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ABSTRACT

Thiswork is aimedat studyingactivatedcarbonsassupercapacitoglectrodenaterialsderived
from plant biomasswaste materials.The activatedcarbonraw materialsare sourcedfrom
coconutshell, pine cone and rice husk plant biomass.The chemical activation route is
employedwith KOH asanactivatingagent.The carbonizatiortemperatureisedis 800°C and
the carbonizatiortime is variedfrom 1 h to 5 h. Activated carbonof high surfaceareaand
porosity are achieved and their electrodesshow a good electrochemicalperformance

presentinghemasapplicablefor supercapacitoglectrodematerials.
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CHAPTER ONE

INTRODUCTION

1.1 BACKGROUND

As the globaleconomyconstantlycontinuesto rise, the globaldemandor powerandenergy
sourcesare synonymouslyincreasing.This raisesthe consumptionof fossil fuels which
producestwo major related issues;depletion of fossil fuel reservesand environmental
greenhouseemissionproblens which not only pose pollution problemsbut also climate
changeissues.These issuebave been projecteals one otthe global urgenand important
challerges tobe tackled. Thereis, therefore,a needto developalternativeenergysources
that are clean, sustainablegnd meetup with the rising global demand.In view of this, a
lot of renewableenergysourceshave beenexploredbut they generallyhave a commorty
associatedissue; they are seasonal.Most renewable clean energy sourcesare highly
dependenbn the time of day andregionalweatherconditions.The needfor the development
of relatedenergyconversionand energytoragedevices thereforearisesin orderto takethe
harnessingof theserenewableclean energysourcesto their best efficiency. Energy
conversionand storagedevicesshowing the greatesipotentialscurrentlyinclude; batteries,

supercapacitorandfuel cells[1].

1.2 MOTIVATION AND PROBLEM STATEMENT

Supercapacitorare yet to reachtheir full potentialevenasenergystorageproblemspersist.
Supercapacitoraregoverned by thesame fundamental equationsasventional capacitors,
but utilizing higher surface area electrodesdathinner dielectrics to achieve greater
capacitances seemo possss the quality for future energy solutions. Fossitbasedcarbon
sources for application as activated carbon materials are limited and non renewable;

biomassbased sourcemrelow-costhigh-performanceandidates
1



1.3 SCOPEAND OBJECTIVE
This work is aimedat studyingactivatedcarbonwhich canserveas the negativeelectrode
material of asymmetric supercapacitorsThe activated carbonis sourcedfrom biomass
materialsof pine conesrice husks andcoconutshells. The electrochemicaandsurfacearea
parameter®f activatedcarbonare studiedanda comparativestudy of the different materials

IS presenteavith suggestedptimizationtechniques.

1.4 ORGANIZATION
This projectwork is organizednto five chaptersas follows
1 Chapterone,theintroduction;
1 Chaptentwo, theliteraturesurvey;
1 Chapterthree thematerialsandmethods;
1 Chapterfour, theresultsanddiscussiorand

1 Chapterfive consistof asummaryandconcludingremarks



CHAPTER TWO
LITERATURE SURVEY

2.1 ENERGY STORAGE
Electricity, a multi-sourcedform of energyhasone of its greatesthallengs to be the ability
to storeand reusestoredenergyfast and with convenienceThe subjectof energystorage
still posedots of associatedssuesvhichinclude;thedensityof storageanduseaswell asthe
lifecycle of devices.Batterieshave beenestablishedo hold large amountsof energyafter
prolonged chargingime while supercapacitorbold alittle amountof powerwith very short
chargingtime. Ourgrowingglobaleconomyrequiresenergystoragedeviceswhichwill holda
largeamountof energyin very shortchargingtime andthis canbe achievedby a progressive
developmenbf supercapacitorso enablethemto store large amountsof energyin their
short chargingtime. Supercapacitorare a special kindof devices owingo their excellent
cycling ability and high powerdensity They are at the forefront of tremendousongoing
researchfor new and hybrid energy technology developmentsaimed at arresting the
pressing issues of rising global demandsfor clean sustainableenergy. Supercapacitors
have a limitation in the amountof energythey canstorealthoughthey havegoodcharging
and dischargingabilities as such mostsupercapacitorgresentlyin use are coupledto
anotherenergysource,usually batteries, tenablethemto supplythe neededenergyover a
givenperiodof time. [1]

2.2 SUPERCAPACITORS(SCs)
Supercapacitorgoften called an ultracapacitor)are electrochemicaknergystoragesystems
thatstoreenergydirectlyandphysicallyascharge Usually,capacitorcansupplyhighspecific
powers butthe amountof energystoredis very low. Electrochemicatapacitorqoftencalled
supercapacitorsr ultracapacitorscanstorereversiblya higherenergythanregularcapacitors

andcanbe operatedht substantiallygreaterspecificpowerthanmostbatteried2]. Theearly



conceptof an electrochemicakupercapacito(ES) was basedon the electric doublelayer

existing at the conductorelectrolyte interface. The electric doublelayer theory was first

proposed byHermannvon Helmholtz and further developedoy Gouy, ChapmanGrahame,
andStern. Theelectricdoublelayertheoryis the foundationof electrochemistryrom which

the electrochemicalprocessesoccurring at an electrostaticinterface betweena charged
electrodematerial and an electrolyte are invesigated [3]. Numerous electrochemical
theories and technologiesake root from this foundation,energystoragedevicessuch as

electrochemicalsupercapacitors,batteries, and fuel cells have been invented and

establishedfrom thesetheories. Supercapacitor@re governedby the samefundamental
eguationsas conventionalcapacitorsbut utilize higher surfaceareaelectrodesand thinner

dielectricsto achievegreater capacitancednlike batterieswhich dependon redoxreaction
mechanisnfor their operation,supercapacitor§SC) dependon the chargeseparatiorat the

electrode/electrolytenterfacefor chargestorage.Whenthe SC is polarized,double layers
are formed and oppositely charged ionsare accumulatedon the surfacein a manner
proportionalto the appliedvoltageandenergy isstored. The double layer formed consists
of electric spacechargefrom electrodewhereelectrochemicaleactionsoccurandion space
chargefrom electrodewhere chemicalreactions occurElectric Double Layer Capacitor
(EDLC) area nonfaradaiaype of EC thatdo not allow anycharge/mastransportacrosshe

electrode/electrolytenterfaceduring chargestoragesuch thatthe energystoredis purely

electrostatic.The energy of the EC increaseswith increasing electrod@arametervalues
such as the specific surface area, pore size distribution, electrical conductivity and

wettability by theelectrolyte Themaximumenergystoredis givenas;

