle agglomeration. This
problem can be addressed by the particle extraction from an aqueous phase direstly into
organic phase, thus avoiding the dryisigge and related particle agglomeration. This

strategy can potentially result in improved mixing of M@th conductive additives.
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Particle extraction through liquiiquid interface (PELLI) is emerging as a thed of
technological and scientific intese The selection of extractor molecules that can be
strongly adsorbed on the particle surface is of critical importance for the development of
PELLI methods. Previous investigations have successfully extractedqi28 26] and
guantum dof®7]. Various interactions between the inorganic particled extractor
molecules were utilized for the extraction, such as electrd&aticovalenf28, 29 and
ion-pair interactiong26]. The extraction efficiency was enhanced in the presence-of co
solveng[27, 30]. Extraction can also be triggered by the temperature cH&ifjeshere a
temperature inease reduces the solubility of thelymer extractor in an aqueous phase

and promotes the patrticle transfer to an organic phase.

Previous PELLI research has been mainly focused on the extraction of metals and quantum
dots from dilute suspensions. The s@ttn of new extractor molecules ti strong
adsorption on oxide particle surfaces is a promising strategy for the further development of

PELLI and its application to supercapacitor technology.

In a previous investigati¢82], 1-hexadecylamine was used as an extractor for Mar@d

TiO: particles. It wasound that extraction of Mngxan be performed by botteap or top

down methods, using different organic solge receiving liquids. The botteap method
allowed for smaller particle size and higher capacitance of theoNda€ed electrodes.
However, thexadecylamine did not allow for extraction of Bi@herefore, TiQparticles
were modified with 2,3 4rihydroxybenzaldehyde, which provided strong catechetigte
bonding to Ti atoms on the particle surface. The Schiff base reaction of 2,3,4

trinydroxybenzaldehyde, adsorbed on the Fi€urface, with ihexadecylamine at the
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liquid-liquid interface allowed for paddie extraction. These studies highlighted the
importance of the investigation of new extractor molecules with different sizes and

different bonding mechanisms.

The goal of this investigation was to fabricate Mna@ultiwalled carbon nanotube
(MWCNT) electodes for supercapacitors using advanced PELLI strategies and analyze the
influence of extractor molecules on the morphology andopeance of the resulting
composite electrodes. We investigated decylphosphonic acid (DPA) and tetradecylamine
(TDA) as new gtractors for MnQ. Testing results provided an insight into the influence

of the functional groups of the extractor molecules lo@ éxtraction mechanism and
capacitive performance. The use of TDA as an extractor allowed for significant increase in
capadiance and capacitance retention at high scan rates, compared to DPA and 1
hexadecylamine at similar active mass loadings. The us®A allowed the fabrication

of electrodes with high active mass loading in the rangeid®fng cm? and mass ratios

of active material to the nickel foam current collector of DB38. Another important
finding was the possibility of variation of pafe sizes of the extracted Ma®y variation

of the ratio of the extractor mass to the mass of NaMmw€cursor. We provided detailed
analysis of the influence of active mass loading on the capacitive behavior at different scan
rates. It was found thatesdtrolyte diffusion limitations in thick MN&OMWCNT electrodes

can result in reduction of area normab capacitance with increasing active mass,
especially at high chargdischarge rates. The results indicate that the use of TDA as a new

extractor for te PELLI method allowed the fabrication of electrodes with high area
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normalized capacitance, relatiyéligh ratio of active mass to current collector mass, low

impedance and good capacitance retention at high cdasgearge rates.

6.3 Experimental procedures

Decylphosphonic acid (DPA), tetradecylamine (TDA), NaMn®butanol, poly(vinyl
butyralco-vinyl alcohotco-vinyl acetate) (PVB, average Mw = 50,080,000), NaSQs
(Aldrich), multiwalled carbon nanotubes (MWCNT, ID 4 nm, OD 13 nm, length 1 € m,
Bayer,Germany) were used. Ni foams with 95% porosity were provided by Vale Limited.
In this work, nbutanol was used as a reducing agent fof'Mnthe MnQ synthesis and

water immiscible solvent in the extraction procedure.

Aqueous solutions, containing 26ty of NaMnQ in 40 ml of water (concentrationnG-
5 g L'Y) were prepared. After addition of 10 ml ebatanol and stirring, the precipitation
of MnOz in the aqueouphase was observeHigure6.1Aa, 1Ba, 1Ca). In this procedure,

the reduction of Mf was achieved at the liquigjuid interface.
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Figure6.1 (A) Schematic of (a) precipitation arfld,c) different steps iextraction, (B)
MnO: suspensions (a) before and (b) after extraction using DPA and (G)svsgensions
(a) before and (b) after extraction using TDA fes €5 g L't and Rep = 0.25.

50 mg of TDA or DPA were dissolved in 10 ml cbntanol and added to tivo-phase
mixture, containing precipitated Mn@s a bottom phase below a tofbutanol phase.
After stirring, the extraction of MnPinto the nbutanol phase wasbserved Eigure
6.1Ab,c, 1Bb, 1Cb). In order to investigate the influence @f @ particle size of
synthesized Mng) Gy was varied in the range of 0% g L't and the corresponding ratio

(Rep) of the extractor mass to the masNafinQ; precursor was 0.22.5.

The material, shown ifrigure 6.1Ba was filtrated, washed with water and dried. The
obtained powder was used for thera§ diffraction and electron microscopy analysis o

unmodified MnQ.
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The MnQG mateials for the electrochemical testing experiments were prepared from
solutions with G,=5 g L', and Rep = 0.25. For the fabrication of supercapacitor electrodes,
the suspensions of extracted Myri@n-butanol were separated from the agueous phase and
then MWCNT were added. After ultrasonication of the mixed suspensions, the PVB binder
solution inethanol was added. The mass ratio of MMWCNT:PVB was 80:20:3. The
resulting suspensions were usedabricate MN@-MWCNT supercapacitor electrodes by
impregnating the Ni foam current collectors. The impregnated Ni foams were pressed in
order to achiee thickness of 0.34 mm. The active mass loadings of the electrodes after
drying and corresponding Mactors were in the ranges ofiZB0 mg cm? and 0.380.78,

respectively.

Electron microscopy investigations were performed using a JEOL7®MF scanning

electron microscope (SEM).-dy diffraction (XRD) studies were performed using a

powder diffractometef Ni col et | 2, mo n oatidm) FTIR studiegveee Cu K U
performed orBruker Vertex 70 spectrometer. Dynamic light scattering (DLS, DelsaMax

Pro: Beckman Coulter) was used for the particle size distribution analysis.

Cyclic voltammetry and impedaacspectroscopy investigations were parfed using a
potentiostat (PARSTAT 2273, Princeton Applied Research, USA). The capacitive behavior
of the electrodes was studied in thedectrode cells using 0.5 M B8O, aqueous solutions.

The area of the workinglectrode was 1 cimboth sides of thelectrode were in contact

with the electrolyte. The counter electrode was a platinum gauze, and the reference
electrode was a standard calomel electrode (SCE). Cyclic voltammetry (CV) studies were

performed at scantes of 2100 mV $1. The integral capd@ances G= Q/ VS =and C
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Q/ oWere calculated using half the integrated area of the CV curve to obtain the charge
Q, and subsequently dividing the charge Q
electrode ar@ S or active maan. Alternating curmet measurements of complex impedance

Z" = ZNizNifere performed in the frequency range of 10 m#@0 kHz at the amplitude of

the signal of 5 mV. The complex differential capacitan§e=GCNiCs\Was calculatel@3]

from the impedance data as®€ZNNiy 1SAd MZY v 1SZ | wh e r efreguery).2 " f ( f

6.4 Results and discussion

In this investigation, #butanol was used as a reducing agent for the synthesis of fkém®

the NaMnQ solutions. The XRD pattern asprecipitated Mn@showed relatively small
peaks of the birnessite phasegure6.2). However, the precipitated materééo contained

an amorphous phase. The XRD analysis indicated the formation ofgortedély a not well
crystallized powder. Similar XRD test results were reported for the Mpd@vders,
prepared using other alcohols as reducing agents for KMsdution$34, 35].
Precipitation of MnQ by other method86] is also known to result in poorly crystallized
MnO. materials. The SEM studies of the Mn@owder showedhe formation of
agglomerates with a typical size in the range i@ iicrons Figure 6.3A), but larger
agglomerates were also observed Figure 6.3B). The agglomerates contained
submicrometer primary particles. The formation of such agglomerates is detrimental for
the fabrication of supercapacitor elecesddue to poor at&rolyte access to thactive
MnO. material. Moreover, Mn@agglomeration generates problems with the formation of
conductive composites with good dispersion of MWCNT in the Mm@trix. Therefore,
PELLI methods were investigated to redyparticle agglonration.
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Figure6.2 X-ray diffraction pattern of precipitated MaQ¥ - JCPDS file 871497).

Figure6.3 (A,B) SEM images of Mn@powder.

The PELLI strategies used in this investigation were based on the application of DPA and
TDA molecules as extractors. Both moleculesiaseluble in water, but are soluble in n
butanol.Figure 6.4 shows the chemical structures of the molecules and their adsorption
mechanisms. DPA and TDA are typical hdai surfactants, containing hydrophobic
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hydrocarbon tails. Ténhydrophilic properties of DPA and TDA are teldto their PGH>
and NH groups, respectively. The Ry groups of DPA can be adsorbed on oxide
particles by bridgingKigure6.4Ba,b) or chelationKigure6.4Bc,d) mechanisni87]. TDA
can be adsorbed on particle surfaces through different mechanisms, asuch
chemisorptiofdg] (Figure 6.4Da) or an electrostatic interacti@9] (Figure 6.4Db),

involving surface OH groups.

| < 2 >
B ar b R ¢ R d R
R N H
L | AN \/ \I/
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CHzN—/\/\/\/\/\/\/
R!
< =
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D a R’ b |
I NH;*
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——— _I_
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Figure6.4 (A) Chemical stncture of DPA, (B) DPA adsorption on particle surfaceb)a
bridging, (c,d) chelation of metal atoms (M) on the particle surface, (C) chemical structure
of TDA, (D) TDA adsorption mechanisms: (a) chemisorption and (b) electrostatic
interaction, involvinga surface OH group.
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It was found that, using DPA and TDwolecules as extractors, the precipitated MnO
particles can be transferred from water into thHeutanol phase. The extracted MnO
particles were studied by the FTIR methéidgure 6.5 compares FTIR spectra of-as
received DPA and TDA with the spectra of extracted ¥p&ticles. The absorption peaks
at 2849, 2918 and 2957 thin the spectrum of DPARjgure6.5a) and at 2849, 2916 and
2955 cm! in the pectrum of TDA Figure 6.5¢) resulted from the CHsymmetic
stretching, CH asymmetric stretching and GHoutof-plane stretchingO, 41],
respectively. Similar absorption peaks were observed in the spectra of panii2les,
extracted using DPAHigure 6.5b) and TDA Figure 6.5d). Thereforethe esults of the

FTIR studies confirmed the adsorption of the extractor molecules on the patrticles.
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Figure6.5 FTIR spectrum of (a) DPA, (b) MnQextracted using DPA, (c) TDA and (d)
MnO,, extracted uag TDA.
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Figure 6.6 shows particle size distribution of the extracted particles for Rep = 0.25. The
size of the particles was significantly smaller than the size of agglomerates, shogurén

6.3. Examinaibn of the data shown iRigure 6.6A, 6B indicated that the use of TDA
allowed smaller particle sizes. The material extracted using TDA primarily cedtain
particles with radii below 60 nm, whereas the material, extracted using riddly
contained particles with the radii in the range af8nm. The sizes of the extracted MnO
particles were larger than the sizes of metallic particles, prepared pigvibrsugh
agueous synthesis and PE[25, 29, 42]. However, the concentrations of the precursors
used in the literatuf@s, 29, 42] were significantly lower than the NaMn©oncentréon

in our experiments. The relatively high concentration aMkQs in the solutions allowed

for high concentration of synthesized particles in suspensions, which was beneficial for the
impregnation of the Ni foam current collectors and fabrication cérmapacitor electrodes
with high active mass loadings. Howeuie method used in this investigation can also be
potentially used for the fabrication of smaller particles. Decreasing the NaMnO
concentration in the solutions from 5 to 0.5'¢ 4nd a corresponding increase of Rep from

0.25 to 2.5 resulted in signifiatly smaller sizes of the extracted Miygarticles.
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Figure6.6 Particle size distribution for Mn{particles, extracted using JAAPA and (B)
TDA for Cn=5g L't and Rep = 0.25.

