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Abstract

As astrictly two-dimensionalcarbon materialgraphene has attractgdeat interest in
recent years due to itsiique mechanical, electrical and optical properti@arently,
the principal methods for mass production of graphene are focused on the
solutionbasedchemicalredox reaction The oxidation of graphite introduces large
amount ofoxygen functional groups attached onits basal planer edges, which
makes graphene oxidgdGO) sheets hydrophilic tdorm stable aqueous colloids
However, the raw matedl graphite graduallybecomes an insulatoduring the
oxidation process gsart of planar sp-hybridized geometry transformed to distorted
sp-hybridized geometrywhich losesits excellent electinic properties As a result,
reduction of GO iglefinitely necessary to recover iftost electrical conductivityor
practical applicationdn addition, the hydrophilic property of GO sheets allows metal
oxide (MO) nanoparticles (NPahchoringonreduced graphene oxideG®) plane to
fabricate MQrGO composits with excellenelectrochemical performancklowever,
the current preparation methods for the electrical conductive MO/rGO composites are
very complicatedvhich might havenegativeeffects onthe properties ankindermass
production. The objective of hproject is to synthesizbuminium oxide(Al ,03)/rGO
nanocomposites viaxygenannealing without usingn Al.O3 precursor This method
establishesa very simple and efficient way to yieldl.Os NPs on rGO plane by
filtering GO dispersion through ahnodisc membrane filtewith oxygen annealing,
which is namedoxygenally reduced graphene oxide (OrGQhe characterizations

reveal that the AD; NPs are formed exclusivedn the edges afefective regions with



uniform particle sizdess than 10 nmAs for the electronic propees OrGO has a
higher electrical conductivity at 7258 m'* with a narrower range of the electrical
conductivity mostly between 6500 and 725, which can belue totheincrease of
thesp?/sp’ carbon ratio caused by the formationf$Os NPs at the edges of defective
regions in OrGO planeMoreoverthe formationof Al,O; NPs maintains OrGO sheets
with good hydrophilic propertwith acontact angleround71.5° The electrochemical
performanceof OrGO paper fabricated as electrode material$ittotim-ion batteries
(LIBs) is also investigated. GO electrodse exhibit a high specificcharge and
dischargecapacityat 1328 and B64 mAh ¢’ The cyclic voltammogramgCV)
performance reveal that thesertionof Li* ions begins at a verjow potentialaround

0 V vs. Li'/Li while the extraction process begins in the rangeé.@f0.3 V. In
addition, the OrGO electrode hasxcellentrate capabilityand cycling performance
The averagecoulombic efficiency (CE) was measured @9608% for 30 cycles,

indicatinga superioreversibility oftheLi* ion insertiorlextraction process
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Chapter 1 Introduct ion

1.1 Graphene

20 um

Figurel.1 A graphene flake under bright field on top of an oxidized Si &fer

In 2004, Geim and ceworkers reported a strictly twdimensionalcarbon material
namedgraphendFigurel.1)[1]. It is a single layer of graphiteith only one atom thick
having uniqgue mechanical, eleatdl and opticaproperties[2-4]. For example, the
spring constandf graphends in the rangeof 1-5 N/m anda Young'smodulusof 0.5
Tpa indicatinga breaking strengtB00 times greater thaeel These high values make
graphene one of the strongest materials ever {&tegdraphene alshasa very low

electricalresistivity at room temperatugé 10' °q . ¢ m, | tleasossilvér(8].a n


http://en.wikipedia.org/wiki/Young%27s_modulus
http://en.wikipedia.org/wiki/Steel
http://en.wikipedia.org/wiki/Silver

Moreover, itsunique electronic structurmakes graphenabsor b a signi f i

=2.3% U i sfinetsttueture constaptpart of incident white light which makes
graphene arexcellentcandidatefor terahertz applicationgl]. Since graphene is a
gapless semiconductor, itharge carriers can continuoushoss theDirac point from
electrons to holeanderan external electrigeld. The mobility of these charge carriers
in graphene can exceed 105%th &' ‘at low temperatureggndis not influenced by the
doping process am conventional semiconductof®]. For the thermal properties,
grapheneexhibits a strong heat condueity measured between (4.8440.44) xEGo
(5.3040.48) x10* Wm' K" ! According to the literaturehe thermal characteristics are
proved to be significantly improved mbeddingmultiple layers of graphenato
silicon chips. Thisresult suggests thaa lower temperaturecan be achieved by

graphene, which promises chiw&h a higher processing speef8.

1.2How to make graphene

Normally, graphene sheets&in be made in three principal wayhe first method,
micromechanical cleavage, was originally reporityy Geimand otheresearchers in
20041].This method involves two stepsgpeatedly splitting graphite crystals by
Scotch tape and dissolving the resulted pieces in acetsiter. depositing the
dispersiononto a piece of dicon wafer, the shee$ consising of single layers of

graphee werefound underscanning electron microscop$EM) (Figurel.2).


http://en.wikipedia.org/wiki/Fine-structure_constant

Figure1l.2 Micromechanical cleavage of graphiteobtain graphenesing Scotch tapg].
Although this method caproducethe pristine graphene uséat theoretical research,
its complicated process and small sifggraphene sheetbtainedmake the procedure

difficult for practicalapplications.

Thesecondoute isgrowingepitaxially graphitic layer®ntop ofsilicon carbideat high
temperatureover 1100 € [8]. The substratas then removed bghemical etching to
obtain free-standing graphenlayers(Figure1.3). However, t is not practical to use
expensiveSilicon carbide(SiC) substratdfor industrial applicationseventhoughthe

epitaxial graphene expresses high quality.


http://en.wikipedia.org/wiki/Silicon_carbide

Figurel.3 a, Thestartingmaterial of SiC surface with a staircase of flat terragdSabrication processf

vacuum-graphitized SiC. ¢, Morphologyraphenebtainedrom thesurfacein high-pressure argda].