E=%CV

Since the potential difference between conductors is given as;

V = Q/C, where Q is charge and is given@s= [ X t



the work required to transfer a charge dQ is given as;

dU=VdQ=%

suchthatenergyof a charge which is the work donein building up the chargefrom initial

value,0, to final value,Q, by addingdQ is;

A
where(C = %

for e;asdielectricconstantA assurfacearead asseparatiomistanceFaradaydiscoveredhat
C increasedby a factore, whenananinsulatoris put betweerthe plates.eis dependenon the

natureof theinsulatingmaterialandeis dielectricconstantiavingavalueof 1 for vacuum. #]
As anelectricfield within capacitoreducesthe capacitance&€ increases.e. voltageis lower

for thesamecharge.
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Figure 2.1: Schematicof simple electrochemicalcell (SaswataBoseet al. 2012)[18]
Like an ordinary capacitor,a supercapacitohastwo plates(also called electrodes}hat are

separatedT he platesare madefrom metalcoatedwith a poroussubstanceuchas powdery,
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activatedcharcoalwhich effectively givesthema biggerareafor storingmuchmorecharge.
In a supercapacitorthere is no dielectric as such. Instead,both plates are soakedin an

electrolyteandseparatedby a very thin insulator(which might be madeof carbon,paper,or

plastic)[5]. This is why supercapacitorare oftenreferredto asdoublelayer capacitorsalso
calledelectricdoublelayer capacitorsor EDLCs. The capacitancef a capacitorincreasesas
theareaof theplates increaseandas thedistance betweethe plates decreasek anutshell,
supercapacitorgettheir muchbiggercapacitancérom acombinationof plateswith abigger,
effective surfacearea(becauseof their activatedcharcoalconstruction)and less distance
betweerthem(becaus®f thevery effectivedoublelayer).

The first supercapacitorarere madein the late 1950susing activatedcharcoalasthe plates.
Since then, advanc&s materialscience havéed tothe developmentf much moreeffective
platesmadefrom materialssuchascarbonnanotubesgrapheneaerogelandbariumtitanate
[5]. The earliest ES patent was filed in 1957 however, not until the 1990s did ES
technology begirtio draw someattention,in the field of hybrid electricvehicles.lt wasfound
thatthe main functionof an ES could be to boostthe batteryor fuel cell in a hybrid electric
vehicleto provide the necessarypower for accelerationwith an additional function being
to recuperatédrakeenergy Furtherdevelopmentfiaveled to therecognitionthatES canplay
animportantrole in complementingoatteriesor fuel cells in their energystoragefunctions
by providing backup power suppliesto protectagainstpower disruptions[6]. They can
therefore promoteconstanpowersupply.

Supercapacitoreavebeenwidely usedasthe electricalequivalentsof flywheelsin machines
as energyreservoirsthat smoothout power suppliesto electricaland electronicequipment.
Supercapacitorsanalsobe connectedo batteriego regulatethe powertheysupplyasapplied
in wind turbines,wherevery largesupercapacitorbelp to smoothout the intermittentpower
suppliedby the wind. In electricand hybrid vehicles,supercapacitorare increasinglybeing
usedas temporaryenergystoresfor regenerativebraking where the energyof a stopping

6



vehiclewhichis normallywasteds briefly storedandthenreusedvhenit startsmovingagain.

The capacityof ultracapacitorss largelydeterminedy the electrodematerialandasaresult,

there has been dramatically increasedresearchto improve the performanceof electrode
materials.While the energydensityof ultracapacitorss very high comparedo electrostatic
andelectrolyticcapacitorsbutit is still significantly lower thanbatteriesandfuel cells[2] as

seenn thefigure below.

POWER DENSITY (W kg ‘)

0.01 0.1 1 10 100 1000
ENERGY DENSITY (Wh kg )

Figure 2.2: Ragoneplot for common energy storage devices(D Y Momodu 2015)[19]

From Nernst equation,G = QDE for batteryand G = Q. ¥.DE for capacitors.This is

becausevery additionalelementof chargeaddedhasto do electricalwork againstharge
densityaccumulatedon the plates, thereby increasinginterelectrodepotentialdifference

The purecapacitive behaviorsappearas mirror imagesfor positive andhegativesweeps
on voltammogramsbut different ranges of potentials are required for oxidation and
reductionin batteriesandassuchtheir voltammogramsreasymmetric[7]

1 To overcomethis challenge,extensivework has beendevotedto increasng the
energydensity of ESs,[1,2] in order to widen their application scope.Since the
energydensity(E) of ESsis proportionalto the capacitancgC) and the squareof
the voltage (V), thatis: E = ¥ CV?, increasingeitheror both of the capacitancend
the cell voltage is an effective way to increasethe energydensity. This can be

achievedthrough the developmentof electrode materialswith high capacitance,
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electrolytes(electrolytesalt + solvent)with wide potentialwindows, and integrated
systemswith a new and optimized structure, [8] thus leading to a continuots
developmenbf different supercapacitotypesover the years.Supercapacitorbased
on their energystorageprinciple havebeengenerallyclassifiedas;