Figure 6.7 shows the patrticle size distribution for MaPrepared from 0i8.75 g I'*!
NaMnQs solutions and extracted into thebaotanol phase using TDA. The analysis of the
data indcated that particlesze decreased with decreasing concentration of NaMhie

radii of MnQy, prepared from 0.5 g'E NaMnQu solutions (Rep = 2.5) were in the range of
401 60 nm. It is important to note that in our experiments the DPA and TDA molecules
were added after Mnsynthesis. Small particles of other materials are usually prepared
using organic capping agept®, 43|, which limit paticle growth during synthesis.
However, many organic molecules cannot be used as capping agents fosymti@sis

from NaMnQ solutions, because NaMn@ a strong oxidant that reacts with organic

materials.
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Figure6.7 Particle size distribution for Mn{particles, extracted using TDA for different
Rep: (A) 0.33, (B) 0.5, (C) 1.0 and (D) 2.5.

The PELLI methods, developed in this investigation were beneficial for reducing
agglomeration of Mn@ and improving the mixing of Mn®with MWCNT. The as
received MWCNT contained large agglomerates with typical sizesiaf &n. However,

the SEM investigationHigure 6.8) of the MNnQ-MWCNT composites impregnatento

the Ni foam current collector showed well dispersed MWCNT in the Mn@lXrix. This

was achieved by avoiding Mn@gglomeration in the PELLI method, and through co
dispersion and mixing of MnOand MWCNT in the organic phase. The reduced
agglomeratio and improved mixing of these individual components allowed good

electrochemical performance of electrodes at high active mass loadings.
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Figure 6.8 SEM images othe MnG-MWCNT composites, prepared by te&traction
methods using (A) DPA and (B) TDA forG-5 g L't and Rep = 0.25.

Figure 6.9A, 9B shows CVs for the electrodes with a mass loading of 35 mg dine

nearly box shapes of the CVs indicated good capacitive behavior.réaenarmalized

capacitance of the electrodes, fnegnl using DPA and TDA was 5.81 F'émat a scan rate

of 2mV 3. The capacitance decreased with increasing scan rate. The capacitance retention

at 100 mV & was 27 and 45%, for the electrodes, preparsidguDPA and TDA,

respectively. Electrodegrepare using TDA showed a remarkably high capacitance of

2.63 F cm? at a scan rate of 100 mV!s
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Figure6.9 (A,B) CVs for MNG-MWCNT electrodes with active magoading of 35 mg
cm' 2, prepared using (A) DPA dr(B) TDA at scan rates of (a) 2, (b) 10 and (c) 20 MYy s
(C) Gsand G, for MNO>-MWCNT electrodes, prepared using (a) DPA and (b) TDA.
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Figure6.10A shows the electrochemical impeda data, presented in the Nyquist plot. The

electrodes, showed relatively low resistance R,=which was below 0.5 Ohm. The slope
of the curves was close 89 , indicating good capacitive behavior. The low resise,

achieved at high active mass laagh indicated good utilization of conductive properties

of MWCNT due to the reduced agglomeration and good mixing of Mm@ MWCNT.

The frequency dependence tife components of the complex capacitanEgure
6.10B,10C) showed aetaxation type dispersip#d]. The real components of the complex
capacitance decreased with fueqcy and the corresponding imaginary components
showed maxima. The relaxation frequencies, coorging to the maxima of the imaginary
components were found to be 50 and 79 mHz for electrodes, prepared using DPA and TDA,
respectively. The test resultepented ifrigure6.9 andFigure6.10showed that electrodes,
prepared using TDA performed better as compared to those, prepared using DPA. The
electrodes, fabricated with TDA showed improved capacitanaeti@teat high scan rage

higher relaxation frequency and lower resistance. This difference likely resulted from the
smaller size of the Mng£particles, prepared using TDA. It was suggested that larger size
of the TDA molecules or stronger interaction dfiNgroups of TDA with MO, allowed

for reduced particle agglomeration and improved electrode performance. Therefore, further
investigations were focused on the application of TDA for the fabrication of electrodes with

higher active mass loadings.
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Figure6.10 (A)Nyquist plot of complex impedance, inset shows a high frequency range,
(B) Cd\VVersus frequency and (Q);Wérsus frequency for MIEMWCNT electrodes with
active mass loading of 35 mg tinpreparedising (a) DPA angb) TDA.

Figure6.11A shows CVs for the electrodes with active mass loading of 47 rirg biearly

box shapes of CV were observed at such high active mass loading. Aarageof 7.52

F cni?was achieved at a staate of 2 mV's. However, the capacitance retentiGig(re

6.11B) at 100 mV 5t was only 17%. It is important to note thlé increase in active mass
loading from 35 to 47 mg crhallowed for significant increase in capacitaat@ mV .
However, the increase in the active mass loading resulted in the lower capacitance at 100

mV s, which was found to be 1.3 F &t
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Figure6.11 (A) CVs at scan rates of (a) 2, (b) 10 andZ@)mV $! and (B) capacitance
versus scan rate for MR@IWCNT electrodes with active mass loading of 47 mg%m
prepared using TDA.

Figure6.12A shows impedance data for the 47 md tefectrode, presented in the Nyquist
plot. Theelectrode showed relatively low resistance, the slope of the curvelagasto

90¢ thus indicating good capacitive behavior. The real and imaginary components of
complex capacitance showed a relaxation type disperstiguré 6.12B,12C). The
relaxation frequency was found to be 40 mHz. The comparison with the data for the 35 mg
cm' ? electrode indicated that the increase in electrode mass resulted in decreasing

relaxation frequency.
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Figure6.12 (A) Nyquist plot of complex impedance, inset shows a high frequency range,
(B) CsNersusfrequency and (C) £Wersus frequency for MREMWCNT electrodes with
active mass loading of 47 mg Einprepared using TDA.

The experimental data presentedFigure 6.13 provided additional information on the
influence of activenass loading on the electrochemical capacitance of the elextiidue

data was presented for mass loadings in the rangei 802hg cm? (M, in the range of
0.330.78). The area normalized capacitance, calculated from the CV data at 2 and 5 mV
s increagd with increasing active mass loadings from 21 to 47 m'¢ am slightly
decreased at higher active mass loadings. The capacitances, measured at 50 and 100 mV
s ! showed maxima at a mass loading of 35 mé?cihwas suggested that the diffusion
limitations of electrolytes in pores at high chadigcharge rates relsed in poor
electrolyte access to the bulk of the active material. In this case the bulk material behaved
as a capacitor with low capacitance that was connected in series with a highlyiveapaci
surface layer, and reduced the total capacitance of thecgle material. Testing results
indicated that the active mass loading for electrodes, prepared by the PELLI method, can
be optimized at 35 mg ¢m (M, = 0.55) in order to achieve good performance at high
chargedischarge rates. However, the highest cagace of 7.52 F chi can be achieved

at a scan rate of 2 mVsand active mass loading of 47 mg'érM, = 0.74).
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Figure6.13 Capacitance versus active mass loading for ME@/CNT electrodes at scan
rates of (a) 2, (b) 5, (c) 50 and (d) 100 MV, s

6.5 Conclusions

The results of this investigation indicated that DPA and TDA can be used as extractors fo
MnO. particles. The PELLI method facilitated the fabrication of MINDNVCNT
composites with reduced agglomeration and improved mixing of the individual
components. The use of TDA allowed for smaller Mnfarticle sizes and improved
electrode performanceThe emanced mixing of the individual components of the
composite materials facilitated the formation of electrodes with high capacitance and low
impedance at high active mass loadings in the rangei&02mg cm? and M of 0.33

0.78. The capacitance increaseith increasing mass loading in the range of 38 mg

cm 2 at scan rates ofi 200 mV 1. At higher mass loadings the capacitance behavior was

strongly influenced by scan rate due to diffusion limitatiohghe electrolyte in the
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electrode material. Theédhest capacitance of 7.52 F'é&was achieved at a scan rate of 2

mV s ! and active mass loading of 47 mg'énElectrodes with mass loading of 35 mg

cm ? showed improved capacitance retention at high satas and the highest capacitance

of 2.63 F crh? at a scan rate of 100 mV!s

6.6 References

[1]

[2]

[3]

[4]

[5]

A. Balducci, "Electrolytes for high voltage electrochemical double layer capacitors:
A perspective article Journal of Power Sourcesol. 326, pp. 534640, 2016.

L. Demarconnay, E. Raymundinero, and F. B&uin, "Adjustment of electrodes
potential wndow in an asymmetric carbon/MaGupercapacitor,'Journal of
Power Sourcesjol. 196, pp. 5864686, 2011.

H.-S. Kim, J. B. Cook,S. H. Tolbert, and B. Dunn, "The development of
pseudocapacitive properties in nanosikéaO,," Journal of The Electrochenal
Societyyol. 162, pp. A5083A5090, 2015.

N. GoubareBretesché O. Crosnier, G. Buvat, F. Favier, and T. Brousse,
"Electroctemical study of agueous asymmetric FeAO. supercapacitor,”
Journal of Power Sourcespl. 326, pp. 69501, 2016.

M. B. Sassin, S. G. Greenbaum, P. E. Stallworth, A. N. Mansour, B. P. Hahn, K. A.
Pettigrew et al, "Achieving electrochemical cap&wi functionality from
nanoscale LiMpOs coatings on @ carbon nanoarchitecturesJournal of

Materials Chemistry Ayol. 1, pp. 24312440, 2013.

119



[6]

[7]

[8]

[9]

[10]

[11]

[12]

V. Augustyn, P. Simon, and B. Dunn, "Pseudocapacitive oxide materials for high
rate electrochemical engy storage,'Energy & Environmental Sciencel. 7, pp.
15971614, 2014.

Y. Gogotsi and P. Simon, "True performanuetrics in electrochemical energy
storage,'Scienceyol. 334, pp. 91918, 2011.

S. Devaraj and N. Munichandraiah, "High capaui of electrodeposited MnO
by the effect of a surfaeactive agent,'Electrochemical and SoliState Letters,
vol. 8, pp A373-A377, 2005.

T. Brousse, PL. Taberna, O. Crosnier, R. Dugas, P. Guillemet, Y. Scudeliad,
"Long-term cycling behawer of asymmetric activated carbon/MpGqueous
electrochemical supercapacitadgurnal of Power Sourcespl. 173, pp. 63-641,
2007.

F. Grote, R-S. Kihnel, A. Balducci, and Y. Lei, "Template assisted fabrication of
free-standing MnQ@ nanotube andnarowire arrays and their application in
supercapacitors Applied Physics Letterspl. 104, p. 053904, 2014.

V. Khomenko, E. Raymund®inero, and F. Bduin, "Optimisation of an
asymmetric manganese oxide/activated carbon capacitor working ataj\ewus
medium,"Journal of Power Sourcespl. 153, pp. 18390, 2006.

E. Machefaux, T. Brousse, D. Bdanger, and Buyomard, "Supercapacitor
behavior of new substituted manganese dioxidisjtnal of Power Sourcesopl.

165, pp. 653655, 2007.

120



[13] C. A. Beasley, M. B. Sassin, and J. W. Long, "Extending electrochemical quartz
crystal microbalance techniques to macabsc electrodes: Insights on
pseudocapacitance mechanisms in Me@ated carbon nanofoamsldurnal of
The Electrochemical Societyol. 162, pp. A5060A5064, 2015.

[14] Y. Wang, Y. Liu, and I. Zhitomirsky, "Surface modification of Mnénd carbon
nanotubs wusing organic dyes for nanotechnology of electrochemical
supercapacitors,Journal of Materials Chemistry Aol. 1, pp. 125192526, 2013.

[15] L. Athouel, P. Arcidiacono, C. Ramirgzastro, O. Crosnier, C. Hamel, Y.
Dandeville et al, "Investigation ® cavity microelectrode technique for
electrochemical study with manganese dioxidEsg¢ttrochimica Actayol. 86, pp.
268276, 2012

[16] J.Liand I. Zhitomirsky, "Electrophoretic deposition of manganese dibcétbon
nanotube compositesJournal of Materials Processing Technologyol. 209, pp.
34523459, 2009.