The third methodisedto obtain uniform and largscale graphene films is chemical
vapor deposition (CVDY].This methodrequiresan operatingtemperatee as high as
1,000€ along with a hydrocarbon gadlow as precursorand pure hydrogen &

carrier gaswhich limits the application range.
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MM 11CM

Figure1.4 Graphene filmsynthesized by CVD method amdinsferred onto dlicon dioxide (SiCz)/Si
wafer[9]

1.3 Graphene oxide andmass production

The methodsnentionedn 1.2 are inefficientand highcost forthe production of small
guantitiesof graphenesheets,and cannot meet mass production requirememtse
solutionbased route namely Hummers methadis consdered able to produce
graphenesheetsin large amourd [10, 11]. In this technique graphiteis initially
oxidizedto synthesizestrongly hydrophiligraphite oxidedue to thdarge amounts of
oxygenfunctional groups attached onto the basal or edge amggaphite. These
functional groups make graphite oxidasily exfoliated irsolventto form stableGO
dispersion GO can beartially reduced tdorm graphendike materiab by removing
the oxygenfunctionalities from the basal planand recoveing the conjugated

structure. The rGO sheets areormally grouped as the chemically derived
5



graphengl2]. Therefore, it seems advisable that the most intensive effort to reduce
GO should be focused oprodudng graphendike shee$ with their strutures and
propertiessimilar to the individual layers of graphitethe pristine graphend-or a
more accurate expressionve will substitutel r G O o figrépbens to describe the

chemically derived grapheradterthereduction process.

1.4 The Achilles' heelof GO

There are two important advantagagblingthe mass production @&O. First of all,
the chemical proces usesinexpensive graphite as raw materialto produce GO
sheets On the other handhe asobtainedhighly hydrophilic GO sheets can easily
form stable aqueous colloidsvhich facilitates asimple andfeasiblesolution process

for mass production of rGO.

However, gaphite graduallypecomes an insulatduring the oxidation process part

of planar sp-hybridized geometryransformed to distorted $pybridized geometry

which losesthe excellent electynic propertiesof graphit¢13]. GO hasto be reduced

to restore the aromatic graphene networks so that the electrical conductivity can be
recovered, inwhich case, most of the oxygeontaining functionalities havi® be
removed. However, a gradual decrease in hydrophilic character happens during the
GO reduction process, which often resuits irreversible agglomeratia and

precipitation.



1.5 Motivation

1.5.1TrGO: t he way to improve the electrical conductivity

Reduction of GO islefinitely necessary to recover fiosto electrical conductivity for
practical applications. A variety @éduction processdsave been applied to produce
electrical conductive rGO with fierent propertiesThe reduction methods for GO
sheets mainlyinclude two strategies chemical reagent reductionand thermal

annealing.

Stankovichet al. first reported the chemicakduction methal using hydrazineto

obtain rGO sheets[11, 14]. Although hydrazine successfullyedued GO, the

large-scale implementation dhis highly toxic reagenfor rGO mass productiois not
desirable Moreover, @tra nitrogen functional groups were introducedr@® plane
by hydrazine during the chemicakduction[15], which restric$ the application in

gas sens¢i6]. Sodium borohydride (NaBE wasaccepted aa reducing reagerdue
to a more effectivereduction capabilitythan hydrazine However,NaBH; can be
slowly hydrolyzed in water so that it should be used fresdy a reductant
Furthermore NaBH.is nothighly effective in reducing epoxy grps and carboxylic
acids although it can efficiently reduceC=0 species, restittg in alcohol groups

remainingon rGO plan&fterreduction[17].

GO also can k& reduced by thermal annealirig achieve rGO, hence named
fithermally reduced graphene oxid€TrGO). The initial thermal annealing;apid

heathg over 2000 €/min, was used t@xfoliate graphite oxide tproducegraphene

7



sheets[13, 18, 19. During the process, the oxygen functional groups rapidly
decompose to form gases to increasirige pressure between the stacked layars
graphite oxide.Li et al decreased thennealing temperature to 80C with
high-quality GO sheetsAfter the oxidation process by Humni&rmethod, GO
dispersionwas repeatedlgentrifuged atigh rotation speed angsuspendenh fresh

1, 2dichloroethane (DCHE20]. Further decrease of annealing temperature was
achieved by a step thermal annealing proc€s3. sheets fabricated by Humréer
method was partially reduced by heatingAr flow at 200°C for 1 hour, thesample
resistance went down t® 750 k q The following thermal treatment 8 00 AC
increasd thedevice electrical conductivitlyy 10 timesdue to moreoxygen functional

groupsbeingremowedfrom GO sheets plaf21].

1.5.2NPs:. boasts rGO potential

The uniform GO colloidal dispersion has been attractimgat interestfor its
fascinatinghydrophilic properties, hich allows GO sheetanchoringNPs to form
composite [22-27]. Reductionof asformednanocompositeboots their potential for
use in optical, electronic, thermal, mechanical, and catal@jplicationg28-30]
Moreover, the flexible and electrical conductie rGO sheets suppdrtg the
nanocompositesesult in an enhancecdelectrochemical performancevhich allows
NP/rGO hybrids to be fabricated in electronic devices suchlBs, electrochemical
capacitorsfield effect transistorand photodetecta [31-36]. For example,catalyst

particleswere distributed onto rGO shees to fabricateselective catalyticomposites



and sensorg37]. The largebandgap MOs such asTiO; and ZnOcan interact with
carboxylic acid functional group®f GO to form rGO based semiconductor
composites, whiclare photocatalytically active undedtraviolet (UV) irradiatior 24,
38]. For theapplication of energy storagihium-ion batteries employing graphene as
anode were researched by many groups. In order to enhanaythieg performance
MO/rGO compositesvere assembled.oF example SnQ/rGO anodematerialexhibits

a reversible capacityf 810mA h g* as well as70mA h g* after 30 cyclef31].

1.5.30rGO: an innovation behind fabrication of GO sheets

The NP/rGO composites are often madi two stegs. Firstly, NPs distributeson GO
sheetsn aqueous dispersion prepareddiymmers method forrimg thehomogeneous
compositesSecondly,reducing the composites is achieved byagety of reduction
processesuch aschemical reduction anthermal annealing=or example Gold(lll)
chloride (AuCly) reduced byNaBH: in a GO dispersiorio form goldNP/rGO is a
typical route for rGO based composites fabricatiaBH, solutionis mixed withGO
dispersionin tetrahydrofuran(THF) followed by addingAuCls to the mixture
Subsequentlyexcess NaBH is added tathe GO dispersionfacilitating the reduction
process ofAuCls and unfunctionalizel oxygenfunctioral groups The asformed GO
dispersionis then measuredand filtered through a membrane filter to fabricate
customsized GO film its size dependingn the diameter of the filteFollowed by
air-drying and peeling from the filter, the obtained rGO paper or rGO based composite

paper can be used in many applications.