1 Electric double layer capacitorswhich operatein a fashionthat createsfor purely
electrostatichargedoublelayer formationat the electrodeelectrolyteinterfacedueto
ion diffusion.

i Faradaic pseudocapacitoravhose charge storage mechanisminvolves fast and
reversiblesurfaceredoxprocessesesultingfrom chargetransferthroughtheelectrode
surfacesluringelectrosorption

1 Hybrid capacitorswhich involve a combinationof both electric double layer and

faradaictypeprocessnechanisms.g]

A basicclassificationof supercapacitors givenin thefigure below;

Supercapacitors

|
[ l

Electric Double- Daintich

Layer Capacitors v Bl =
Activated Carbon Aerogels Conducting Metal
Carbons and Graphene Polymers Oxides/Hydroxides
Carbon Functionalized
Nanotubes Carbon
Hybrid
Capacitors
| I
Composite Asymmetric i Battery-Type
Hybrids Hybrids H Hybrids

Figure 2.3: Classificationsof Supercapacitors(M S.Halper, J C. Ellenbogen2006)



2.3ASSYMETRIC SUPERCAPACITORS (ASCs)
An asymmetrisupercapacitofASC)is atypeof hybrid supercapacitdoasedontwo different
electrodematerials.Oneelectrodeis basedon redox (Faradic)reactionswith or without non

faradicreactionsandthe otheroneis mostly basedon electricdoublelayer (non-Faradicor

electrostatic) absorption/desorption Aqueous asymmetric supercapacitors(AASs) are
promisinghybrid energystoragalevicesastheyhavebeenshownto provideawider operating
voltageat higherenergydensitycomparedo symmetriccapacitorsBy combininga battery
typeelectrodd-aradaicathodgtransitionmetaloxide)materialandacapacitortypeelectrode
anode material (usually an activated carbon). AASs make use of the different potential
windowsin theanodeandcathodeeadingto anincreasedperationaloltageof theaqueous
electrolyte and significantly improving the energydensity of devices.[9] Generally,most
AASs makeuseof activaed carbon(AC) asthe negativeelectrodebecausef the anomalous
pseudocapacitangaechanismat the surfacesof carbonbasedelectrodesvhenscannedat a
negativepotentialin aqueou®lectrolytesForthepositiveelectrodeconductivepolymersand
varioustransitionmetaloxidesarewidely studieddueto rapidandreversibleslectronexchange
reactionsat the electrodenterfacewhich contributeto the high energyandpowerdensitiesof

AASs.[1] AASsstill facea challengesinceall of their performances atintermediatdevel.

2.4ELECTRODE MATERIALS

To overcomethe obstacleof low energydensity,one of the mostintensiveapproachess the
developmentof new materialsfor ES electrodes.Negative electrodematerialsfor ASC are
mostly carbonaceoumaterialsusually porouscarbon,carbonnanotubesand graphee. Others
include carbonaerogels,carbon nanocagesand very rare oxides such as V20s and MoO:s.
During the activation processof carbonaceousnaterials, modifications can be made by
insertion of oxygen into carbon skeleton (oxidation) and plasmatreatmentcan be used to

introducefunctionalgroups[10]. During the modification, oxidationfor too long a timescales

9



detrimental for carbon materials since it could reduce the surface area and electronic
conductivityof the carbonsandimpair their capacitiveperformanceThespecificcapacitancef
ACs, is determinedby both the ratio of edge/basabrientationand the natureof the functional
groupon the surface[10]. Consideringthe poresizes,their influenceon capacitances closely

relatedto electrolytes.

Carbon electrodematerials generally have a higher surface area, lower cost, and more
established fabricatiotechniqueghan other materials.Their action mechanismas negative

electrodess givenas;

Electrode + C + e-- Electrode/C (charging)

Electrode/C© Electrode + C + e-(discharging)

Where C is cation and / is an interface with the electrode surface.

Porous carbons mainly include ACs and nanoporouscarbons (NPCs). A variety of
precursorsare usedfor producingACs suchascharcoalsyesins,petroleumcoke, pitchand
biomassesncluding waste paper. Since the action mechanismfor capacitances mainly
due to absorption/desorption, tpecific surface aregorosity and functional groups of
ACs are important factors to achieve high energy density. The performanceof porous
carbonsis dependenbn a numberof factorswhich include the natureof precursomaterial,
type of activatingagent,andconditionsof activationand carbonizatiorprocessedn the case
of NPCs,mostare preparedby templatemethodsso that the porosity and pore size canbe
tailored.Whenanexternalpotentialis appliedto aporouscarborelectrodepppositelycharged
ions are absorbedon its pore surfacesand charge accumulationoccurs at the electrode
electrolyteinterface,forming electricdoublelayers,therebyallowing electricity to be stored,

andassuch theycanbe usedfor the nonFaradicsideof ASCs.

10



Figure 2.4: Activated Carbon

CNTs, carbon nanotubes, have hollow tubeswith diametersin the nanometerangeand

lengthsusually at micro scale.Basedon the numberof tube walls, CNTs can be classified
into singlewalled carbon nanotubes (SWCNTs) and multi-walled carbon nanotubes
(MWCNTSs). The capacitivebehaviorof CNTs is similar to that of ACs but hetereatoms
doped CNTsexhibits pseudocapacitanddérougha faradic reactionin the frameworkor as
functional groups on the surface.In both single and multi-walled CNTSs, the electronic
transportoccurs overlong tube rangeswithout electronic scatteringand the network of

large externalsmall poresformed by the entanglemenbf the CNTs allows for fast solvated
ion diffusion during chargeand discharge processes[10]. This property makes them

successfulat carrying high densitiesof currentswithout energydissipation.As a result, in

most casesCNTs are often used in the form of compositesbut, the production costs of

CNT-basedsupercapacitors yet to meetacceptabl@erformance.