[17] R.Jiang, T. Huang, Y. Tang, J. Liu, L. Xue, J. Zhyatal, "Facbrs influencing
MnO2/multiwalled carbon nanotubes composite's electrochemical performance as
supercapacitor electrode;lectrochimica actayol. 54, pp. 7173179, 2009.

[18] H. Xia and C. Huo, "Electrochemical properties of M@NT nanocomposite in
neural aqueous electrolyte as cathode material for asymmetric supercapacitors,"

International Journal of Smart and Nancakérials,vol. 2, pp. 28391, 2011.

121



[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

M. S. Ata, P. Woijtal, and I. Zhitomirsky, "Electrophoretic deposition of materials
using humic acid as a dispersant and film forming age@plloids and Surfaces A:
Physicochemical and Engineering Aspeetd, 48, pp. 7432, 2016.

Y. Lei, B. Daffos, P-L. Taberna, P. Simon, and F. Favier, "Mnt»ated Ni
nanorods: Enhanced high rate beba in pseudecapacitive supercapacitor,”
Electrochimica Actayol. 55, pp. 74547459, 2010.

W. Dong, J. S. Sakamotand B. Dunn, "Electrochemical properties of vanadium
oxide aerogels,Science and Technology of Advanced Matenadk,4, p. 3, 203.

W. Dong, D. R. Rolison, and B. Dunn, "Electrochemical properties of high surface
area vanadium oxide aerogelgJectrochemical and Solid State Lettarsl. 3, pp.
457-459, Oct 2000.

Y. U. Jeong and A. Manthiram, "Nanocrystalline manganeg&e® for
electrochemical capacitors with neutral electrolytesJournal of the
Electrochemical Societypl. 149, pp. A149-A1422, Nov 2002.

R. N. Reddy and R. G. Reddy, "Sg¢l MnG; as an electrode material for
electrochemical capacitors]ournal of Power Sourcesyol. 124, pp. 33637, Oct

1 2003.

W. L. Cheng and E. Wang, "Sixkependent phase transfer of gold nanoparticles
from water into toluene by tetraoctylammonium cations: A wholly electrostatic
interaction,"Journal of Physical ChemistB,vol. 108, pp. 246, Jan 8 2004.

H. Yao, O. Momaawa, T. Hamatani, and K. Kimura, "Phase transfer of gold

nanoparticles across a water/oil interface by stoichiometrip@nformation on

122



[27]

[28]

[29]

[30]

[31]

[32]

particle surfaces Bulletin of the Chemical Society @fphn vol. 73, pp. 2672678,

Dec 2000.

N. Gaponik, DV. Talapin, A. L. Rogach, A. Eychmuller, and H. Weller, "Efficient
phase transfer of luminescent tha@pped nanocrystals: From water to nonpolar
organic solvents,Nano Lettersyol. 2, pp. 803306,Aug 2002.

M. Karg, N. Schelero, C. Oppel, M. Giaelski, T. Hellweg, and R. von Klitzing,
"Versatile Phase Transfer of Gold Nanoparticles from Agueous Media to Different
Organic Media, Chemistrya European Journalol. 17, pp. 46481654, Apr D11.

A. Kumar, H. Joshi, R. Pasricha, A. B. Mandaed M. Sastry, "Phase transfer of
silver nanoparticles from aqueous to organic solutions using fatty amine
molecules,"Journal of Colloid and Interface Sciencml. 264, pp. 396101, Aug

15 2003.

B. Hu, Y. Nakahiro, and T. Wakamatsu, "The Effect af@icSolvents on the
Recovery of Fine Mineral Particles by Liqtidgquid-Extraction,” Minerals
Engineeringyol. 6, pp. 731742, Jul 1993.

X. L. Feng, H. Y. Ma, S. X. Huang, W. Pan, X. K. AgaF. Tian et al, "Aqueous
organic phas¢ransfer of highly stable gold, silver, and platinum nanoparticles and
new route for fabrication of gold nanofilms at the oil/water interface and on solid
supports,'Journal of Physical Chemistry Bol. 110, pp12311-12317, Jun 29 2006.

R. Chen, M. S. Ata, X. YZhao, A. Clifford, I. Puri, and I. Zhitomirsky, "Strategies

for liquid-liquid extraction of oxide particles for applications in supercapacitor

123



electrodes and thin filmsJournal of Colloid and Intéace Scienceyol. 499, pp.
1-8, Aug 1 2017.

[33] P.L. Taberna, P. Simon, and J. F. Fauvarque, "Electrochemical characteristics and
impedance spectroscopy studies of carbarbon supercapacitorslburnal of the
Electrochemical Societypl. 150, pp. AB2-A300, Mar 2003.

[34] G. M. Jacob, Q. M. Yang, and I. #bmirsky, "Electrodes for electrochemical
supercapacitorsMaterials and Manufacturing Processes). 24, pp. 1359364,
2009.

[35] J.Li, Q. M. Yang, and I. Zhitomirsky, "Composite ElectrodasEtectrochemical
SupercapacitorsNanoscale Research tets,vol. 5, pp. 512517, Mar 2010.

[36] L. Coustan, A. Le Comte, T. Brousse, and F. Favier, "MagOnk material for the
fabrication of supercapacitor electrodes|éctrochimica Actayol. 152,pp. 520
529, Jan 10 2015.

[37] M. S. Ata, S. Ghosh, and Zhitomirsky, "Electrostatic assembly of composite
supercapacitor electrodes, triggered by charged dispersaoustial of Materials
Chemistry Ayol. 4, pp. 178571.7865, 2016.

[38] M. H.Wood, RJ. L Welbourn, T. Charlton, A. Zarbakhsh, M. T. Casfaud S.
M. Clarke, "Hexadecylamine Adsorption at the Iron Ox@ié Interface,"
Langmuir,vol. 29, pp. 137383742, Nov 12 2013.

[39] R. Muller, M. Knapp, K. Heckmann, M. von Ruthendorf, and G. Botienotecting
nanoscaled noeoxidic particles from oxygen uptake by coating with nitregen

containing surfactants|®angmuir,vol. 20, pp. 2598606, Mar 30 2004.

124



[40] H. H. Lee, Z. Ruzele, LMalysheva, A. Onipko, A. Gutes, F. Bjorefomt al,
"Long-Chan Alkylthiol Assemblies Containing Buried -Rlane Stabilizing
Architectures,'Langmuir,vol. 25, pp. 139593971, Dec 15 2009.

[41] W. Chen, J. F. Peng, L. Q. Mai, Q. Y. Zhu, and Q. Xu, tBgsis of vanadium
oxide nanotubes fromY)O(s) sols,"MaterialsLetters,vol. 58, pp. 2272278, Jul
2004.

[42] A. Kumar, P. Mukherjee, A. Guha, S. D. Adyantaya, A. B. Mandale, R. Kughar
al., "Amphoterization of colloidal gold particles by capping witline molecules
and their phase transfer from water to tolubgedectrostatic coordination with
fatty amine molecules]:angmuir,vol. 16, pp. 9778783, Dec 12 2000.

[43] K.S.Mayya and F. Caruso, "Phase transfer of surfaadified gold nanoparticte
by hydrophobization with alkylamined, angmuir,vol. 19, pp. ®87-6993, Aug 19
2003.

[44] K. Y. Shi and I. Zhitomirsky, "Polypyrrole nanofibearbon nanotube electrodes
for supercapacitors with high mass loading obtained using an organic dye-as a co

dispersant,Journal of Materials Chemistry Apl. 1, pp. 11614.1622,2013.

125



7 Multifunctional extractor for liquid -liquid extraction
of oxide particles and applicationsin
supercapacitors electrophoretic depositionand

screen printing

This chapteiis reproducedrom Influence of molecular structure of extractor moleswn
liquid-liquid extraction of oxide particles and properties of composités 1571415720,
2018 Ceramics InternationalRi_Chen Zhengzheng Wandrakesh P. Sahishwar K.
Puri and Igor Zhitomirsky https://doi.org/10.1016/j.ceramint.2018.05.24@opyright
2019, with permissiorfrom Elsevier The author of thighesisis the first authorandthe

main contributorof this publication

7.1 Abstract

Interest in particle draction through liquidiquid interface (PELLI) technology is
motivated by the need transfer particles directly from the synthesis medium to the device
processing medium. This method avoids the difficulty encountered by conventienal re
dispersion methis where particles agglomerate during the drying stage. We develop
PELLI strategies teransfer MNQ, ZnO and Cegypatrticles that are synthesized in aqueous
media into tbutanol using extractors containing phosphonate and carboxylic groups. We
demonstrate that, in addition to he@ad (HT) surfactants, molecules containing two
hydrophilicendgroups (HTH) can also mmployed as extractors, a finding that opens new
PELLI applications. We demonstrate this new approach using multifunctional HTH

molecules as both PELLI extractors and charged dispersing agents for the electrophoretic
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deposition([EPD) of particles that argansferred to an EPD processing medium. Using the

HTH extractors for PELLI, we fabricate Matased bulk electrodes for electrochemical
supercapacitors (ES) that exhibit superior electrochemical performance. These high active
massloading ES electrodesiee a capaci t'a(nice7Y)oFagsd. 72 .F5 cHn
(6 7™HF agt 2 a'ntdcanlrdle8, raspéctively, with low impedance. In another
strategy, the use of HTH extractor for particle transfer to screen printingspiaceedium

facilitates thdabrication of efficient thin film SC electrodes. Measurements provide insight

into the influence of anchoring groups and extractor molecule structure on the extraction

efficiency and electrochemical performance.

7.2 Introduction

While many important methodsf anorganic particle synthesis are based on aqueous
processing, noaqueous solvents are necessary to produce mesalrke films and
coatings. Moreover, organic solvents are required to manufacture functional devices that
can operate reliably in aqueousedia, such as aqueous batteries and supercapfcutprs
During devi@ fabrication, the particles must be dispersed in organiemstithat contain

water insoluble binders, film forming agents and other organic components. Therefore,
particles that are synthesized in aqueous media are typically dried and-thgpmersedn

organic solvents.

Particle extraction through liquikjuid interface (PELLI)5] has gained considerable
attention recently because the technique allows direct particle transfer from a synthesis

medium to a device procesg medium, thus eliminating the particle drying process that
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often results in irreversible agglomeration of thergamic particles. The agglomeration
occurs because of surface condensation reactions and a reduction in particle surface energy.
Particle aglomeration must be strictly avoided for many applications, such as energy

storage devices, catalysis and printest&bnics.

Progress has been made in applying PELLI, to extract rf@&jland quantum dot$q].
Organic molecules have been used as reducing agents to synthesize metal particles at the
liquid-liquid interface and subsequently transfer the particles to an organi¢ Jifjattas
possible to extract metal oxides and hydroxidéiglas from an agueous synthesis medium
into an organic phaf¥l-15]. Bottomup[5, 16] and topdown([5, 15] techniques have been
developed. This work generated interest in the agglomé&eseprocessing of advanced
ceramic materials. The extraction of titania, ¥nand Al(OH} particles based on a two
step procedure has inveld particle modification during synthesis, and subsequent Schiff
base reaction with an extractor at the liglidgiid interfac¢12, 17]. Phase transfer can be
facilitated in onestep PELLI procedures by adsorbing extractor molecnhethe titania
and MnrsOs particles that converge at the ligtliquid interfac[12]. HT extractors
containing hydrocarbon tails and hydrophilic anchoring headpghave been used, such
as lauryl gallatgl1-13], phosphonic acid&3, 14, 18, 19|, fatty aminefb, 18], fatty
acidg15, 20] and octanohydroxamic @f16] to extract hydroxypatite, MnQ and iron
oxides. Orgami solvents used as partigleceiving liquids include -butanofl17],

dichloromethanib], tolueng¢20] and ionic liquid§l4].

Since PELLI applications are yet limiteala few materials thus far, the important challenge

is to further develop PELLI methods for the agglomefete procesing of functional
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ceramic materials. Oxide extraction requires extractors containing anchoring groups that
have affinity for specific matal atoms. Thus, understanding extraction mechanisms and
searching for new extractors are critical factors for the |[dpuant and application of

PELLI methods.