However there is a innovationbehind the filtratiorstage which allows a very sipie
and efficient way to yieldNP/rGO compositesallowing the annealing process to
fabricate rGO based nanocomposites without eMtPa, reductant and any kind of
organic solvent.This innovationis an Anodisc membrane filtera{fuminium oxide
membrane47 mm in diameter, 0.2 um pore size; Whatmanhich is widely used in
filtering GO dispersios to form GO papers due tas physical properties of
hydrophilicity and porosityAnodisc membranélters are highly porous(about max.
50~ 65% at the surfacernd the pores ardisttributed in a hexagonal array. The
manufacturers datadicate that theéhicknessof the membranés about 60€ m and
the pore density is about *@&m®. During the vacuum filtration, a small amount of
Al,Os NPs @ming from the membrane filteris dissolved in DI water and then
distributed orthe GO plane owing tdhe liquidremoved througlthe membrane pores
under a directional flow by vacuum suctidre GO dispersion prepared Byummers
methodis subjected to vacuum filtratiothrough the Anodisc membrane filteto
produce GO papeihevacuunmifiltration of a GO dispersion produces GO paper with
an Anodisc membrane filtemesulting layerstherefore beconing flexible in a
papetlike structuresnvhich can be stretchedndfolded. This freestandingGO paper
can beconsidered for applicatiormich adlexible film batterieshydrogen storager
electric membranesDifferent from the conventional heat treatment for reducing GO
paper by other groups, we modify the thermal emling process by introducing
oxygen gas flow to fabricate ADs NP/rGO compositesnamedfioxygenallyreduced

graphene oxidi(OrGO). The oxygen gas flow used in the thermal treatment process
10



enables theemoval of oxygerfunctional groups andecovery ofdefective regions.
Herdn, we present aimpleapproach for the preparatiaf largearea, freestanding,
electrical conductive and hydrophilic OrGO paper andpii$ential applicationin

LIBs.

1.6 The aims of this research project

The overall aim of this research isuaveil an innovative oxygen annealing method
for the fabrication ofAl,Os; NP/rGO compositesaand investigate themechanismof
Al,O; NP9 distribution and aggregation dhe GO plane We also determine the
electrical caductivity andwettability of OrGO paper followed by applying it in LIB.

The key objectives of this research are shown as follows:

(i) To use modified Hummé Method for synthesis of GO.

(i) To fabricate GO paper byacuum filtration through aAnodiscmembrandilter.

(iif) To characterize thivrmation mechanisprand properties dDrGOsheets

(iv) To studythe electrochemical performance of OrGO paper as the electrode

material inLIBs.

11



Chapter 2 Literature Review

2.1Introduction

Graphene, a twdimensionalmonolayer of graphitehas attracted intense research
interest due to its unique mechanical, electrical and optical propgt#s For its
mass production, thetrongly hydrophilic GO sheets synthesized by Humrdger
methodcan bereducedfor largescale preparatioof chemically derived graphene
(CDG) sheetsGOis basically a wrinkled twalimensional carbomaterialcovered by
oxygen functional groups on its basal plane aadge. Removing the oxygen
functional groups by either chemical or thermal reduction processes enables GO to be
a precursor folCDG fabrication However, he oxygenfunctional groupson the GO
planecan stronglyaffect the electronic, mechanical, and electrocheahiproperties
therefore resulting ithe propertydifferences between GO and pristgraphend39].
The structuraldefectsin GO produed by the chemical oxidation procedgmit its
direct applicatiorespeciallyin electonic devicesdue tothe oxygen functional groups
reducing the electrical conductivityof GO sheets[40]. However the oxygen
functionalzation makesGO sheetsstrongly hydrophili¢ which promise& O sheetsan
excellent dispersibility in many solvent@-igure 2.1)[41], particularly in waterfor
further functionalization andderivatization42]. As a result GO can formstable
agueous colloids to promote the mass productiomGD, which is importantfor

industrialapplications

12
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Figure2.1 GO dispersed iDI water andther thirteerorganic solventby ultrasonicatiorfor 1 hour Top:
asprepareddispersions aftesonication.Bottom: dispersionsettled aside foB weeks aftesonication.
(41

Due to sp bonding networks disruptethy chemical oxidation proces$O is
electrically insulating.Thus, the eduction process isnportantto recover electrical
conductivity by restoring the-petwork. The reduction methods can lkescribedas
chemical, thermal, or electrochemigaiocesse. Someof thesemethods can reduce
the GO to a conditionvery closelyresanbling pristine graphene in terms dfie
electrical, thermal, and mechanical properti#se most commonlyaccepted reagent
used forchemical reductiofis hydrazinewhich is not astrong reductanteactng with
water [11]. The conductivity is usually enhanced by everal orders of magnide
duringthereduction processeklowever,comparedo mechanically cleavedgraphene,
the asobtained rGOare much poorer in crystality and carrier mobility [43].
Moreover, he defects and vacanciasithin the $° carbon lattice, caused bythe
chemical oxidatiorprocessn GO synthesis, aractuallyalmost impossible toecover

by subsequent chemicetductiontreatmentgl4]. Chemical reduction i@ common

but certainly not the only methofibr the preparation of rGOnstead of using a
13



chemicalreductionroute directly heating GO in a furnacanalso removehe oxide
functionalifies from the GO sheetssurface Results of the thermal exfoliation and
reduction of GO have beemported[13, 19]. However high temperaturethermal
annealingeasily give rise to structuraldamageas CO; releasd during the heating
procesp45], anda pressure af30 MPa is generated at 1080. As a result, hole ard
topological defectsare left throughoutthe rGO sheetssurface, which cause an

approximately 30% massdsof GO.

The excellent electrad conductivity along withthermal conductivity high surface
area (theoretically 2630 %y for singlelayer graphene) andtrong mechanical
strength [26] make the rGO useful in many applications, including electronics
[46],solar cells[47],fuel cells[29, 48 as well asenergy storagera conversion
devices, such asupercapacitor$49, 50| and batterie§51-57]. Different from the
brittle graphite,rGO sheets are flexiblewhich is an advantag for fabrication of
flexible electronic and energy storage devices. Coatpaith the electrodes made
from graphite, electrochemically active sites of graphene electregessent anore

uniform distribution.