sgegesegegesesesesesezesna,
y‘.’.‘.t'_, e A, S S St e
- - - . - 1 L m_ m_ m = _m -
D |
B D 28 ,\?
Jffﬁ-’ v \1
Ty \u
B A R e Dt b
iRy --w{-*wr»vy—
158155 090 B 4 0t
HY Y e Sy ey Y
Fry ::N;- PR 420 gt
AR LB g SREVYEE
n'.r.fn.(, e \,\‘,\,\xy
PSS 88

:r.rf AT e B o B
Y (%Y vy Sy PRI YT
B GRS (ﬁ'\.\g
R g oy

Figure 2.5: Carbon Nanotubes(Leo—Daniel-26i65[é0] .
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Graphene a one-atomthick 2D single layer of sp2bondedcarbon,possessea uniquetwo-
dimensionaktructureandexcellentmechanicalthermalandelectronicpropertiesand canbe
preparedy severakinds of methods[10] The propertiesof graphenecanbe greatlyaffected

by the numberof layersandthe degreeof surfacereductionor oxidation.Grapheneanalso

be activatedto achieveultraporousgrapheneas the negativeelectrodefor ASCs. However,
aggregatiorandrestaclkng arestill a major hurdlethatlimits graphenebasedchanocomposites
from realizing their full performance,which causesinferior ionic accessibility and
electrochemicaperformanceGrapheneanalsoform compositesvith otherkinds of carbon

andelectrochemicallyactivematerialssuchaspolyaniline(PAn),andpolypyrrole(PPYy).

Figure 2.6: Graphene, mother of all graphitic carbon (L L Zhang et al. 2010) [21]
Positive electrode materials for ASCs include oxides conducting polymers some
carbonaceoumaterialsand intercalationcompoundsThe carbonaceousaterialscould be
usedin compositeswith one anotheror the oxides. The actionmechanisnof carbonaceous

materialsaspositiveelectrodess givenas;

Electrode + A © Electrode/A + e~ (charging)

Electrode/A + e-© Electrode + A (discharging)

Where Ais anion and / is interface with electrode surface.
Transition metal Oxides are alsousedas electrodematerialsfor supercapacitorswing to

12



their pseudocapacitangeoperty.Mostwidely usedmetaloxideis RuO2,othersincludeNiO,
MoO3, and MnsOztc. Thesegroupof electrodanaterialspossess$igh psuedocapacitivand
high stability properties and also perform well in compositesbut suffer draw backs

such as unavailabilityhigh cost.

Conducting polymers havebeenusedextensivelyassupercapacitoelectrodematerials.The
most attractive include Polypyrrole (PPy), Polyaniline (PANI), and Poly-3,4
ethylenedioxythiophendPEDOT) becauseof their quick redox reactions. The possible
application of electronically conductingpolymers, ECPs, in electrochemicalcapacitorsis
dictatedby their significantcapacitancealues[6, 11,12, 13]. Contrarilyto activatedcarbons
whereonly thesurfaces usedfor chargeaccumulationin the caseof ECPs thetotal massand
volumeis involvedin chargestorage Extremelyhigh capacitancealuescanbe obtainedwith
athin ECPfilm electrodepositedn a conductingsupportlike Pt and/orglassycarbon.The
valuesreportedfor different ECPs,e.g. PANI caneasilyreachvaluesof 1000Fg ‘whenthe
electrochemicainvestigationis performedin a threeelectrodecell usingathin film thathasa
very limited usefor a practicalsupercapacitooperatingas a two-electrodesystem[13]. The
maindrawbackof ECPsapplicationassupercapacitoelectrodess connectedvith their poor
stabilityduringcycling. TheECPfilms, dueto volumetricchangesluringthedopingtedoping
procesginsertionfleinsertiorof counterions),undergaswelling,shrinkagegcracksor breaking

thatin consequencgraduallyaggravatesheir conductingproperties.

Figure 2.7: PEDOT Electronic conducting polymer (geoffhutchison.net)
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2.5ELECTROLYTES

Electrolytes have been identified as some of the most influential componentsin the

performancef electrochemicasupercapacitor€ESs),which includeelectricaldoublelayer

capacitors pseudocapacitorand hybrid supercapacitorsTheseelectrolytescontainions for
chargetransportand storageand are generallyclassifiedas; organic,agueousor ionic liquid
electrolytes.Both energy and power densitiesare proportionalto the squareof operating
voltage which can be determinedby the decompositiornvoltage of the electrolyte.An ideal
electrolyte should therefore have a wide voltage window, high conductivity, excellent
electrochemicastability, small solvatedionic radius, high ionic concentrationJow viscosity,
high purity, environmentHy friendly, low costandreadilyavailable [14]
Aqueous electrolytes are generally nonflammable, having low viscosity, low cost and
excellentsafety. They are disadvantagethecausdhey havelow voltagewindow dueto the
thermodynamicdecompositionof water at 1.229 V and low ovempotential for hydrogen
evolution reaction[14]. Notable aqueouselectrolytesinclude; KOH, H2SQs, NaeSQs and
shouldbe deaeratedbeforethe electrochemicameasurement® getrid of dissolvedoxygen.
Organic electrolytes offer high specific capacitanceand maximum working voltage thus
increasingo a great exterihe energy density afupercapacitors while maintaining its power
densityand cyclic stability. They havedrawbacksof high cost, flammability, toxicity, large
solvatedions, high viscosity, high internal resistance,low conductivity and low power
delivery. Organicelectrolytes argprepared fromorganic saltssuch asEuNBFs, TEABF;,
(CoHs)4aPBFRs usingorganicsolvents typically acetonitrileandpropylenecarbonateo provide
mobileions.lonic liquids whichareroomtemperaturenoltensaltswith meltingtemperatures
ator below roomtemperatureand composedentirely of highly asymmetriccombinationof
anion and cationhave unique propertiesincluding low vapor pressure high thermal and
chemicalstability, low flammability, a wide electrochemicaloltage window, and higher
conductivity comparetb organicelectrolyte However ILs havesomedisadvantagesuchasa
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relatively high cost,high viscosities,and low ionic conductivity at room temperatureThe
commonlyusedlILs for the applications in supercapacitor are imidazoligyrrolidinium,
tetrafluoroborate, trifluoromethanesulfonate bis(trifluoromethanesulfonyimide,
bis(fluorosulfony)imide, or hexafluorophosphate.