The goal of this investigation was the development of efficient extractors and PELLI
strategis to process ZnO, Ce@nd MnQ. We analyzed and compared different extractors,
i.e., octadecylphosphonic acid (ODPANtaining phosphonate anchoring groups, stearic
acid (SA) containing carboxylic groups, and-ditosphonohexadecanoic acid (16PHA)
containng both: phosphonate and carboxylic acid end groups. Test results provided insight
into the influence of the structuod the extractor molecules on particle extraction from an
agueous synthesis medium to an organic processing medium. We demonstiztedfitse

of PELLI for the agglomerate free processing of materials for three applications. The
particles were prepared iagieous solutions and transferred by PELLI to different
processing media, such as suspensions for the electrophoretic depositiono{ERD)

films, slurries for impregnation of porous current collectors and fabrication of bulk ES
electrodes, and slues br screen printing of thin film ES electrodes. An important finding
was that particle extraction using 16PHA is possible, whichfisidamentally different
extractor from those used in previous investigations. This allows the development of
advanced dractors that have enhanced functionality. For instance, we have developed a
conceptually new approach to fabricate suspensions forusPig 16PHA as the extractor

for PELLI, as well as the dispersing and charging agent for EPD. We analyzed the influence

of the extractor molecule structures on the charge storage properties of extracted MnO
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where MnQi multiwalled carbon nanotube (MWCNBulk composite electrodes with

high active mass loading were fabricated and tested for energy storage in ES. These
eledrodes, prepared using 16PHA as an extractor for PELLI, showed superior capacitive
performance compared to other electrodes. We alsonignated the benefits of PELLI

for screen printing of advanced ES thin film electrodes.

7.3 Experimental procedures

KMnOs4, Zn(NOz)2, Ce(NQ)$H -0, N&aSQs; 1-butanol, NaOH, 16
phosphonohexadecanoic acid (16PHA), octadecylphosphonic acid (ODPA), stearic acid
(SA), poly(vinyl butyratco-vinyl alcohotco-vinyl acetate) (PVB, average Mw = 50,000

80,000) (Aldrich), carbon black (CBver age particle size 15 nm,
carbon nanotubes ( MWCNT, i2l DOm, nBmyeQdD I1wse rnen

foams with 95% porosity were provided by Vale Company.

MNnOowas obtained by r edu absolugon with tbetanal f11,0. 06 M
where stirring facilitated the reduction reaction at the lidigidid interface. ZnO was

prepared by a chemical precigita on met hod f r)psohutidhs iRvéaterMtaZz n ( NO
temperature of 70 AC. The I H:-uingNaOH. €e@s ol ut i
was prepared through the hydrothermal method using a Tiefleh stainlesssteel
autocl ave. An (HM)useldionsvas@prefared akt th@ @H of the solutions

was adjusted to pH = 12 usilh@@fdlaORB4 Bynt he

1-butanol was used as a partickzeiving organic liquid for the PELLI method. The mass

ratio of extractor.oxide wasithe range extending from 1:3 to 1:1. The concentration of
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the extracted particles in the-bitanol suspensions was §.5'!L Electrophoretic
deposition (EPD) experiments were performed using suspensions of these extracted oxide
particles. The depositon ol t age was 50 V, and the dist
substrates and Pt count er feattometdr (Nicolet 2, wa s
CuKU radi at i o argy diffraction (XRD} idvestigations.XScanning electron
microsc@y (SEM) studieswere performed using a JEOL JSMOOF microscope. A

Bruker Vertex 70 spectrometer was used for the FTIR studies.

The MO, suspensions, prepared by PELLI were used to fabricate bulk and thin film
electrodes for ES. For bulk electrodes, the slurry con@gidinG;, MWCNT and PVB was
impregnated into Ni foam current collectors. The total mass of the impregnated material
afterdryin g was 376 THe masg ratto raf MnOand MWCNT in the composite
electrodes was 4:1. The electrodes contained 3% PVB asex.biifed fabrication of thin

film electrodes was performed by screen printing on stainless steel substrates using a plain
weave mesh (mesh courit 156; mesh opening 90 Om) |, purchased f
Corporation. The mass ratio of MeGB:PVB was 65:30:5. Thecreen printed film mass

was 0.% mg cm

A potentiostat (PARSTAT 2273, Princeton Applied Research, USA) was usedcfmr cy
voltammetry (CV) studies at scan rates ofLl2D 0 'm¥nhd smpedance spectroscopy
studies in the fil@Qu & ey i$Caaqupdis eddEtrble) Thel z
threeel ectrode cell cont ai ne & area awptatinkngarzrg el e c
counter electrode and a saturated calomel elec{®®G&) as a reference. The areal=C

Q/ VS and gw=mvOQOmeVmi cafgacitances were obt
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integrated area under the CV curve to calculate the charge Q in the potent@ivwividp

for electrodes with area S and mass m of the imptegmaaterial. The complex differential
capacitance €= sC da&t AC voltage ampl i t[udlpfromf 5 m\
the impedance dataas € "/Z¥ 1Sald G = MzyiSawhere ¥ = 2 f and f

frequency.

7.4 Results and discussion

Figure 7.1 shows Xray diffradion patterns of the agrepared powders after they were
dried in air. MnQ showed broad diffraction peaks corresponding to the JCPDS file 87
1497, but the material also caimted an amorphous phase. TheaX diffraction pattern of
CeQ showed peaks matitig JCPDS file 340394. The XRD data for ZnO showed peaks

corresponding to JCPDS file 3@151.

Intensity (a.u.)

10 20 30 40
20 (degrees)

Figure7.1 X-ray diffractionpattern of agprecipitated (a) Mn@(Y - JCPDS file 87
1497), (b) Ce@( -ACPDS file 340394) and (c) Zn@DZICPDS file 361451).

: iUk
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The oxide particles prepared in aqueous solutions were transferrdzutaribl using the
PELLI method and different extractorolecules, 16PHA, ODPA and SA, wemaployed.
Figure 7.2A1 C shows the chemical structures of the extractor molecules. The chemical
structures of ODPA and SA contain 0 and COOH groups, respectively, and long
hydrocarbon chains. The chemical structure of 16PHA amt@QH, and COOH end
groups as well as a hydrocarbon chain. Fig. 2B&hows different mechanisf2g] for
ODPA adsorption on particle surfaces involving thest?{groups of ODPA and metal
atoms (M) onhe particle surface. The adsorption can be based on either brigggoge(
7.2D(a and b)) or chelationF{gure 7.2D(c and d)) mechanisms. The adsorption of SA

involved bridging Figure7.2D(e)) or chelationKigure7.2D(f)) of COOH groupf23, 24].
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Figure 7.2 (AT C) Chemical structuresfqA) 16PHA, (B) ODPA and (C) SA; (D)
adsorption mechanisms, involving metal (M) atoms on the particle surface ia)d (a
phosphonic acid group of ODPA or (e, f) carboxylic acid groufA: (a, b, e) bridging,
(c, d, f) chelation.

Previous PELLI investigadns have focused on the use of HT surfactants containing a
hydrophilic anchoring head group and a hydrophobic hydrocarbon tail. It is conceivable
that, similar to other HT surfactathe ODPA and SA molecules also accumulated at the
liquid-liquid interface with the hydrophilic groups exposed to water and hydrophobic
hydrocarbon chains extending into thebutanol phase. Such an accumulation and
orientation of the molecules facilieat their adsorption on inorganic particles at the liguid

liquid interface as well as the particle transfer from water to tHmutnol phaseHigure
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7.3A71C). However, the structure of 16PHA contains two end hydrophilic groups (HTH
structureFigure7.2A), both of which can potentially be involved in 16PHA adsorption on

particles at the liquidiquid interface.

Figure7.3 Schematic of PELLI method: (A) partes, precipitated in aqueous phase, (B)
transfer through liquidiquid interface, (C) formation of a stable suspension of particles in
n-butanol, (D) (a) aprepared Mn@ (bi e) extractionof MnO: to the tbutanol solvent,
using (b) 16PHA, (c) ODPA, (d, ®A for mass ratio of extractor:Mnr@f (b, c, d) 1:3 and

(e) (1:1).

It was found that 16PHA and ODPA extracted MnOeQ and ZnO from water to-1
butanol efficiently when the mass ratib extractor.oxide was 1:3. However, the oxide
particles remained ingaieous phase for a SA:oxide mass ratio of 1:3. It was found that the
particle extraction also occurs with an SA:oxide mass ratio of 1:1. Fig. 3D illustrates an

extraction experiment withinO. particles. Similar results were obtained for Ga@d ZnO
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partides. The differences in extraction efficiency can result from stronger adsorption of

POsH2 groups on the particle surface as compared to COOH groups.

The adsorption of 16PHA, ODPA and S oxide particles was confirmed by FTIR

studies of the extracted piates.Figure7.4 compares FTIR spectra of-esceived extractor

molecules and extracted particleb. € absor pti ons Thintthe3@etrdm and 2
of 16PHA, 2854 nandhe2%Pp&camum of "OMDRA, 285
spectrum of SA were attributed to €symmetric and asymmetric stretching, respectively

[18]. Similar absorptions were observed in fpectra of extracted MnOCeQ and ZnO

particles, which all indicated that extracted particles contained adsorbed 16PHA, ODPA

and SA.
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Figure7.4 (ai l) FTIR spectra for (a) 16PHA, (c) ODPA, (e) SA, (b, dMinO;, extracted
using 16PHA, ODPA and SA, respectively, (g, h, i) @eftracted using 16PHA, ODPA,
and SA, respectively, (j, k, I) ZnO, eatted using 16PHA, ODPA, and SA, respectively.

The feasibility of particle extraction with 16PHA indicates tHaH molecules can be used
as extractors in addition to HT surfactants for PELLI. Therefore, the search for extractors

should be focused on maldes of other types with advanced functionality that can advance
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PELLI applications. Hence, we employed 16PHA oaoly as an extractor for PELLI, but

also as a dispersing and charging agent for EPD. With this conceptually new approach, the
particles extrated into the organic phase using 16PHA as an extractor, were
electrophoretically deposited from the organic ghlag also using 16PHA as a dispersing

and charging agent. The formation of stable suspensions of chargedjglomerated
particles is criticafor EPJ25-28], where organic solvents offadvantages due to the

reduced gas evolution at the electrode.

The particles extracted with 16PHA had enhansespbension stability in the-dutanol

phase, compared to the same particles extracted using ODPA and SA. It is reasonable to
suggest that 16PHAadsorption occurs via bonding of the 42 groups whereas
dissociated COOH end groups impart a negative chartie particles and facilitate their
electrostatic dispersion. However, the dispersion is also attributed to the steric effect. EPD
experimentonfirmed that Mn@ CeQ and ZnO particles extracted with 16PHA were
negatively charged and deposited on thede surface-igure7.5 shows SEM images of

the deposited films, which are relatively smooth, dense and agglorfreste

Figure 7.5 SEM images of (A) Mn@ (B) CeQ and (C) ZnO fims, which were
electrophoretically deposited from suspensions, prepared using PELLI and 16PHA
extractor.
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The use of PELLI facilitated the fabrication of advanced slurries to impregndtaii
current collectors and develop Ma®IWCNT bulk ekctrodes withhigh active mass
loadings and good electrochemical performance. It is challefgt&i] to obtain high G

and G at high mass loadings due to poor electmigtcess to the active material surface
and the increasing electrode electrical resistance with increasing mass. The agglomerate
free processing of Mnfvas a key factor for improving material utilization atthictive

mass loading and enhanced mixing MhO. with MWCNTSs, which were used as a
conductive additive. Measurements aof @&d G, coupled with impedance spectroscopy
data showed significant improvement in the performance of electrodes prepared using

PELLI.

Figure7.6 compare CV data for MN@MWCNT bulk electrodes, prepared without PELLI

and using PELLI with different extractors. The electrodes, prepared without PEM#&ho

poor capacitive behavior, as indicated by low CV areas. The CVs were tilted and deviated
significantly from the ideal box shape. In contrast, the electrodes, prepared using PELLI
showed significant increase in CV area. Nearly idealdltape CVs wereltained at
different scan rates. The box shape CVs and increase in current with increasing scan rate
indicated good capacitive behavior. The larger area of CVs for electrodes prepared using
16PHA was attributed to the higher capacitance. The capacitahtes electrodes were

calculated from the CV data and presenteBligure7.7.
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Figure 7.6 CVs at scan rates of (a) 2, )0 and ('éfpr b@kAMNn@-MWGENT
electrodes, prepared (A) without extraction, andBby PELLI using (B) 16PHA, (C)
ODPA and (D) SA extractors.
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Figure 7.7 Capacitances £and G, calculated fromhe CVs for bulk MNnG-MWCNT

electrodes, prepared (a) without extraction, aridltby PELLI using (b) 16PHA, (c)
ODPA and (d) SA extractors.