2.2 Limits of graphene and GO

The pristine grphenewas first produced bymicromechanical cleavapg. This
method involves two stepsepeatedly splitting graphite crystalg Bcotch tape and
dissolving the resulted pieces in acetoAdthough this method camproducethe
pristine graphene usddr theoretical researclits complicated process and small size

14



of graphene sheetsbtainedmake the procedure difficult for practicapplications.

The monolayer graphene also can be synthesized by CVD method at a high
temperature under vacuum. Howevilis methodrequiresan operatingemperature

as high as 1,000€long witha hydrocarbon gaflow asprecursomand pure hydrogen

asa carrier gaswhich limits the application rangtn the pristinegraptene, the charge
carriers in thiswo-dimensionalstructuralchanrel can changbéetween theelectrons

and holes with the applicationfan electrostatic gate, with minimum density (or
Dirac) point characterizing the transitioriThe zero bandgap of graphenenits

achievable onoff currentratiog58].

GO is an insulator after the oxidation proces®f graphite as part of planar
sp-hybridized geometry transformed to distorted-lspbridized geometrywhich
losesthe excellent electnic propertiesof graphit¢13]. Therefore, GO haso be
reduced to restore the aromatic graphene networks so that the electrical conductivity
can be recovered, imhich case, most of the oxygeontaining functionalities have

be removed.

2.3 Structure of GO and rGO based material

Understandinghe structure and properties GO is importantfor discoveing the
potential applicationDifferent from the perfect structure opristinegrapheneshees
solely consising of sp® carbon atomén a honeycomb crystal lattifs9], GO hasboth
s- and sp-hybridized carbonatomsin the hexagonal ringpased carbon netwask
whereoxygen functional groupproduced by Hummé& method are attachd@0].
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Unfortunately until now, the structure of GO istill not quite clearbecause of its

partial amorphous charactegtructural models of GO proposedin several early

researchd$1] consisted of aegular lattice composed of discrete repeat units. The

widely acceptednodel repoted by Lerf and Klinowskiwas a nonstoichiometric

structure(Figure2.2) in which the carbon plane is decorateidh hydroxyl and epoxy

(1,2-ether) functional group62, 63]. Carbonyl groupsire decorated ithe GO sheet

plane while thecarboxylic acidsarelocated at thesheet edgeMore details have been

revealedby nuclear magnetic resonance (NMBpectroscopywhich enrichesour

knowledgeof GO structure[64, 65]. Although the presence of epoxy and alcohol

groups on thesheetplanes are still dominant, thgroupsof 5- and 6membered lactols

have also been detected theedgesof graphitic plateletsin addition, thetertiary

alcoholsand estersvere found on the sheet surface

Figure2.2 The nonstoichiometristructure ofcarbon plane decoratedth hydroxyl and epoxy (1;2ther)

functional groupg62, 63].
16



Briefly, in the structure of50, oxidized regionsrethedisrupedsg conjugatechreas
where thesp’ hybridized carbosarecovalently bonded with oxygen functional groups
such as hydroxyl, epoxy, and carb{xigure 2.3). In another worg, the original sp
conjugated honeycorattice structure can baterpreed as the unoxidized regions
while the sp hybridizedcarbon clusters are uniformly but randomly displagedoth

sides ofthe graphene plaft3].

a ! d OO
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oa o0d¢ ®
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OO (}O
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Figure2.3 (a) An epoxy group. The oxygen atoim (ed) decorated othetop of carbon gridwith 0.19nm

(b) A hydroxyl group. The top hydrogen atom is 0.22 nm above the carbon g8ii€gjew of a graphene
sheetecorated bjunctionalgroups includinggpoxy and hydroxyl on both sides. The oxygen aiome()

is 0.19 nm above the carbon grid. The hgdrogen atomi§ grey) of the hydroxyl group is 0.22 nm above

the carbon grid. (d) The top view of (@he thickness of GO 8.78 nnj13].

For an indepthinvestigaion of GO structure, various detection methods have been
employed.Mkhoyan et al. used highresolution anular dark field (ADF) under a
scanning transmission electron microscope (STEM) to exam the oxygen distribution on
a GO monolayerHigure2.4)[40]. According to the analysisf the results the average

roughness ofhe GO sheetsurface is 0.6nm anitls distortions from sphybridized

bonds cause the amorphossucture Atomic force microscopy (AFM)s used to
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directly measurethe thickness of the singlayer GO as well as the number of

layerg66).

@)
.:‘Q.

i

EE

Figure 2.4 schematic ofoxygen atomgin red) attached onto carbon lattiémages of graphene with

attached t o tSmelatesd STEMADE anageq represeht possible cases of oxygen atom
bonded to thecarbon latticeof graphene. (eOxygen atoms randomhattacted to bothsides of

graphen@4q].
Scanning tunneling microscopy (STManotheratomic levelimaging techrque has
been used tobservehighly defectiveand intactregions[66, 67]. The results show that

oxygen functional groupstroduced bythe chemical oxidation process generake

18



disorderedstructureof GO sheetsTherefore,the structure of GO consists both of
randomly distributedlefectiveregionsand nonroxidized intact areas By calculating
the ratio of defective and intactegions, the degree of functionalization can be
estimatedGdnez-Navarro et al. reported other possible atomic structures using
aberratiorcorrectechigh-resolution transmission electron microscdp\RTEM) [39].
They found disorderedregions, including clustered pentagons and heptagoasd
in-plane distortions as well dise strain in the surrounding latticBlRTEM imagesalso
exhibit the GO structure withholes, graphitic regions, and disordered regianshe
atomic scal¢39, 68]. Theresearcherdemonstratd that the holes in GO are formagd
the releag of carbon monoxidgCO) or carbon dioxide(CO,) moleculesduring the
oxidationprocesswhile some ofthe honeycomlgraphiticstructureis preservediue to
incomplete oxidationln addition, hedisordered regions consist atygenfunctional

groups, such dsydroxyls, (1,2) epoxies, and carbongffsgure2.5)[13].
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Figure 2.5 The replicated cellsvith various groups and defaa regions (a) Graphenattached by
individual epoxy groups (OX1). (b) Grapheaigached bywo epoxy groups arranged in a finezipping
pattern (OX2). (c)After hydrolysis,grapheneattached byl,2-hydroxyl pair per epoxy group (OH1). (d)