The aqueouslectrolytesare preferredbecausdhey have inherentadvantage®ver organic
electrolytes Someof whichinclude; lowcost, safetyionic conductivityand smallesolvated

ions.

2.6 PROCESSINGMETHODS FOR ACTIVATED CARBON
The electrodematerialis a key componenin determiningas u p e r ¢ a gapacity.There 6 s
are numerous processingmethods and routes through which supercapacitorelectrodes
are achieved.Activated carbonon its own part has a numberof ways in which it can be
synthesized fromits precursor material and these processing methods are aimed at
optimizing its performanceas electrodematerials.Numeroustess can be carried out on a
processed supercapacitectrodebut the mostdefinitive testfor a new electrodematerial
is how it performsin a full-scalecommercialsupercapacitoj2]. However,owing to the fact
that there are numeroussamplesto be testedat the laboratory stage, it is not usually
convenientand practicato developa full-scalesupercapacitofor the testingandassuchthe
electrodematerials ar¢estedwithoutassemblingheminto acompletedevice.
Therearetwo basicmethodsto prepareACs: physicaland chemicalactivation. The former
involvesgasificationof the carbonproducedrom carbonizatiorwith anoxidizing gassuchas
air, CO, andwatervaporat elevatedkemperaturedn the caseof the latter, carbonizatiorand
activation are carried out by thermal decompositionof the precursorimpregnatedwith a
chemicalactivatingagentsuchasZnCk, KOH, K2CQOs, HNOs or H3PQu.
Hydrothermal treatment
This is pre-treatmentdonebeforeactivationof the raw materialcarbon.This stepis required
to enhancehewhole processasit resultsin a more effectiveuseof the activatingagentthus
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optimizing final properties of the activated carbon. This process proceedsunder
elevated pressusndtemperature.

Activation

Activation is a processinvolving the partial oxidation of carbonbasedmaterialssuch
that carbonresiduesblocking poresare removedby burning. The processis aimed at
increasing surfacareaandporosityof the materialwhich canbe enhancedby furtherburn
off and use of activation agentssuch as; KOH, NaOH, H3zPQus, ZnCk. The carbon
materialformedhasawell- developedand readily accessiblegpore structureswith pores
of controllablesize. Theactivationof carboncould bechemicalor physical.
Physicalactivation of carbonproceedsin the presenceof carbongasificationreactants
suchas CQ, air, andH20O. It involvesreactionsbetweernthe carbonandoxidizing gasto
create pores. Physicalactivation is consideredenvironmentdy friendly as it uses
gaseousactivating agents whichdo not produce waste water but has a poor vyield,
consumesnuchtime andenergyas wellaspoorly developegorestructures.
Chemicalactivationof carbon on the other hand involves the use of activatingagents
such as KOH and NaOH which function as dehydrating agents that prevent the
formation of tar and hencgromotethe carbonyield during pyrolytic decomposition.
Chemicalactivation generates goodarbon yields but activating hydroxides are very
corrosive.

The main advantagef chemicalactivation over physical activation are higher yield,
lower temperaturef activation,lessactivationtime andgenerallyhigherdevelopmenof
porosity. It also preserveshe shapeof raw materialscausingless surfacedamageand
maintainingmorphology [15] Thedisadvantagemcludemoreexpensivectivatingagents
andalsonecessargpdditionalwashingstagerequired.The activationprocessis strongly
affectedby the carbonto activating agentatio, C:KOH ratio, temperatur@andtime. When
using KOH as an activatingagent,the total activation processis quite complicatedand
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proceedyia differentpathwaysandby-products.

Thefollowing reactionscanbe considered:

4 KOH+ CO KoCQ + KO+ 2H2 [16]

Recently, some processes including laser ablation, electrical arc, chemical vapor

decomposition(CVD) and nanocastingwhich do not include activation processescan
alsobeusedto prepareACs.

Carbonization

This is a pyrolysis (heatingin the absenceof oxygen)of carbonaceousaterialswhich
involves the complex processes of many reactions such dehydrogenation,
condensation,jsomerism, hydrogenransferto achievea carbonyield of the starting
precursomaterial. Carbonization processeseusuallycarriedoutin atubularfurnaceor
in amicrowaveassistegbrocess.

Evaluation of electrodes

Various characterizatiorand measurementan be carried out on activatedcarbon for
the purposeof supercapacitoelectrodesSuchcharacterizatiotechniquesnclude;
Scanning Electron Microscopy (SEM), TransmissionElectron Microscopy (TEM),
which are used to study the structure and morphology of the AC samples.Energy
Dispersive X-ray spectroscopyEDX), to determinethe chemical compositionof the
specimenGasadsorption analysighich is usedfor surfaceareameasuremeniith the
BrunauerEmmettTeller (BET), methodand also for pore volume and size distribution
which is obtainedusing the BarrettJoynerHalenda(BJT), method.XPS for elemental
composition,Ramananalysisfor further chemicaland structuralanalysisand FTIR to
probe the surface chemistry of the sample and presenceof functional groups.
Electrochemicalmeasuremenelectrode test can be carried out with two and three

electrodesconfigurations.In the threeelectrodeassembly,measurementare achieved
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using the electrochemicaimpedancespectroscopyEIS) for ion transportmechanism,
Galvanostaticchargedischarge,GCD, also known as chronopotentiometry(CP), for
charge storage mechanismand cyclic voltammetry (CV), for thermodynamicsof

electrochemicaleactionof thesystem.