The electrodes, prepared witho#(t8 7P¥andg sho
0.5 '/ 1a3mBEtsop r at es of "'2esgedidely. Tile@lectrodes showed
significant decrease in capacitance with increasing scan rate, which resulted in capacitance
retention of 15% a't Tha lovs capEacitanceaftthe elexfes ahdd 0 mV
their low capacitance retention indicated poor active material utiliZ@&nin contrast,

the use of PELLI resulted in a significant increase in capacitarntte thie highest
cgpacitance achieved using 16PHA as an extractor. The use of PELLI and 16PHA as an
extractor allowed the fabricatidnlo>f) Rlgct
and 25 6F HEmagt scan r at élsrespdivelg The cagstadicé 0 mV
retention at a'lwasd3. Thadifferencefinc@hdGRfor atéttrodes,

prepared with different extractors, can be attributed to influence of the molecular structure

of the extractors on partictispersion. It is in this regatbat molecules with P£pl> groups
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showed enhanced adsorption on particles, which was beneficial for particle dispersion.
Moreover, 16PHA molecules of the HTH type with two anionic groups provided better

dispersion, compared the molecules of HT type.

Figure 7.8A shows Nyquist plots of complex impedance for the WHMWCNT bulk
electrodes. The electrodes, prepared without PELLI showed edlativgh resistance

R Hiwhich can explain the tilted CVskigure7.6A. In contrast, the electrodes prepared
using PELLI showed significantly lower resistance, whaeeslopes of the Nyquist plots
were close to 90°and indicat good capacitive behavior. The components of complex
capacitance were calculated from the CV data and plottddgure 7.8B and C. The
frequency dependences of complex capacitance showed a relaxation type dispersion, as
indicatedby the reduction of € with frequency and relaxation maxima in the frequency
dependencies of £ The electrodes prepared usingPHA as an extractor for PELLI
showed the highest{dn agreement with the corresponding CV data. Moreover, the use of
PELLI resulted in the highest relaxation frequency, corresponding to the maximum in the
frequency dependence ofs'C This indicated immved capacitance retention at high

frequencies.
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Figure7.8 (A) Nyquist pbts of complex impedance and frequency dependences of (B) real
Cs and (C) imaginary € components of complex capacitance, calculated from the
impedance data for MiEMWCNT electrodes, prepared (a) without extraction arid )b

by PELLI using (b) 16PHA,d) ODPA and (d) SA extractors.

Figure 7.9 contains an SEM image of the electrode, prepared using 16PHA, showing

MWCNTs were well mixed with noagglomerated Mn® The use of PELLI facilitated

good mixing of noragglomerated Mngpaticles with MWCNT and thedbrication of

these advanced electrodes that have good performance at high active mass loadings.
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Figure7.9 SEM image of MNn@MWCNT composite, prepared by PELLI using 16PHA
extrador.

The use of PELLFacilitated the fabrication of inks containing ragglomerated Mn®

particles for the deposition of thin film ES electrodes using screen priftiggre 7.10

shows CVs at different scan rates and capacitalata for the fabricated Mn&CB

el ectrodes with a 'fasTsh el ocaadpi ancgi t'Sdf il ®el H)3d-f m@y3 5¢c
was obtained at a scanat e o'ff. T capicitasce retention at a scan rate of

100 'hwas 84%.Figure7.11 shows impedance speasicopy data for the thin film
electrodes. The Nyquigtiot showed higher resistance as compared to the bulk electrodes.

The lower resistance of theddiam based electrodes can result from the improved contact

of the Ni foam with the active material andetlower amount of binder required for

electrode fabdation. The real component of capacitange@lculated from the impedance
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data at low frequencies was close to thev@lues measured at low scan rates. The

imaginary part showed a relaxation maximum aa

>

=
=

(mA cm_z)
=
n

S
=
L]

Current
1
=)
th

=
=]
L

Figure7.10( A)

0.0 0.2

0.4 0.6 08
Potential (V) vs SCE

CVs

A
400
~300} //
E
-
S 200t /
N 100}
O-f"'J
0 40 80 120
7' (Ohm)

at

1.0

scan
film MnO>-CB electrode, prepared by screen printing.

frequency

of

s

T el |
0 20 40 60 80 100

Scan rate mV s-1

30

rat es "p(B) Cqared )G, fa2 thin ( b))

[

C
20t fﬁ.
wisp LY
S \
g0

= » St

(113

\

S—

10° 107 10" 10’ 10" 10 10° 10
Frequency (Hz)

210" 10° 10" 10
Frequency (Hz)

2

Figure7.11 (A) Nyquist plot ofcomplex impedance, (B)€and (C) GNWersus frequency
for thin film MnO>-CB electrodes, prepared using screen printing method.

7.5 Conclusions

16PHA, ODPA and SA allowed extraction of ZnO, Geadd MnQ particles from the

agueous synthesis media to thieutanol phase in the PELLI method. The ability to extract

oxide particles using 16PHA paves the way for application of extractor molecules of new

types that do not belong to the HT surfactant category. Theréfmexpected that further
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investigations Wi create a larger pool of extractor molecules suitable for PELLI
applications. The use of extractor molecules with advanced functionality opens new and
unexplored PELLI applications. Therefore, we have deexloa conceptually new
approach based on theeusf multifunctional 16PHA molecules not only as extractors, but
also as dispersing and charging agents for EPD of particles that are transferred to the EPD
processing medium. The use of 16PHA as an extrdorolPELLI allowed superior
electrochemical peofmance of Mn@based bulk electrodes for ES. Good electrochemical
performance resulted from the phase transfer ofaggiomerated Mngparticles and their
improved mixing with MWCNT. We have fabricated ESlbelectrodes with high active

mass loading, whch showed a capacii®&nkEaqnadf’2.55 7F Fc
(67"H)F agt scan r at élsrespettive®, ardrod impedldhcenTWe use of
PELLLI for developing an ink for screen printing fateited the fabrication of efficient thin

film SC electrodes.
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8 High areal capacitance of FeOOKcarbon nanotube

negative electrodes for asymmetric supercapacitors

This chapteris reproducedfrom High areal capacitanceof FeOOHcarbon nanotube
negative electrodes for asymmetric supercapacitéds 1800718015, 2018 Ceramis
International Ri___Chen Ishwar K. Puri  and Igor  Zhitomirsky
https://doi.org/10.1016/j.ceramint.2018.07.00Copyright 20D, with permissionfrom
Elsevier The author of thighesisis the first authorand the main contributor of this

publication

8.1 Abstract

The relatively low capacitance of negative electrodes, as compared to the capacitance of
advanced positive electrodes, poses a serious probfera tkis limits the development of
asymmetric supercapacitor (SC) devices witdrge voltage window and enhanced power

energy characteristics. We fabricate negative SC electrodes with a high capacitance that
match the capacitance of advanced positieetsbdes at similar active mass loadings, as

hi gh as "23yclicmgtamumety, impedance spectroscopy, galvanostatic charge
discharge data and the powarergy characteristics of the asymmetric SC device exhibit

good electrochemical performancefova | t age wi ndow of 1.6 V. C
the development and application pérticle extraction through liquiiquid interface
(PELLI) met hods, new extraction mechani sms
Fe OOH -&#eOOH d&ectrode material3he use of PELLI allows agglomerdtee

processing of powders, which facilitatéheir efficient mixing with multiwalled carbon
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nanotubes (MWCNT) and allows improved electrolyte access to the particle surface.
Experiments to determine the propertieF@©OOHMWCNT composites provided insight

into the influence of the electrode ma&tiand the structure of extractor molecules on the
composite properties. T h ¥ folhneggtiveeedettrodesaapda c i t a
low impedance were achieved usingFeOOHMWCNT composites and a 16
phosphonohexadecanoic aciti6PHA) extractor. Tis extractor allows adsorption on

particles, not only at the liquiliquid interface, but also in the bulk aqueous phase and can
potentially be used as a capping agent faiigia synthesis and as an extractor in the PELLI

method.

8.2 Introduction

The develoment of efficient electrode materials that work in a negative potential range is

a serious challenge for the fabrication of asymmetric aqueous supercapacitors (SC). The
capad@ances of negative electrodes are typically lower than those of positive edscétod
similar active mass loadings. Therefore, the important task is to match the capacitive
performance of cathodes and anodes and enhance device performance over ah enlarge

voltage window.

There is substantial interest in investigating FeOOH and cotepwositerials for negative

el ectrodes. Recent st udke®QHl-Bla\F8OOHb6tand ed on
2-FeOOH?7, 8] phases, as well as amorphous FeQ®HO] materials.The capacitive
behaviorof individual electrodes and cells has been studied in different electrolytls, suc

as KOH1, 9, 11], NaOH9, 12], LiOH[13], LioSQy[14], N&eSQy[ 2], NaeSC3[9] and others
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[15, 16]. Investigations have emphasized advanf@jex a mild NaSQs electolyte for

the fabrication of individual electrodes and asymmetric devices. Partattéation was
focused on the synthesis and application of particles with nanorod ghahds], which

allow improved capacitive performancéarious conductive additives, such as carbon
blac{1, 18], polypyrrold19], carbon nanotubf20land grapherid@5 20-22] have
facilitated the fabrication of electrodes with high capacitance and reduced impedance.

Improved capacitive performance can also be aeuasing doped FeOQH7].

It is important to note that FeOOH electrodes were tested in pd%itjve3-25 and

negative voltage windo®6]. The highest capacitances in negative voltage windows were
achieved usingkKOH and NaSQs el ectrol yt es. A céapvasitanc
reportedl] inaKOHé ectrol yte with a relatively nar
T1.0 V versus a saturat ed diachaogmeatacteestiosct r od
in the KOH electrolyte deviated significantly fromdeal capacitive behavidk, 6].

Improved capacitive behavior was also observed for Fe@Qf@hene composig2]. A
capacit an dlewasordportadefd FEOOIld electrodes in.8l@; electrolytg?].

These investigations of electrodes with low activesriaadings indicated th&eOOH is

a promising material for negative electrodes.

An important challenge is to achieve good performance of electrodes with high active mass
loading$27]. The mass normalized capacitance,)(Gf various electrode materify]
decreased drastically with increasing active mass due to poor electrolyte access to the active
material andow electronic conductity of the electrodes. The critical requirement for

practical applicatiorf27] is good active material performance at mass loadings abdve 10
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2 0 mldg. Arimportant characteristic of electrodes with high active mass loadings is the
areal capacitance g The increase incive material loading8] allowed the fabrication

of negaive FeOOH electrodes withs& 6 . 52 inFKOH alectrolyte. The highests®f

3. 3 "Hn aNaSQ electrolyte in the negative potential range was obtained using Ti

doped IEOOH composites coaining quantum dots and bacterial cellu[@3¢.

Despite the impressive progress in the development of FeOOH and its composite materials,
further advances in synthesis and electrode fabrication can result inuigization of

FeOOH properties in the SC devices. The use of water insoluble binders facilitates the
fabrication of electrodes for stable operation in aqueous electrolytes. During a typical
electrode fabrication procedure, the binder must be well dissotvenorganic solvent in

order to facilitate mixing with FeOOH and to minimize the binder content in the electrode.
FeOOH particles, synthesized in an aqueous phase are usually dried anedibparszd

in an organic solvent, containing a water inst@utinder. However, particle drying results

in the formation of hard agglomerates, which is driven by the reduction of total particle
surface energy and surface condensation reactions. Particle agglomeration is detrimental

for their mixing with conductivadditives and for electrolyte access to the particle surface.