Graphenattached bywo 1,4hydroxyl pairs (OH2)forming an isolated double bond (colored green). (e)
Graphene with the 5171715 tatacty( EWel akked 671 8pbBede

(13

2.4 Structural modelling of GO

The properties ajraphene an@O are greatly dependent on the distition and type of
functional groups and defect¥herefore,understanding the inside structure of them
arouses great interesbtructural nodeling is broadly used to predict the structural
evolution during theoxidation andreduction of GO which allows controlling the

properties of the obtained graphg66]
20



Althoughthe structure o6 O isstill unclear todaylue to itsnonstoichometryproperty
the researchers reportedveral models propose&th computemodeling Figure2.6).
The atomic configuration of GQvas first presented bMofmanri41] with randomly
distributed epoxies. Rudgd] suggested thahydroxyls are also common GO,
moreover, he proposedahO atomsf epoxiesconneced withthe 1,3 site C atoms
(1,3-ether) also existThe skeleton of Catomsis strongly distorted into three
dimensioml structure of Gy hydroxyls and these t&hersin Scholz and Boehins
mode[41], ribbons of conjugated carbon backbone and regular quinoidal spemies
coexistd instead of epoxies. Howevétakajimd Matsa [§0] model putthe oxygen
atoms in epoxies link adjacent layefsabo and Dekeny&l] modelis theintegration
of Shola Boehm and Ruess' modelerf-K | i n o |83 wadd is commonly used by
researchers, in whicrandomly distributd epoxy (1,2ether) and hydroxyl are the
major functional groupacross the carbon lay@ndcarboxyls, lactones, and carbonyls

are mainly distributed at the eglg
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Figure2.6 proposed models of grapheme oX#ig

2.5Properties of GO and rGO based material

GO has a variety of excellent properties including electronic, electrochemical thermal,
optical, mechanical properties as well as the chemical reactivity due to thenoxyg
functional groups attachedo its 2D structure surface. The electronicand

electrochemicapropertieswill be briefly introduced in this sectio
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Table2-1The poperties of graphene and otlearbonmaterial$71-75]

Part 1
- Crystal ) i Experimental specific . . . i
Carbon allotropes Hybridized form Dimension - Density (gcm §  Optical properties
system surface area (M d' )
Graphite sp Hexagonal Three D1Gi 20 2.092.23 Uniaxial
Diamond sp’ Octahedral Three 20i 160 3.5/3.53 Isotropic
. Non-linear optical
Fullerene (Go) Mainly sp? Tetragonal Zero 80i 90 1.72 P
response
. Structuredependent
Carbon nanotube Mainly sp? Icosahedral One D1300 >1 . P
properties
97.7% of optical
Graphene sp Hexagonal Two D1500 >1 ° . P
transmittance
Part 2
- S . Electronic Electrical conductivit
Carbon allotropes Thermal conductivity (W m' K" j Hardness Tenacity _ ] y
properties (Scm )
Graphite 1500 2000, 510 High Flexible nonelastic Electrical conductor Anisotropic, 2 3X1.0%, 6
Diamond 9001 2320 Ultrahigh ) Insulator, semi T
Fullerene (Go) 0.4 High Elastic Insulator 10 1°
. . . Metallic and
Carbon nanotube 3500 High Flexible elastic . . Structuredependent
semiconducting
Highest (single , ) Semimetal, zeroga
Graphene 4840 5300 g (sing Flexible elastic gap 2000

layer)

semiconductor
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2.5.1Electronic Properties

In general,the chemical oxidation procegstroduces high density electronegative
oxygen atom®n the GO basal planewvhich givesrise to an energy gap in the electron
density of statd36] (Figure2.7), makng GO nonconductivewith a sheet resistance
(Rs) values of about 28q s ar highef77]. The intrinsic insulating nature of GO is
strongly correlated to the amount of € O bonding resulting in théransport barriers
These defectsdisrupt the classical carrier transpodtion among the sjpcarbon
cluster$78]. As a resultRs can bedecrease by several orders of magnitudéth the
reduction of GQusing a variety of chemical and thermal treatments, which transform
the material into a semiconductor a graphendike semimetdl79-81]. GO is a
electronically hybrid materiatonsistingof both electricaly conductve " -states from
sPcarbon sites and a | ar ge-statesoomspybongealp (car
carbons. Thep’ and sp fractions ratiochangedby reduction chemistry is a powerful
way to tunghebandgap and therefore controllably transform GO from an insulator to a
semiconductor and to a graphdik® semimeta[82]. This suggests a great potential

for tuning the energy gapy controlling thereduction processes.
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As discussed irsection1.5 and 2.3, the electricalconductivity can be recovered by
chemical or thermal reduction methodd$ydrazine wasmostly used to reduce the
agueous graphene oxide suspension and gained ali@peraterial after filtration

which exhibits moderate electrical conductivity280 S m[11, 15, 83-88]. In order
25



to enhance the electrical conductivity of hydrazine reduced GO slpe¢dssium
hydroxide (KOH) solution was added to GO dispersitmnfunctionalizecarboxylate
anionswith K™ ions at the edges GO sheetsThe electrical conductivity ahis KOH

modified rGOmaterialachieved-690 S m'[89].

The electrical conductivityproduced by hydrazine reduction can béurther
dramatically improved bgontrollingthe pH conditions othe GO dispersionLi et al.
reportedanrGO paper reduced by hydrazineden thecondition of pH 10 shoed an
excellent electrical conductivityof ~7,200 S m'[10]. The reduction ofa GO
dispersiorby hydrazinesasily resuliin theaggregation of rG@anosheetsTherefore,
the reduction process was carried out under pHcdriditions so thathe neutral
carboxylic groupgan benegatively chargetb form carboxylate groupswhich avoids

theagglomeratiorduring the hydrazine reduction process.

On the other han@thoughbarely studied untitecent yearsfGO can be achieved by
thermal treatmentvith rapid heating (>2,000 € mift) up to 1,050 € [13, 18, 19].