2.7PRIOR WORKS
Li Sun et al. [17] already showedthat the large surfacearea porous graphendike
nanosheets (PGNsynthesizedy simultaneousctivationgraphitizationSAG) sourced
from renewablebiomasswastecoconutshell exhibitedhigh specific capacitanc€268Fg
1) better than; activated carbon (210Fg") from only activation and graphitic carbon
(117Fg") from only graphitizationwith superiorcycle stability and columbicefficiency
after5000cyclesin KOH. AbdulHakeemBello et al. [22] also reportedtransformation
of readily available pine cone biomassto porous carbon by KOH activation and
carbonizationachievinga specificsurfaceareaof 1515m?g™, a high voltagewindow of
2.0 V, a gravimetric capacitanceof 137 Fg*, energy density of 19 Whkg* and
excellent cyclability but observedlow electrochemicaperformanceesultingfrom pore
texture. OxygendopedKOH activatedcarbonsourcedfrom three different biomasses
were recently preparedby Wanru Feng et al. and in additionto an excellentcycling
performancea high surfaceareaof 911.2nfg ™ andhigh specificcapacitancef 286.9Fg"
at 0.5Ag" from wastedragonfruit skin [23]. Also, Xiaojun He et al. took a one step
microwave assisted ZnCF activation route of mesoporouscarbon from rice husk
biomassmaterialand achieved1737nfg™ surfaceareaand 157Fg" specific capacitance
at 0.05Ag" [24]. Dabin Wang et al similarly synthesizedbiomassderived activated
carbon fromcorn cob by chemicalactivationto achievea high specific capacitanceof

401.6Fg" in 0.5MH2S0Oy and328.4F¢g" in 6M KOH aqueoulectrolyteat 0.5Ag [25].

18



CHAPTER THREE

MATERIALS AND METHODS

3.1 SAMPLE SYNTHESIS

Activated carbonwas made out of raw materialswhich included; pine cones,rice husks

and coconushells.

Coconutshellwasmanuallycrushedo tiny piecesandwashedwvith waterto getrid of dirt and
with acetoneo rid volatilessuchasoils. Thewashedsamplesverethenovendriedto getrid

of themoisture.Likewise, pine cones weravashed withdistilled water andicetone andven
dried aswell. The samplesof pine cones,rice husks and coconutshellswere treatedin a

hydrothermakreatmentprocessy addinga solutionof distilled waterand sulphuricacid to

the biomass precursors. Subsequently they were autoclaved for 6hrs followed by

thoroughwashingwith distilled water andoven drying at 80 °C. The activationprocess
proceededwvith a chemicalactivation methodwhich was carried out with KOH activating
agent.A solutionof 2 M KOH was preparedand usedto impregnateindividual biomass
samplefor 24 hr in a KOH to sampleweight ratio of 1:1. Activated sampleswere dried at

80°C for 1hr afterward they were thertransferred into crucibles for carbonization aat
optimized temperature of 806C in atubular furnace for varying carbonizationholding

time of 1 hr, 2 hr, 3 hr, 4 hr and 5 hr. Thecarbonizatiorwascarriedoutunderargonflow

of 10cni/min andthe temperaturavasramped fromroom temperatureat 20 °Cmin™ up to

800 °C and held at a varying time for the sametemperatureAlso, controlsampledor each
biomasssourcewereactivatedandcarbonizedvith a holding time of 1hr at 800 °C without
previously undergoing hydrothermaltreatment. The carbonizedsampleswere cooled to

room temperatureafter carbonizationin a furnace under argorflow to avoid oxidization
of samplesat high temperatureand proper arrangemenbof atomsasin an annealcooling

process.
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All sampleswere activatedin a C:KOH ratio of 1:1 but were carbonizedat variousholding
times.Thiswill enablethe studyof carbonizatiortime effectson the variousbhiomasssourced
activatedcarbonsampledor supercapacitorslectrodesAfter the carbonizatiorprocesseach
samplewassoakedin 0.1 M HCL solutionfor 24 hr to dissolveall the unreactedKOH that

may be left in the activated sample and then washel

repeatedlywith deionizedwaterto bring themto neutralpH followed by drying at 80 °C in an
oven.
Sampls were required for the proximate analysis which requirel the percentage
moisture content, ash content and volatile matter content for the determinationof the
fixed carbon conten-C), of therespectivebiomasssourceccarbonaceousaterial.
FC=1007 (%MC + %AC + %VM)
In orderto determinghemoisturecontent(MC) of thesamples] g of thesamplepowderwas
heatedin an ovenat 105 °C for 1 hr. The weightsof samplepowderwere takenbeforeand
after theheatingprocessin the ovenand the percentagenoisturecontentcan be calculated

thus;

weight loss

x 100
initial weight of sample

%MC =

also, to determinethe ashcontent(AC) of the samples1 g of samplepowderwas allowed
completecombustion ira furnaceat 750°C and theweight ofsamples weréaken beforeand

afterthecombustiorprocessThepercentagashcontentcanbecalculatedhus;

weight of residue
%AC = g/t of x 100

initial weig/it of sample

likewise,thevolatile mattercontent VM, wasdeterminedy takingweightsof sampledefore
andafter a heatingprocessof 1 g of samplepowderin a furnaceat 950 °C for 7 minutesin

absencef air. Percentageolatile mattercontentcanbecalculatedhus;