The goal of this investigation was the fabrication of efficient Fe@@Htiwalled carbon
nanotube (MWCNT) negative electrodes with high active mass loadings for application in
advanced asymmetriSC deices. Agglomeratdree processing of FeOOH particles was
achieved by particle extraction through the ligliepiid interface (PELLI) technique. In

this approach, the FeOOH particles synthesized in an aqueous phase were directly

transferred to an ganic ®lvent. Therefore, the drying procedure and related
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agglomeration were avoided. We developed and tested efficient extractors for FeOOH,
which contained phosphonic or/and carboxylic anchoring groups. Two extraction methods
have been developed, whigtvolve particle modification at the liquiiquid interface or

in an aqueous phase. We <compar ed#eOOHhe el e
MWCNT aFe@OHMWCNT electrodes at high active mass loading. The test results
presented below indicated that @ highas 5. & @anFe achieved at a low

i mpedance in a wide negaQOHMWCNY eléctrodeg and wi nd o
NeeSOwel ectrol yte. TRe@OHMWPNT megative relectrodes fmatdhed

the capacitance of advanced MRKAWCNT positive dectroces at the same active mass

| oadi ng 0% As&résultytge asymmetric SC device showed improved capacitive

performance.

8.3 Experimental procedures

FeC¥H 2O, NaOH, NaSQs, 16-phosphonohexadecanoic acid 16PHA),
hexadecylphosphonic acid (HDPA), palmitacid (PA), poly(vinyl butyrato-vinyl
alcoholcovi nyl acetat e) 18000 tbutamol (Aldrichy, MWCNTO

(4 nm I D, i230mm ©bgtH, Bayer, Germany), anc

Canada) wee used.

Chemical precipitation of FeG®was performed from aqueous FeG&blutions, which
were adjusted to pH = 7-FeOOH wag peNan@iiatrodmh e sy
temperatur e, whereas reaction-FeOOH. IOtk AC r e

PELLI-1 method, the solutions &bPHA, HDPA and PA in dbutanol were added to the
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agueous phases containing precipitated particles. The stirring of the mixtures resulted in
particle transfer to the-hutanol phase. In the PELR method, a solution di6PHA in

NaOH was added to the FeGblu t i o n . The precipitation was
addition of Xbutanol resulted in the FeOOH extraction to tHeuianol phase. The mass

ratio of FeOOH: extractor was 3:1 in both methods.

To fabricate supercapaer electrodes, suspensions of the astied FeOOH in-butanol

were separated from the aqueous phase and then MWCNT were added. After
ultrasonication of the mixed suspensions, a solution of PVB binder in ethanol was added.
The mass ratio of FeOOH:MWCNT:Bwvas 80:20:3. The suspensions thusioietd were

used to fabricate FeOGMWCNT supercapacitor electrodes by impregnating the Ni foam
current collectors. The active "?nfasMnQ-l oadi n
MWCNT electrodes of similar mass wmeprepared using PELLI by the methaesdribed

by us previouslj29].

Electron microscopy investigations were performed using a JEOL7®MF scanning

electron microscope (SEM).-y diffraction (XRD) stidies were performed using a
powderdif r act omet er (Nicolet 12, monochromati z
performed on Bruker Vertex 70 spectrometer. Thermogravimetric analysis (TGA) was

performed using a NETZSCH ST409 thermoanalyserinairahae at i ng r dt e of

Cyclic votammetry and impedance spectroscopy investigations were performed using a
potentiostat (PARSTAT 2273, Princeton Applied Research, USA). The capacitive behavior

of the electrodes was studied in thedectrode cellsusn g 0 .S ajueddsasolution.
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Thear ea of t he wor ki Thgcomterelectrad®wis a platnam ghuze m
and the reference electrode was a standard calomel electrode (SCE). Cyclic voltammetry
(CV) studies were performed at scan ratesidf 2 0 'h ¥eOOH MWCNT negative
electodes were combined with MR@AWCNT positive electrodes for the fabrication of
asymmetric cells, which offer the advantage of an enlarged voltage window in aqueous
solutions. The electrodes were separated by a pgolyethylene membrane with an

averagepr e size of 0.4 Om.

The capacitancessG Q/ @V :=a®@Qd @€ m wer e cal cul ated wusi
area of the CV curve to obtain the charge Q, and subsequently dividing the charge Q by the
width of the potentila  wi ndow @V and éémasstnrobam electeodesoa S o
device. he alternating current me as u-iZeweeent s of
performed in the frequency range of 10 mHz
The complex diférential capacitancesC= s@Cs  was calculated from the impedance

data as €= VZ¥ 7SZahd G’ = Mz¥ {SZ| wh e r e -frequency)2 Thé chdrife

discharge behavior of the cells was investigated using battery analyzersMSa8d

BST83 (MTI corporation, USA) at current densitie35 0 mA. ¢ m

8.4 Results and discussion

Xray diffraction studies of the powder s, [
showedtheX ay di f f r a eQO# figupe@la § s aFre®@OHGFigures.1b),
respectively. Thermogravimetric analysis revealed mass loss of 22% and 1694 telat

the dehydRFea®dH n&ed®H, BBspectivelyFigure 8.2). The dehydration
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reaction resulted in the release of water and formatfdfe:O3. Both materialshowed

higher mass loss, compared to the theoretical mass loss of 10%. The additional mass loss
resulted from the adsor berOOHxompared tothhtef hi g h
b-FeOOH was attributed to larger amount of adsdrlwater. The differencean be

attributed to different strhed®OH esaD@hf syn

phases.
v
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Figure 8.1 X-ray diffraction patterns of gsrecipitated (a) -FeOOH (Y - peaks
corresponding to JCPDS file 2B13, &l diagram of standard peaks of JCPDS file Z2E8B),
and (b) -FeOOH (- peaks, corresponding to JCPDS file 3266, B'- diagram of standard
peaks & JCPDS file 341266).

158



100 -

\o
=]
T

Mass (%)

oo
h
T

80 - a

75

0 100 200 300 400 500 600
Temperature (°C)

Figure82T GA dat aFé OOH ( aprdODHb ) b

SEM studies Figure 8.3) of the dried powders howed signi fi cant agg
Fe OOH -Ra®OH farticles. The typical size of the agglomerates was abéut D m.

The fomation of such agglomerates must be avoided in order to improve FeOOH mixing

with MWCNT and facilitate electrolyte access ke tFeOOH surface. Therefore, PELLI
strategies have been developed to transfer the particles precipitated in an agueous phase

diredly to an organic phase and avoid particle agglomeration due to drying.
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Figure83SEM i mage-6e @ OH ( A pFe@QOHBOWdEDS.

PELLI is a relatively new technique for surface modification and aggiatefee
processing of oxide and hydroxide matefi@al}. Current PELLI research is focused on the
development of fadamental extraction mechanisms and analgsiphenomena at the
liquid-liquid interfacg¢30, 31]. Of particular importance is finding efficient extract
molecules for specific oxide and hydroxide materials and understanding paxticetor

interactions, which facilitate extractadsorption on the particle surf§8e, 31].

In this investigation we developed a PELLI technique for tkieaetion of FeOOH,
pre@red by chemical precipitation methods. We found that extractor molecules with
phosphonic and carlglic groups strongly adsorbed on the particle surface and facilitated
extraction.Figure8.4 shows chemicadtructures of the extractor molecules and suggested
adsorption mechanisms. The chemical structurd$BHA HDPA and PA iclude a long
hydrocarbon chain as well as phosphonic or/and carboxylic groups. The suggested

adsorption mechanisms involved bridgingchelation of Fe atoms on the particle surface.

The selected mol ecul es -RéOOMe drFedPd dvth e xt r ¢
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extraction method 1. As an exampkgure 85 s h o ws -Re®CHt paidles were
transferre from the aqueas phase to-butanol after addition of the extractor solutions in
1-butanol. The adsorption df6PHA HDP A a n &eOPHW padicies fdcilitated
phase trasfer.Figure8.6 compares FTIR spaet of asreceivedl6PHA HDPA and PA
with the spectra of extracted particles. The absorptions in the range 82800 0! irc m
the sgectra ofl6PHA HDPA and PA were attributed to symmetric and asymmetric CH
vibrations. The FTIR spectra of the extractedrticles showed similar absorptions,

indicating thatlL6PHA HDPA and PA were adsorbed on the patrticles.

> O
O
= H_/\/\/\/\/\/\/\/U\
HO— ;’ OH
i
B O
|
HO— ’)_-/\/\/\/R\/\/\//\/
| - b
OH
0
C /\/\/\/\/\/\/\/U\
R1 OH
< >

I‘:c F.e Fe Fe Fe l*e l":‘ Fe Fe Fe

Figure 8.4 (ATC) Chemical structures of (Al6PHA (B) HDPA and (C) PA; (D)
adsorption mechanismsviolving Fe atoms on the particle suréaand (&d) phosphonic
acid group of HDPA or (e, f) carboxylic acid grougR#: (a, b,e) bridging, (c,d,f) chelation.
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Figure 85 (A) asp r e p aFe®@H, (BD) extra¢ i o n-Fe®@®H td the Dbutanol
solvent, using (B16PHA, (C) HDPA and (D) PA.
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Figure8.6 FTIR spectra of (aJ6PHA (-FeDOHJextracted usintsPHA (c) HDPA
and(d -Fle OOH, extracted usFe®@OH, edidadedysingPRA) PA,

The behavior of particles at the ligtliquid interface is of fundamental imgance for the
understanding of PELLI mechanisms. It is kn¢8&) that snall particles with
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homogeneous surface chemical composition and properties can spontaneously aecumulat
at the interface of two immiscible liquids. The particle behavior at the Hiqudl interface

is influenced by particle weight, interfacial tensiand hydrostatic pressure forces.
Modeling resultg32] have confirmed that, under thermodynamically favorable conditions,
small colloidal particles with chemically homogenesusfaces can spontaneously attach

to the liquid interfaces. Moreover, it was found that colloidal particles can form two
dimensional odered structures, containing nragglomerated particles at the ligdiguid
interface. It was demonstraf@@)] that particle interactions at the interface are significantly
different from thei interactions in the bulk. Experimental data and modeling revealed long
range repulsion forces, which facilitate particleadglomeation at the interface. The
minimum energy required to detach a spherical particle with radius R from the interface of
two immiscible liquids is proportional toRAs a result, small neagglomerated particles
showed preferred detachment from the intexfahe energy of particle detachment into
organic solvent is smaller for hydrophobic particles, while the opposite isfdrue

hydrophilic particleg32].

Extractor molecules can accumulate &t liquid-liquid interface and become adsorbed on
the particle surfaces. HDPA and PA are typical heddurfactants, containing hyajshilic
phosphonic (HDPA) or carboxylic (PA) groups and long hydrophobic hydrocarbon chains.
It is suggested that, similao other headail surfactants, the HDPA and PA molecules
accumulate at the liquiliquid interface with hydrophilic groups exposemn water and
hydrophobic hydrocarbon chains extending into tHeuthnol phase. The HDPA and PA

molecules were adsorbed tme FeOOH particles at the liqulidjuid interface. Stirring
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promoted interaction between the extractor molecules and FeOOH pakligesannot
exclude the possibility that the accumulation of HDPA and PA at the {lguidl interface
changed the interéaal surface tension, which, in turn, promoted particle accumulation. It
is in this regard that the interfacial tension is one of dbeisive factors for particle
accumulation at the liquitiquid interfac¢32]. The HDPA and PA adsorption imparted
hydrophobic properties to the particles, and facilitated their detachmenttfeoimerface
and transfer to the-fiutanol phaseFigure 8.7 shows a schematic of synthesis and
extraction method 1. The mechanisrBA-B2-D involved (A) particle precipitation in an
agueous phase, (B1) extractor molecule accuioulat the liquidliquid interface, (B2)

extractor molecule adsorption tre particles and (D) particle transfer tddtanol.

FT
=

Figure 8.7 Schematic of the extraction mechanism8AB2-D and AC1-C2-D in the
extraction method 1: (A) garepared FeOOH patrticles in an aqueoussphéB1,C1) the
solution of extractor molecules in-dutanol is added and extractor molecules (B1)
accumulated at or (C1) penetrated the ligiqdid interface, (B2,C2) extractor nesules

3
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are adsorbed on the particles (B2) at the lidigdid interfaceor (C2) in the bulk of an
agueous phase, (D) particles are extractedidotanol.