During the process, »doliation of GO can besimultaneously carried ouwwith its
redudion, rapid heating instantly generating a high pressure as much as 130 MPa at
the interlayers(Figure 2.8). The asobtained TrGO sheets have a good electrical
conductivity in the range ofli 2.3) x 10° S m'~. Moreovetr GO sheets oxidized by
Hummeis methodwere reported a resulting inpartial reduction by a step heat

treatment at 200C for 1 h,followed by increasing the temperature3td® 0 in AnG\r
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flow. After the thermal annealing, tampleresistance went down ©@ 750 k gfrom

insulating[21].
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Figure 2.8 X-ray Diffraction (XRD) patterns of graphite, GO,rGO by slow heating (1 €/min), and
functionalized single graphene sh@e&9. The slow heat treatment for GO maintaths initial graphite
spacingdue to thegas evolution is insufficieno yield a high pressurevercomng thevan der Waals

force between the laygd9).

2.5.2Electrochemical Properties

Recently, GO has beenis employed asan electrode surfacenaterial due to its
excellent electrocatalytic prepties [90, 91] which have been applied in
electrochemical reductiof92-94]. Rameshaet al. reported thathe reduction of GO
occurred at T0.6 V and completed in only one scan. Thidectrochemically
irreversible proesswas carried out bgyclic voltammetric scanninfjom 0 to1 1V in

a 0.1 M KNQ solutior{94]. Zhou et al. found the participation oH" ions in the

reduction process undw pH conditiors, indicating controllinghe pH value of the
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buffer solutioncan improve the potential dhe reduction process. e electrical
conductivity ofasobtainedrGO film wasapproximately 880 S m* and theC/O ratio
achieved a high value of 239%]. An et al. reducedGO sheets on the anode surface
by electrophoretic deposition (EP@Figure2.9) [93]. The asdeposited rGdilm has
animproved electrical conductivitgf 1.43 10* Sm™ which is higher than that dhe
filtration method93]. GO-basedmaterials can be depositedtowell-defined surfaces
through solution processingwhich allows sensitive or electroactivespecies

incorporatingnto an electrochemical system.

EPD Air drying
(RT)

Figure2.9 & schenatic diagram of the EPD process &l crosssectional SEM image of ERBO
film[93].
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GO can accommodate the active species and facilitate their electron transfer (ET) at
electrode surfaceslue to its advantageous electron mobility and unigue surface
properties, such as high specific surface aaga oneatom thickned84, 92].
Moreover GO has potential application ienergystorage deviceslue to itshigh
electrochemical capacitance witbrominent cycle performand®6]. It has been
reported that rGQCpresentsmuch higher electrochemical capacitance and cycling
durability than carbon natubes (CNTP1]. The specit capacitance was found to
be ~165 for rGO while CNTs achieved 86 F g'. Compared with conventional
electrodes the manufactuing costs for electrochemical applications can be reduced
due to the larger surface armavolume ratio of ® which decreases the usage of
materialsin the fabrication oklectrodefilms. Scientiss thereforehave switched their
interesttoward GO andGO applicationgarticularlyin electrochemicabpplications

due totheir facile synthesis, higHispersibilityin a range of solven@ndcapability of

anchoing electroactive species onto the surface.

2.5.3Chemical activity

GO exhibitsa unique chemical activityowing to the oxygen functional groups
attached onto its basal plane. Thekemically reactive functionaroups allow GO
chemical functionalizatiowith othergroupsby covalent or noftovalentbinding. The
covalentfunctionalizationis typically approachedy amidationor esterificationof
selected small moleculesith the carboxyls or hydroxylen GOsheetd97-99]. The

carboxylscan be activated througtoupling reactionso make GO soluble in organic
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solvents. For functionalizing GO sheet)e materials decorated by carboxyl
functional groups reacwith thionyl chloride (SOG) and then coupled with
octadecylamin®7]. The epoxy group is another candidate fothe covalent
functionalizationvia ring-opening reactiorthe amineacing as a nucleophiléo attack
U-carbon[100, 101]. Wang et al. fabricated srfacefunctionalized GO sheetsby
attachingoctadecylamineawith the epoxy groupwia a ringopening reactiorj10Q.
Thesehightquality GO based nanocomposites can dispersedrganic solventgo
form uniform suspension at single layer level. Yaag al. reported another
modification process of GO bg ring-opening reaction with the epoxy gro{ip&1].
Different from Wangs procedure, the ionic liquid
(1-(3-aminopropyly3-methylimidazolium bromide; fH,) reacted with thespoxy
groupspromises an excellemlispersionof resulted GO nanocomposites in DI water,
N,N-dimethylformamide (DMF), and dimethwulfoxide (DMSO)due to theirhigh

polarity.

For noncovalent functionalization of GQOts unoxidized spnetworks are used for
non-covalentbinding including'i~ st a ¢ k i ragdvan deaWaals intéractions
Yang et al. synthesized leybrid materialof doxorubicin hydrochloridéDXR) and
GO bynon-covalent interactionsThequinone functionalityattached on DXR and the
sp’ carbons of GO wergominantly "7~ s edatagdther as well asydrophobic

interactions Moreover, the results also indicated #ndstenceof strong hydrogen
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bondingin both DXR and GG, 0OH andi NH: groups in DXRas well asi OH and

T COOH groups ofGO (Figure2.10 andFigure2.11)[102.

(1) SOCly, 70°C, 24h
()1, Et;N, DMF, 130°C, 72h

TTP-NH, Graphene Oxide Graphene-TPP

Figure2.10 Synthesischemaic diagramof GrapheneT PH102.

(1) sOCl,, 70°C, 24h
(2) 1, Ei;N, CHCl,, 1t

Graphene-Cg

Pyrrolidine fullerene Graphene Oxide

Figure2.11 Synthesischemaic diagramof GrapheneCeso[107.