weight loss
%VM = x 100

initial weight of sample
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3.2MATERIALS CHARACTERIZATION
Scanningelectronmicroscopy
The scanningelectronmicroscopg SEM) wasusedto testfor samplesurfacemorphologyof
samplesheld in the sampleholder of the instrument.This was achievedby scanningthe
sampleswith a high-energybeamof electronsin a scanpatternsuchthat the electrons
interact with the atoms of the samples This produed signals that contaired useful
information aboutthesample.In this work, the SEM imageswere obtainedon a ZeissUltra
Plus 55 field emission scanninglectronmicroscope(FE-SEM) operatedat an accelerating
voltageof 2.0kV.
Gasadsorption
The gas adsorptiontest was carried out by allowing nitrogengas, N>, to be adsorpedand
desorpedy the samplesNitrogenadsorptioiidesorptiorisothermsveremeasurect 196 °C
usinga MicromeriticsASAP 2020.All the samplesveredegasseat 180°C for morethan12
hrs.undervacuumconditions.The surfaceareawascalculatedby the BrunauerEmmettTeller
(BET) methodfrom theadsorptiorbranchin therelativepressureange(P/R) of 0.0171 0.2.
Electrodefabrication
The fabrication of the electrodesare as follows; 85 wt% of the synthesizedAC wasmixed
with a 10 % polyvinylidenefloride (PVDF) binderand 5 % carbonblack to improve the
conductivity. Nickel foam is a porous material serving as the electricalcollectoronwhich
the activatedcarbonwascoated.The massof electrodematerialdepositecon thenickel foam
was calculatedby subtractingthe initial massof the nickel foam from the final massof the
coatednickel foamafterdrying.
Electrochemicalmeasurement
All electrochemicaineasurementwerecarriedout usinga Biologic VMP-300 potentiostatlt
involved measurementsuch as cyclic voltammetry (CV), chronopotentiometryfCP) and

electrochemical impedance spectroscopy (EiBihwere performedh the frequencyange
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of 100kHz i 1 MHz. The aspreparedACs servedasthe working electrode glassycarbon
plateasthe counterelectrodeand Ag/AgCl (3 M KCI) asthereferenceelectroden 6 M KOH

electrolyte.
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CHAPTER FOUR

RESULTS AND DISCUSSION

4.1 PROXIMATE ANALYSIS

Thiswasusedto determinghemoisturecontentashcontentvolatile mattercontentandfixed
carbonpercentagesf individual biomasssourcedsample.The moisturecontent(%MC) can
becalculatedrom measuredaluesof samplepowderandis calculatedas;

Before and after weight values of sample powder are 1 g and 0.935 g respectively, therefore,

%MC = 0(:—65 X 100 = 6.5wt% for coconut shell biomass

Before and after weight values of samptavder are 1 g and 0.744 g respectively, therefore,

%MC = Oij X 100 = 25.6wt% for pine conebiomass

Before and after weight values of sample powder are 1 g and 0.918 g respectively, therefore,

%MC = Ofﬁ x 100 = 8.2wt% for rice huskbiomass

The ashcontent(%AC) canbe calculatedfrom measuredraluesof samplepowderand is
calculatedhs;

Before and after weight values of sample powder are 1 g and 0.253 g respectively, therefore,

% AC = Oii x 100 = 25.3 wt % for coconut shell biomass

Before and after weight values of sample powder are 1 @.@6d g respectively, therefore,

% AC = Ozi x 100 = 6.1 wt % for pine cone biomass

Before and after weight values of sample powder are 1 g aRd @12spectively, therefore,

%0 & g x 100=32.4 0 & for rice husk biomass

Thevolatile matter(%VM) conentcanbecalculatedrom measuredaluesof samplepowder
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andis calculatedas

Before and after weight values of sample powder are 1 g and 0.496 g respectively, therefore,

%w U= @ x 100=50.4 0 &6 for coconut shell biomass

Before and afteweight values of sample powder are 1 g and 0.402 g respectively, therefore,

%VM = ()iﬁ X 100 = 59.8 wt% for pine cone biomass

Before and after weight values of sample powder are 1 g and 0.530 g respectively, therefore,

%VM = @ % 100 = 47.0 wt% for rice husk biomass
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4.2YIELD

The activatedcarbonyield wasalsodeterminedrom the final weight of individual biomass
sourcesbefore and after carbonizationof the respectivesamplesat a 5 hr holding time in

thetubularfurnace.Thepercentyield wasdeterminedrom therelation

W.
%Yield = W— x 100
a

where w andwa werethe initial weight of activatedcarbonbeforecarbonizatiorandweight
of activatedcarbonaftercarbonizatiomespectively.

Weight of activated carbon samplesbefore carbonizationwere 9.605 g for pine cone

biomass, 0.8623 for rice husk biomassand 9.701 g for coconutshell biomasswhile the

weights after carbonizationwere 4.138 g, 0.410 g and 5.080 g respectively. Their

percentageyields arethereforegivenas;

5.080
9.701

%Yield =

X 100 = 52.37 wt% for coconut shell biomass

4.138
9605

%Yield =

X 100 = 43.08 wt% for pineconebiomass

%0 QQ%%‘% x 100=47.56 0 &4 for rice huskbiomass
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Table 4.1: Yield and Proximate analysissummary

%MC %AC %VM %FC
Biomasssource | (Moisture (Ash (Volatile matter (Fixed carbon | %Yield
content) content) content) content)
Coconutshell 6.5 25.3 50.4 17.8 52.37
Pinecone 25.6 6.1 59.8 8.5 43.08
Rice husk 8.2 324 47.0 12.4 47.56

The differentbiomass sourcedctivated carbongrovided variousixed carbon content

dependingon the moisture content,ash contentand volatile matter contentpresent
in the individual carbonsource.The coconutshell for instance,had a fixed carbon
contentof about

17.8 wt% which when comparedto the work of Mohd Igbaldin et al. [1] and S.

Dinesh[2] is reasonablér sourcingactivatedcarbon.

The coconut shell basedbiomassactivated carbon showed the highest yield and
greatesfixed carboncontentas seenon the tableaboveandthis was closelyfollowed

by the rice husk biomassTherefore,the coconutshell biomasswould producethe
most quantity of activated carboafterthe pyrolysis.This cansimply meanthatfor a
given massof activated carbon, less of the coconut shell biomassis neededas
comparedo rice husksandpine conesandif they havehesamecostperweight,it will

alsobethemosteconomicathoiceall thingsbeingequal.