It is important to note that HDPA and PA are water insoluble molecules. In coh&@stA
isslight y sol uble in water at pH = 7 and shows
increase. The chemical structurel®PHAis different from the structures of HDPA and
PA. It includes hydrophilic phosphonate and carboxylic end groups, whiditatac
16PHA solubility in water at high pH. Both end groups can be involved inlGRHA
adsorption on the particles. The FeOOH particles can potentially be extracted to the 1
butanol phase by the-B1-B2-D mechanism usind6PHA However, we suggest that
16PHA pattially dissolved in waterKigure 8.7C1) and adsorbed on the particle surface
(Figure8.7C2). The bonding of6PHAto the Fe atoms resulted in the formation of water
insoluble surface complexes and facilithtbe transfer of the FeOOH patrticles, containing
adsorbedl6PHAto the tbutanol phase. In order to confirm the feasipibf the AC1-

C2-D mechanism Kigure 8.7), we developed an extraction method 2, which is
schematically showm Figure8.8. In this methodKigure8.8), (A) 16PHAwas dissolved

in alkali and added to (B) Fef3olution to form (C) a suspension of FeOO&itles in
water, which (D) were then spontaneously extratbethe added -butanol solvent. The
feasibility of particle extraction in method 2 confirmed th@PHAcan be adsorbed on the
FeOOH particles in aqueous phase and then transformed to th&cqigase. Therefore,
16PHA can be used not only as an extradtothe PELLI method, but also as a capping

agent for the FeOOH synthesis.
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Figure 8.8 Schematic of the extraction method 2: (FgPHA is dissolved in alkali and
added to (B) FeGkolution, (C) FeOOH parties, modified withl6PHA are formed and
(D) after addition of dbutanol the modified particles are transferred to thethnol phase.

The ext-Fa©0OH dBRe®OH farticles were used to fabricate composite FeOOH
MWCNT electrodes, which were testedlie negative potential rangegure8.9A,B show

CVs f §aOOHMWCNT a-FraeDOHMMWCNT electrodes prepared by the
extraction method 1 usingppPHAas an extr act o fFeOOMMWCNCVs f o1
electrodesKigure8.9A) deviated significantly from the ideal box shape and relatively low
current was observead V.n -Fe@@MWCNT glectrodes 1 O .
(Figure8.9B) showed enharal capacitive behavior, as indicated by an ompd CV shape,

hi gher currents and | arger CV ar e-BeOOWvhi ch r
MWCNT electrodes, prepared by method 2 showed a similar beh&igoir¢ 8.9C). The
capacitances of the electrodes calculatedhftbhe CV data at different scan rates are
presented inFigure 8.9D . T eEOOHMWCNT electrodes prepared by method 1

showed significantly higher capalkeOOHa nc e,
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MWCNT electrodes at the sameele@@ d e mas s. T h deCOMMVECNITt anc e
el ectrodes decr eas e'd with inoreasing sc8ndratet fom 2 1036 F
100 '"mVWhes apaci t - &#eDOBMWCNT electrodes decreased from 5.34 to

1. 9 8 2R the smame scan rate range. This teisuburprising taking into account TGA

dat a, whi ch showed -FeDOl matekak It is im this eegatd thatn t h ¢
capacitive beawvior of FeOOH resulted from the reduction of Fepecies. The difference

in the capaci t-Fe@Q@HMWBENMTa v & F&aDOHMWCNT can be

attributed to the differentionicood uct i vi ti es and pROQHacd e mor
b-FeOOH. It is importat to note that the detailed analysis of the particle morphology
presented difficulties, because drying proceduas avoided and particles were directly
transferredtotheeb ut anol phase for t he-FEQOBIMWGNAt i on o
electrodespiear ed using extraction met hodat2 show
scan r at'kThedapaitanceweas a s e d t 'dwithh an fhdreade in thenscan

rate t o'l Cdnparigorvwitl literature data on the capacitance of FeOOH based
eledrodes, presented above in the Introduction, indicated that use of PELLI provides the

highest capacitance in b{&Ox electrolyte.
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The analysis of the impedance data, presented in the Nyquist piguine8.10A revealed

a relatively low resistanc& =R), which is critically important for SC applications. The

AC capacitance, calculated from the impedance data, showed a relaxation type

dispersiofi33], as indicated bthe reduction of € with increasing frequerny¢Figure8.10B)

and relaxation maxima in the frequency dependences sof (Elgure 8.10C). The

investigations at low frequencies revealed higheod -FeEOOHMWCNT electrodes as

c omp ar &dOOHMWCNHIT electrodes Figure 8.10B(a,b)), in agreement with the
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corresponding capacitances c -&dOOHMWLCNE d fro

electrodes, prepared using the PELLI methosh@wed the highest capacitance at low

frequencies Kigure8.10B ( ¢ ) ) . The higher frequency of t

FeOOHMWCNT electrodes, prepared using PELLI method, indicated better

capacitance retention at higher freqcies Figure8.10C (b,c)).
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Figure8.10 (A) Nyquist plot of complex impedance and frequency dependences of (B) real

Cs and (C) imaginary € components of complex capacitance, gklted from the

i mpedance -FeODORMWCHT, préparéd using6PHAand extraction method

1, {F&OOHMWCNT, prepared usinl6PHAa nd extr act i ¢eOOmMet hod
MWCNT, preparedisingl6PHAand extraction method 2.

The use of PELLI methodslawed significant improvement in the capacitive behavior of

UFeEOOHMWCNT el ectrodes. F i-BeOOHMIWENTselearodes CV's |
prepared by a traditional method, which involved dryingt6eOOH and ralispersion in

alcohol. The CV data showed lowe r ent s, especi alilOy Vi,n wthh e hr
resultedfrom low capacitance. The use of PELLI with HDPA and PA extractors allowed
improved capacitive behavior, as indicated by higlerents and larger CV arekigure

8.11B,C). However, the highest capacitance was obtained using PELLI witt6EidA

extractor. The -Fe@QHMWCNT&@ledmdes prepdred witheut PELLI
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(Figure8.11D(a)), using PELLI and HDPA extractdrigure8.11D(b)) and using PELLI
and PA extractorigure8.11D(c)) were lower than the capacitances obtained using PELLI
with 16PHA extractor Figure 8.9D(b)). The use of PELLI significantly reduced the

electrode resistanceFigure 8.12A) and improved capacitive behavior, especially at

frequencies bet WwigueeB12B@®. mHz 1 1 Hz (
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e 0.10f b
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Figure811(AiC) CVs at scan rates btand (D¥Csan®G, ( b))
f o #FeQOHMWCNT, prepared (A, D(a)) without extraction, (B, D(b)) using HDPA and
extraction method 1, (C, D(c)) usifA and extraction method 1.
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Figure8.12 (A) Nyquist plot of complex impedar@and frequency dependences of (B) real
Cs and (C) imaginary € components of complex capacitance, calculated from the
i mpedanceFe®@HMACNToprepdded (a) without extraction, (b) using HDPA
and extraction method 1, (c) using PA and extraatiethod 1.

This investigation provides evidence that PELLI faatkd the fabrication of FeOGH

MWCNT electrodes with enhanced electrochemical performance at high active mass
loadings. The ability to avoid powder drying by phase transfer allowed for kkgactkcle
agglomeration. It is knowB4] that drying often leads to the complete loss of the ability to
re-disperse particles. Moreover, the literature data for particle behavior at-liguid
interface§32], discussed above, indicated that particle transfer through the interface can
promote deagglomeration of soft agglomerates formed in an aqueous phasesdieed
agglomeration facilitated FeOOH mixing with conductive MWCNiyure8.13 compares

mi cr ost r uc-FaDOKMWCHT elettrodes pteépared without PELLI arsing

the PELLI method 1 and6PHA as an extractor. The analysis of the SEM image of the
composite, prepared without PELLI showed large agglomerates and poor mixing of the
component s. I n contrast, SEM s-Fe®OH and 1 ndi
MWCNTcan be achieved us i-lFe@OHPagdloindration alloveed r e d u «

efficient mixing with MWCNT and facilitated electrolyte access to the particle surface. As
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aresuf we achieved a relativel-FeOGQHMWMECNTc apac i
electrode inNaSQ; electrolyte, which matched the capacitance of advanced positive
MnO>-MWCNT electrodeg?9] in the same electrolgtand at similar active mass loadings.
Therefore, the results of this investigatidastrate a way to fabricate advanced asymmetric
devices. Such devices showed nearly ideal box shape CVs in enlarged voltage window of

1 . 6 Figdre814A). The capacitance was calculated from the CV data at different scan

rates, fron impedance data at different frequencies and from galvanostatic discharge data

at different current dens#s. The integral capacitanceiCn t he vol tage wind
calcul ated from t h%ThEdsapadtanteadecreassd wRh.ilE@asiF ¢ m
scan rate due to electrolyte diffusion limitations in the electrodes and a menfigame (

8.14B). TheGat a scan rlatas dfouh®@O twV be 0.58 F cr

Figure8.13SEM i ma greOOHMWGANT composite, prepared (A) without PELLI
and (B) by the PELLI method 1 usidgPHA
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Figure8.14( A) CVs at scan rates "pB) Cqaad)Gversus ( b) 1
scan ra& for an asymmetric supercapacitor cell, containing MMWCNT positive
el ect r eFe@OHMWANT Wegative electrode.

Figure8.15A shows impedance data, presentedinyagNu i st pl ot . Tohe r esi

the device was higherdh of the individual electrodes. It included the resistances of the
individual electrodes and the resistance of the electrolyte in the pores of the membrane
material. The frequency dependencies of the components of the conpleapacitance
showed Figure8.15B,C) a relaxation tyd&3] dispersion. The real part of the capacitance

at 10 mHz was found to be 18 0 "4 The lawer relaxation frequency, corresponding to

the G" maximum Figure8.15C), compared to the relaxation frequency of the individual

electrodes can resudlom a larger cell resistani@5].
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Figure8.15 (A)Nyquist plot of complex impedance, and frequedependences of (B) real
Cs and (C) imaginary € components of complex capacitance, calculated from the
impedance data for an asymmetric supercapacitor cell, containing MWICNT positive

el ect r cFé@ROHMWGENT Wegative electrode.

The chargeadischarge behavior of the SC device was analyzed aréifit current densities

in the range f’anodth 8tta 661 mMAvomtage of 1.6
discharge curved={gure 8.16A) were of nearly ideal sgmetric treangular shape, which
indicated good capacitive behavior. The capacitarkigufe 8.16B) decreased with
increasing current density in the range from 2.91 t8 2.1F" 2. Testing results indicated

that the differential AC capacitancee asur ed at a voltage of 5
integral capacitance calculated from the CV or galvanostatic chigsgearge data in the

voltage window of 01 . 6 V. T h ethediffdrentalramdmntegral capacitances can

be attributed to varioumctors discussed in the literat[86-38] [36], such as poor access

of ions to redox sites at low voltages, physical hetereigeof the electrodes and other

factors. The galvanostatic discharge data was used for the analysis ofquengy
characteristics of the SC device at different current densities in the rarige f 3m2A. ¢ m

The device showedF{gure8.16C) areal energy density 6620 . 9 7 m'Aandhpoveem

densityof2231. 8 MW cm
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Figure8.16 (A) Chargedischarge curves at curratgnsities of (a) 3, (b) 5, (c)7, (d) 10, (e)
20, (f) 30, ( g)? (B GamdGtaloulated frdnlthe nhargiischmarge
curves versus current density and (C) Ragone plot for an asymmetric supercapacitor cell,
containing MN@-MWCNTposi t i ve eFe®OHMWENTeegativedeledirode.