2.5.4Wettability of graphene

According to the description of graphene, GO and rGO structures in s@c3jdine

hydrophilic GO sheets can be converted to hydrophobic rGO sheetshbgmical
reduction process. As a result, the tunable wettability all@®@ great potential in
applications such asenergy storage, surface coatind03106], nanopores
sequencinfll07] and filtratiorf108 due toits water wettability plaing an important
role in the fabrication of devicedn addition,the water wettability ofGO affects

otherpropertiessuch ascarrier mobilitf 109, adhesio[l1(0 andcharge dopind11]
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due to the surface propemrgsentiallydetermining thecompatibility of rGO in device
fabrication.As a result, the surface d&O material, which has a hydrophobic property,
need to be modified to preparéybrid materialgl1Z, electrodecoatingf47] or
biological application§113. Goncalveset al. modified theGO surface withoxygen
functionalities to obtain reactive sitesfor growing gold NPs in aqueous
suspensioi1Z. This growth depends on the oxidat degree othe rGO surfaceas

no gold NPs can be obtained on the completely redug&isurface.Wang et al.
fabricated solid-state dyesensitized solar cellsvith thermally reduced GO as
electrods [47]. After the heat treatment of GO film &00 € , thesurface wettability

of theresultant rGO flmcanbe unabl e from 66 . taimNih t o 2. :
argon plasma for 30 $anget al. synthesized rGO electrosiby the Hummers and
Offeman Method for selective determination of dopamit&3. They found a
promotional performance of rGat 1" interaction between twoGO surfacs and
dopamine enhance tldectron transfeand weakesithe oxidation process @fscorbic

acid

The wettability of graphene samples produced bpitaxial growth has recently
revealedhatmost graphene is hydrophobindicating asimilar wettability to graphite.
Shin et al. reported thathte water contact angle of grapheméich wasepitaxialy

grown on a SiC substratevas measued at 92°and its wettability could not be
affected by amplethicknes§l11]. Kim et al. measured the contact anglegadphene

prepared bythe CVD method[104]. The multilayer graphene grown onickel (Ni)
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and the monolayer graphene grown apper (Cu) have slightlydifferent contact
anglesat 90.4° and 93.8% respectively However, thewettability of mondayer
graphene deposited dlifferent substrates such aspper, glass and Sideads to a
variety of contact angle 86114, 48.11114 and 407115, respectivelyAs a result,
compared tdree-standing rGO paper, theettability of monolayer graphene has been

affected by the substrate and its quality.

2.6 Synthesisof GO and rGO based material

2.6.1Chemical oxidation process

2.6.1.1Brodie Method and Staudenmaier Method

Graphite oxide was first prepared by Brodie when he was researdrmapghite in

1859116. The graphite wasxidized by addingpotassium chlorat€KCIOs) in a

graphitehitric acid (HNOs) mixture. The resuilhg graphite oxide containedarbon,

oxygen and hydrogermfter repeatedly washing, drying andagidation,the graphite

oxide was light yellow and stable mdditional oxidation treatmenStaudenmaier
developedBr o d i e dysincreasingkthacidity of the graphite/HN®mixture and

slowly adding potassium klorate solutionto the mixture. These twwariatiors

improved the quality of thbighly oxidized GOand simplified the synthesis process
However, this method required a long time tioe addition ofpotassium chloratand

the asformedchlorinedioxide gas was hazaalis The mixture of ptassium chlorate
and nitric acid was previously used in the synthesis afianotubes[117 and

fullerene$118. However, the oxidation agent introduced too manyxygen
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functional groups such as carboxyls, lactones, ketones, anderbteas gasesof
nitrogen dioxide (NO,) and dinitrogen tetroxide(N-O4). Therefore the oxidation

process of graphite still needto be improved.

2.6.1.2HummersMethodand modified Hummerdvethod

Hummer andhis colleagus developedthe oxidation proces$or preparation ofGO
now named Hummets Method [119. In this method,a waterfree mixture of
concentrate sulfuric acid, sodium nitratend potassium permanganate wagedand
maintained below 45C for two hours The final producthad ahigher oxidation

degreehan that othe Staudenmaier Method

However,it wasfound that the products madeby Hummerfs Methodusually hae an
incompletely oxidized gaphite core with GGshells As a result pretreatment was
needed for an excellenbxidation with Hummets Method Kovtyukhova first
introduceda pretreatmenfor Hummegs Method by addinggraphiteto themixture of
concentratedsulfuric acid (H2SQv), potassium persulfaték.S,0g), and phosphorus
pentoxide (P-Os) at 80 € for several hourgFigure 2.12)[120. The pre-oxidized
graphte was then washed by repeafiiation and washing with DI water followed

by air drying.
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Concentrated
H2S04, K25208 and KMnO4/H250a for

Graphite P20s for dispersion Pre-expanded oxidation, 2 hrs Graphite oxide

powder graphite dispersion

30% H202, DI water, 10% HCl acid,
centrifugation and dialysis for
separation and purification

RGO Purified graphite
dispersion oxide

Reduction

Figure2.12 A Schematiaiagramof GO preparatioy modified Hummeis method12(.
Another modified Humme&s Method was reported by Marcagbal.in 201q121].
They addeghosphoric acidhstead ofsodium nitrateas well asncreasinghe amount
of potassium permanganate this method, graphite reacted with siguivalents of
potassium permanganati€MnO,) in a 9:1 mixture of HSQW/phosphoric aciqHs:PQy).
This method reduces the toxic hazard due tatisence o$odium nitrate(NaNGs) in

the process avoiding ti¢O,, N.O4 or chlorine dioxide(ClO,) emission.

In summary, the above mentioned four recipes for graphite oxidgimld the
potential forlargescale productiof graphite oxide Today,GO sheets produced by
modified Hummeds Method can achieve thitra-thin thicknessof 1 nm indicatinga
single layermaterial. Furthermorethese GGOsheetscan be fabricatd undervacuum

filtration asapaperlike materialnamed GO paper
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2.6.2Reduction strategiesof GO