4.3SCANNING ELECTRON MICROSCOPY

Themicrostructureandmorphologyof the variousbiomasslerivedcarbonexaminedy
field- emission scanning electron microscopy (FESEM) and the coconut shell
control (without autoclaving)samplesand 1hr carbonizatiorsamplesare presentedn

Fig. 4.1 The low (Fig. 4.1 (a)) and high (Fig. 4.2 (b)) micrographsshow that the
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control samplegpossess porouscarbon structurevhile the low (Fig. 4.1 (c)) and high

(Fig. 4.1 (d)) micrographsshow AC consistirg of unevendenselypackedporous
carbonstructureswith underlyingdisintegrationwhich seemto posses better porous
structureghanthoseof the controlsamples.

The imagesof Fig. 4.2 show micrographsof samplescarbonizedfor different times of 1hr
(Fig.4.2a)), 2hrs (Fig.4.2b)) and 3hrs (Fig.4.2c)). The number of porous sites on the
samplesurfacewvasobservedo increasewith increasingcarbonizatiortime.

The micrographsof activatedcarbonderived from various biomasssourcesare shownin
Fig.4.3where(Fig.4.3a)) is AC from coconutshell, (Fig.4.3b)) is AC from the pine cone
and (Fig.4.3(c)) is AC from therice husk.

In conclusion,an appreciableporosity is observedfrom the AC samplesbut it is still yet

difficult totell thesurfaceareaandporesizedistributionfrom theseimages.

Figure 4.1: SEM imagesof control sampleand 1 h carbonizedsamplesfrom coconutshell

at different magnifications
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Figure 4.3: SEM image of 3 h carbonized samplefrom coconutshell, pine cong and rice

husk
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4 4ENERGY DISPERSIVE X-RAY ANALYSIS
Energy dispersive X-ray analysiswas carried out on samplesand Fig. 4.4 shows the
dispersivepatternsof AC from coconutshell(Fig.4.4(a)), pinecone(Fig.4.4(b)) andrice husk
(Fig.4.4(c)) all at 3 hr carbonizationtimes as well asthat of the control samplefrom the
coconutshell (Fig.4.4(d)). It canbe observed that adlample had highcarbon concentration
with other traceelementspresentwhich dependedon the type of material and tracesof
activating agentleft within samples.The variation in the composition of the ACs is
dependenton their biomass sourceand the highestdegreeof purity was observedfor

coconutshellderivedAC.
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Figure 4.4: EDX Spectrum for AC samplesfrom different biomasssources

4.5GASADSORPTION MEASUREMENTS

The poretextureof the ACs was analyzedby N> adsorption/desorptiomeasurementssig.
4.5a) showsthat the 1 hr carbonizedsampleand control sample ACs from pine cone
biomass exhibitaitype-1l behaviorwith a H4-type hysteresissuggestinga complexmaterial

containing bothmicroporesand mesoporeswhich accordingto IUPAC classification is
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<2 nm for microporesand2 - 50 nmfor mesopore$3]. It is theseporesthatgive riseto high
surfaceareas asvell ascontributeto the measuredapacitancel he BrunauerEmmettTeller
(BET) specific surfaceareas(SSA) are 584.2m’g™ and456.7 mg™ for the 1hr carbonized
sampleandcontrol samplgwithoutautoclavingyespectivelyThisis evidentin theFig 4.5a)
wherethe hysteresis loogor the autoclavedsampleis really small comparedo the control
sample.The pore sizedistributionsare shownin Fig. 4.5b) and were calculatedusing the
Barreti Joyneri Halenda(BJH) analysisfrom the desorptionbranchandthe poresizein the
materialis mainly distributed within2 1 60 nm rangewith a meanvalue of abouté nm. The
higher surfaceareaand narrower pore size distribution could be beneficial in charge
storageas it provides high adsorbatexccessibilityand provideswider transportchannels
to micropores.The ACs possess 3D porousstructureasseenin the gassorptionanalysis.
Taking into accountthis combination of porosity, high surface area as shown in the
isothermsand the microstructurein Fig. 4.3 the AC is expectedo benefitchargestorage
througheasytransportand mobility of the ion through the mesoporouspathways to the

electrochemical active sites which are fundamental for efficient electrochemical

performance.
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Figure 4.5: Gasadsorption measurementtechniquefor pine conesamples
46 ELECTROCHEMICAL MEASUREMENTS

Cyclic voltammetry

Cyclic voltammetry (CV) is a well-known electrochemicaltechniquefor evaluating the
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operatingcell voltage and performanceof ECs, and the results obtainedare presentedn
Fig4.6 The figure showsthe CV of the variousbiomassderivedactivatedcarbonsymmetric
cell at a scanrate of 10 mVs® in 6 M KOH electrolyte solution, revealing distinctive
symmetric rectangularshapetypical for electrical doublelayer charging behavior. More
rectangulaiCV observedn Fig. 4.6 (c) for therice huskAC revealsa betterandrapid charge
propagationwhen comparedo Fig. 4.6 (a) and (b) for the coconutshell and pine cone
respectivelywith distorted quasrectangularshapesThus,it presentshe rice husk biomass
sourcedAC as possessing pureapacitivebehaviorsince it is somewhatsymmetrical[3].
Fig. 4.6 (d) compareghe CV for an autoclavedand un-autoclavedcoconutshell at a scan
rate of 10 mVs™®. The behaviorof both samplesasseenin Fig 4.6 (d) is approximatelythe
same.Also, from the figure, it is observedthat the AC electrodesfrom all three biomass

sourcesare stablewithin the chosen potentialindow with predominantlyfeDLCsbehavior.
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Figure 4.6: Cyclic voltammetry for activated carbons(ACs)
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