8.5 Conclusions

PELLI strategies have been develofed r t he f afberQQHa t-Be®@H fbo f U
energy storage in negative SC electrodes. PELLI allowed agglonferatprocessing of
powders, whichdcilitated their efficient mixing with MWCNT and improved electrolyte
access to the particle surface. H®E HDPA and PA showed strong adsorption on particle
surface and allowed for efficient extraction. Two different extraction methods have been
developedwhich involved extractor adsorption on particles at the lidjgiad interface or

in an aqueous phasEhe use of PELLI allowed for significant improvement in capacitive
properties. The important finding was the ability to achieve high electrochemical
performance of negative electrodes at active mass loadings as high as 372mg-cmU
FeOOHMWCNTelectrods s howed hi gher c ape®@HMWENTc e, co
electrodes. The highest capacitance of 5.86 F? éon negative electrodes and low
impedance wer ac hi e v -&eDOHMNCNT andJ16PHA as an extractor. The

capacitance of mpa t i -Fe®OHMWCNT electrodes matched the capacitance of
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advanced MNn@MWCNT positive electrodes at similar active mass loading. This opened

a way for the fabrication of adveed asymmetric SC devices for operation in a voltage

window of 1.6 V. Cyclic vtiammetry, impedance spectroscopy and galvanostatic charge

discharge data showed high capacitance, low impedance and good-ep@nggy

characteristics. The approach, developetthis investigation is promising for agglomerate

free processing of other poerdmaterials and their application in advanced composites
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9 Polypyrrole-carbon nanotubeFeOOH composites fo

negative electrodes of asymmetric supercapacitors

This chapteris reproducedfrom Polypyrrolecarbon nanotubé&eOOH composites for
negative electrodes of asymmetric supercapacit@6é (6), A935A940, 2019Journal of
Electrochemical SocietyRi_Chen Ishwar K. Puri and Igor Zhitomirsky doi:
10.1149/2.0281906jeS€opyright 20B, with permissiorfrom ECS-- The Electrochemical
Society The author of thighesisis the first author and the main contributor of this

publication

9.1 Abstract

For the first tine, polypyrrole (PPy) coated carbon nanotubes (CNT) were combined with
FeOOH to fabiate negative supercapacitor (SC) electrodes. The synergistic effects of
PPyCNT and FeOOH resulted in enhanced electrochemical performance at high active
mass loading of Bmgcm?i n a voltage’i wilWdesws acshturaie® . 8
calomel electrodeRarticle extraction through liquiiquid interface (PELLI) was utilized

for the agglomeratéree processing of FeOOH, which improved FeOOH mixing with-PPy
CNT and contrinted to the enhanced capacitive behavior of the composite.
Tetradecylamine (DA) was found to be an efficient extractor for FeOOH. Cyclic
voltammetry and impedance spectroscopy data at different electrode potentials provided an
insight into the synergistieffects of PPYCNT and FeOOH, and influence of PELLI on
electrode performance. Arreal capacitance of 4.5 F tfmand nearly ideal capacitive

behavior were achieved at a low electrode impedance. The important finding was that
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capacitances of the negative PBMT-FeOOH and positive MNECNT electrodes can be
matched in differenvoltage windows to fabricate advancasymmetric devices, which
exhibited promising electrochemical performance in a voltage window of 1.6 V at high

active mass.

9.2 Introduction

PPy- metal oxide (MO) and PRymetal hydroxide (MOH) composites combine advance
functional properties of PPy, MO @rMOH. Various PPAMO composites have been
developed, containing individual MO components, such 8944, SnQ[2], TiO2[3],
V205[4], NiO[5], Znd6], MnO;[7], CuO and CpO[8]. Complex oxides, such as
MnCo0204[9], NiC0204[10], LiCoO2[11] and ZnFeO4[12] have also been used to develop
advanced PRMO composites. PRWIOH composites have been fabricated with
Co(OH)[13] FeOOH14] and Ni(OH}[15]. Of particular interest are materials, containing
PPy and various iron oxides and hydroxides that have been investigated to fabricate
actuaorq16], batteriegl7], magnetic and mickeave absorption devicgy, drug delivery
systemglg], electrocatalyticl9] and water purification devicg)], tumor targeting
biomaterial§14], imaging guided photothermal cancer therapy dej2d¢ssensor?]

and supercapacitors (§23|.

The use of PPy has also facilitated the fabrication of flexible dd@iflesThe high
conductivity and redx-active properties of PPy are being explored to manufacture
functional compositd25].The use of PPy as a camadive bnder and film forming agent

offers advantages for various energy storage devices and thin film applications. A number
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of studies have examined the synergistic effé&;26, 27] of PPy, MO and NDH. Major

focus areas include improvement in microstructure, formation of hierarchical materials,
design of cenposite particles and fibgrs 11, 17, 28]. Investigation revealed the crucial
need in efficient dispersion of MO and MOH patrticles in the PPy njd€jixEmphais

was plaed on the development of advanced dispersion techniques, new colloidal and

surface modification technologi&g)].

The high conductivity, flexibility ad redox properties of PPy have been utilized for energy
storage in the positive electrodes of S@ 31]. Many attempts have been made to enhance
electrochemical performance using fibrous, nanowire, nanotube and nanorod composite

material$32-34]. A wire-shaped flexibl&( 30], containing PPYMNO; positive electrodes
displayed a capacitance of 0.613 F'tmRuQ; particles wee deposited on PPy

nanorodf31] and obtained electrodes showed a capacitance of 0.419 F. cm

Electrochemical performance was enhanced using carbon nanotube gdfitives

PPyFe0Os; composites have also been developed to fabricate negative SC el¢88jpdes
where a capacitance of 0.382 F émvas achieved. PPy was utilized to fabricate binderless
negative electrodgd7]. PPyFeOOHcarbon fibef38] negative electrodes showed
relativelyhigh specific capacitance for low mass loading and high resistance. Many recent
investigations have been limited to very low mass loadings (bel@ny cm?), which

are not suitable for practicd®C application§39]. Therefore, an emphasis has been
placed40, 41] on the electrode performance at practical massrigacabove 120 mg

cm 2 and the fabrication of electrodes with high areal capacitance and high power.
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The high active massading is beneficial to obtain low relative mass of current collectors
and other passive components of the SC devices. An indretétse active mass loading

from 1 3 mg cm? to 10 20 mg cm? requires a proportionally larger amount of charge to

be deliveredover a significantly larger electrode thickn&8. As a result of limited
electrolyte access to the active material and low electronic conductivity, the mass
normalized capacitece decreases drastically with increasing active mass. Reducing
particle agglomeration and improving the mixing of the componahés electrode can
potentially enhance electrolyte access to the active material and improve electrode

performance.

The capaitances of negative electrodes are usually significantly lower than the
capacitances of positive electrodes, limiting the capamiand energy storage properties
of the asymmetri§C. Further progress in the development of negative electrodes is crucial

for improving asymmetriSCtechnology.

The goal of this investigation was to develop advanced negative electrodes with high activ
mass loading for the fabrication of asymmet8C€ devices and improve capacitance
matching of positive and negative eleceedt similar active mass. In order to improve the
capacitive behavior of PPy and widen the working voltage window, we developed
composite PPACNT-FeOOH electrodes. The fabrication of FeOOH involved particle
extraction through liquidiquid interface (PELD[42] method vhich reduced
agglomeration and improved mixing of the components. TetradecylamiDa) (Was
found to be an efficient extractor f6eOOH. The analysis of capacitive behavior gives

insight into the synergistic effects provided by each component of the sdmelectrodes.
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It was found that impedance analysis of differential capacitance and resistance at different
electrode potentials an important tool for investigating of the synergistic effects of PPy
and FeOOH. The results presented below show thatesh capacitance of 4.5 F thand

nearly ideal capacitive behavior were achieved at active mass loading g 8i 2.

Efforts ©o enhance the performance of PEMT-FeOOH electrodes allowed better
capacitance matching of the negative and positive electrodes. The asymmetric devices,
based on negative PRBNT-FeOOH electrodes and positive MARONT electrodes

showed promising electrbemical performance at high active mass.

9.3 Experimental procedures

FeCWH >0, NaOH, NaSQ, tetradecylamine (@A), sulfonazo Il sodium salt (SF),
pyrrole Py), poly(vinyl butyral) (PVB), dbutanol (Aldrich), ammonium peroxydisulfate
(AP, Fisher Scientific), and carbon nanotubes (CNT, multiwalled, inner and outer diameters
of D4 and 13 nm, respectively, and lengtinghe range of iI2 em, Bayer, Germany) were
used. Ni foam current collectors (thickness 1.6 mm, porosity 95%) were supplied by Vale

(Canada).

The synthesis of PPy coated CNT (RP{T) was performed by a chemical pailerization
method43] using SF as aapant for polymerization of PPy and as a dispersant for CNT.

In this process, CNT were dispersed by SF under ultrasonication in ethanol to achieve a
homogeneous CNT suspension. The mass ratio of CNT:SF was 2:1.Spaasion was
stirred in an ice bath fdr h and then 310 mg Py was added. The mass ratio of Py:CNT was

4:1. Then 1.275g AP was dissolved in 10ml DI water and the AP solution was added to the
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CNT suspension, containing Py. The reaction was performed d2#ihgusing icewater

bath. The precipdte was filtered and dried in an oven at 70C.

The FeOOH synthesis procedure involved chemical precipitation frony Beldtions at

pH = 7. The solution pH was adjusted using an aqueous NaOH. TA was used as #or extrac
and Xbutanol was utilized as a m&ging solvent for PELLI. The concentration of FeOOH
particles in the extracted suspensions was 15'gTlhe mass ratio of extractor: particles

was 1:3.

For the fabrication of PRENT-FeOOH, the suspensions of exteatFeOOH in dbutanol
were separateddm the aqueous phase and then CNT were added. After ultrasonication of
the mixed FeOOKCNT suspensions, the PBNT powder and the solution of PVB binder

in ethanol were added. The mass ratio of PPy:FeOOH was 1:1.

The CNT content in all electrodes was 20Phe content of PVB was 3% of total electrode
mass. The obtained suspensions were used to fabricate the supercapacitor electrodes by
impregnating of the Ni foam current collectors, which were then calendered to f30% o
original thickness. The active masatling of the working electrode (WE) was 37 mgtm

which is close to upper practical limit for given thickness of the calendered Ni foam. The

fabrication of positive MN@CNT electrodes was described previo{#4y.

The phase content of theaterials was tested by XRD with a Niet 12 diffractometer

(CuKU radiation). A Bruker Vertex 70 spect

All electrochemical measurements were performed using a potentiostat (PARSTAT model
2273, Ametek, USA) and BST8 battery analyzers (MTI, USA). A tlaleetode cell
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contained a WE (area 1 éna saturated calomel electrode (SCE) and a Pt counter electrode.

The two electrode cells consisted of positive MiENT and negative PPENT-FeOOH

electrodes. An aqueous 0.5 M 48&x solution was used as an electrolyt@yclic
voltammetry (CV) studies at scan rates tf@0 mV $* were used to calculate the integral
capacitances$& Q/ V&=a@d pUm of i ndividual el ectro
VvV, S and m are charge, pot e nreaiamdltotavactived o w (

mass (individual electrodes or devicagspectively. The AC complex impedartie= Z
-iZ of individual electrodes and devices was measured at the signal amplitude of 5 mV in

the frequency (f) range of 0.01 HH0 kHz. The impedana# individual electrodes was
measured at different appliedtpntials. The complex differential capacitangé € CN

iCs"was obtained asd¥= 72 f |ZPS and G= Z¥2 f |ZPS. The integral capacitances
of devices were also calculated from tf@vanostatic discharge data as=Cit/ VS and

Cm = It/ Vm where Idenoted dischasgcurrent and t the diarge time.

9.4 Results and discussion

Figure 8.1a presents the Xay diffraction pattern of a dried FeOOH powder, where the
peaks corresponded to JCPDS filé 29 3 -Fe®OH. A major issue ithe development

of FeOOH nanocomposites is particle agglomeration resulting from the drying of
precipitated particles, which gerates difficulties in particle rdispersion in organic
solvents for device fabrication. To avoid drying, PELLI was used &op#rticle extraction
from the aqueous suspension ofpagpared FeOOH particles to thebdtanol phase.

PELLI is a convenient eans for improving the mixing of neagglomerated FeOOH
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particles with CNT or PRZNT in the organic solvent, which is necesséoy the
dissolution of the PVB binder. The ability of PELLI to extract particles depends on the
availability of efficient extrators, which must be adsorbed on the particle surfégere

9.1A shows the chemical structure of TAedlsas an extractor. The long hydrocarbon chain
facilitates TA disstution in 1-butanol. The TA adsorption on FeOOH can result from
Ref[44] chemisorption or eldrostatic attractionHigure9.1B(a,b)).Figure9.1C-F shows

the FeOOH gspensions bHere and after extraction and also presents a schematic of the
extraction mechanism, which involved phase transfer of FeOOH particles, containing
adsorbed TA, from water to-dutanol. The TA adsorption on FeOOH was confirmed by
the FTIR spectim of extractd FeOOH patrticles, which shows absorptions at 2851, 2920
and 2957 cit, resulting from the vibrations of Gtnd CH groups of adsorbedDA.
Similar absorptions at slightly lower wavenumbers were observed in the spectrum of as

received DA (Figure9.2).

Figure9.1 (A) Chemical structure of DA, (B) TDA adsorption mechanisms involving a
surface OH group: (aghemisorption and (b) electrostatic interaction, (C) precipitate
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