2.6.2.1Thermal Annealing for Reduction

GO can be reduced by heat treatmaithout any extra reductant regettie process
being namedfithermal annealing reductionHigh temperatureheatingsignificanty
affecs the efficiencyof the reductionprocessn the initial stageg13, 15, 77, 1272.
During the high temperature reduction proc€X9,or CQ gaseds rapidly evolvedat
the graphendnterlayes due to the oxygen functional groups attached on GO plane
formed as gase3herefore exfoliation of GOcan besimultaneously carried outith
its redudion due to rapid heating instantly generating a highguresas much as 130
MPa at the interlayerswhich is enough toisolate GO sheetfl9]. The asobtained
TrGO sheets have a good electrical conductivity in the rangai 8f3)<10° S m'™.,
Wu et al.reportedanarc-discharge treatmeiih the preparation afGO sheetsvhich,
due to the highemperature produced by this methodn exfoliat graphite oxide to
GO and redueit to rGO in a short timd.22. The elemental analysief the resilted
rGO showsa high C/O ratio between15t018 and a sheet electrical conductivitgf
about 2x10° S m™. Schnieppet al. analyzel the reduction level at different
temperature The C/O ratio wasneasuredt less than7 whenthe temperature was
under500 € while the ratio couldeincreasd to over 13 a750 €. [13]. Wanget al.
repoted that the electrical conductivity ofGO sheetsprepared by thermakduction

at 500 € was only 50 S/cmHowever, theslectrical conductivies could be increased
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to 10,000 Sm™ at 700 € and550 Scm™ at 1100 €. The electricatonductivity of

TrGO sheets fabricated at differéamperaturess shown inFigure2.1347].
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Figure2.13 Theelectricalconductivity ofrGO sheets produced by thermal annealiegeases from 49, 93,
383 to 550 S/cnatthe annealingemperaturef 550°C, 700°C, 900°C and1100°C, respectivelj47].

Annealing atmosphere @othercrucial factor for the thermal annealing reduction of
GO. Normally, the thermalreductionprocessis carried outundervacuunj77] or a
protection gap7] in order to cut off the oxygen gaapidly generatediuringthe high
temperatureheatingprocess[18, 47, 123 124]. Becerril et al. suggestd thermally
reduéng GO shees at 1000 Cunder high vacuux10 ° Torr) asthe fresh rGO easily
reacs with the residual oxygerfunctional groupl/7]. The resultedTrGO hasa low
sheet resistancabout1? T 13@ sq' and a hightransmittancef 80% under550 nm

light.

An inertgas can alséacilitate the reduction process. For examphe reducing ga®f

H. introducedto the thermalreduction process cdawer the heating temperatutkie
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to its excellentreducibility. Wu et al. introduced a gasmixture of Ar/Hz (1:1) in the
thermal process to reduce GO shewtd50 € for 2 h The asprepared rGO sheets
has a high electricalonductivity ofD1x10° S m™* with a C/O ratio of 14.9. Liet al.
reported that the thermal treatment undelow-pressure ammoni@mospherg2 Torr
NHs/Ar (10% NH;)) simultaneouly reduced GO and dopettrogenon asformed

rGO sheet plarjé24. The highest doping level db5% N was recordedat 500 € by
thermal annealing GO in NHMoreover, rGO sheetdearly exhibited n-type electron
doping behavigrwhich couldbe beneficiafor electronic devicéabrication Recently,
Lopezet al. pointed outthat vacancief therGO planecoulb e parti al |y
by exposing rGGsheetsto a carbon source such as ethylene at a high temperature
(800 €), a similar condition used for CVD growth of singlewalled nanotubes
SWCNT4125. The sheet resistance dpairedrGO sheet can be decreased to 28.6

k gsq* (or 35000 S m™) [126]. Suet al.reported a similar defedtealingprocessy
functionaliation of rGO sheets with aromatic molecules durlmgat treatment. The
resulant modified rGOhasdensergraphiticregions and good electricabnductivity

at1.31x10° Sm*[127].

2.6.2.2Low temperatue thermal annealing for reduction
Recent experimentatesearch showshat many oxygen functional grougse not
difficult to removeat low temperatuie Actually, the deoxygenation processafsGO

canevenbeapproacheat 200°C.
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Figure2.14 FTIR spectra of50 and rGO annealed for 6 hours and 10 hours, respectinghg (a)range
of 800-4000 cm' (b) range of 902000 cm'. The W, H, E, and CX represeRTIR peaksof water,
hydroxyl, epoxide, and carboxyl, respectively. PeaksCGand GO representthe bond stretching
vibrations[12§].
Jeonget al. demonstrated thanost oxygen functionalitiescan be removed biow
temperature thermainnealing at 200 €in a low-pressure argomatmospherg550

mTorr) [128]. Fourier transform infrared spectroscoyTIR) was used to investigate

the asformed rGO material which had been annealed for&stshown ifrigure2.14.
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The peaksof epoxy and carboxyl groupsmre foundto appareny decreasevhile the
hydroxyl peakcompletdy disappeses. After low temperature annealing for 10 h, the
epoxy and carboxypeaksdecrease dramatically aradlC/O ratio of around 10is

achieved.

2.6.2.3Chemical reduction

GO canalsobe reduced bghemical reagenttirough chemical methods. Normally,
the reduction is carried out at rootemperaturefollowed by a low temperature
annealing which is different from thermal annealing reducti@hemical reductions

thereforeanothemprocedurdor themass production of rGO sheets.

The reduction o650 usinghydrazinewhich was first reported b$tankovichet al.[11]]
and14] is the method mostly usedtoday [14, 22, 43, 67, 117, 118 129137).
Hydrazine reduction is started by adding the raduceagent toa GO dispersion
which is usually prepared by Humni&mMethod. During the reduction process, partly
reduced GO sheets araggegded due to the increase of hydrophobility
FernandeaMerino et al. reported a high electrical conductive rGO fabricated by
hydrazine reduction with aC/O ratio of 12.4130. In order to fadlitate the
applications of hydrophobic rGO material, the surfactarg including soluble
polymer$14] or ammoni§l29 are added to the dispersion to maintaincifioidal
state The resulintcolloidal dispersion of rGO sheet based composites can be filtered

to form rGO based composite filpi9.
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Apart from the above introduced reduction methods for r&éhle 2-2 lists some

other reduction process and the remtiproperties of rGO.

Table2-2 Comparison of thdifferentredudion methodsof GO.

Electrical
Reduction method ! . C/Oratio Ref. no.
conductivity (S/m)
Hydrazine hydrate 200 10.3 [11]
Hydrazine reduction in colloid state 7200 NAP [129
150 mM NaBH solution 2 h 4.5 8.6 [139
Hydrazine vapor NG © 8.8 [15]
Thermal annealing at 90D, UHVa NG 141
Thermal annealing at 1180, UHV T 10 NA [77]
Thermal annealing at 1180 in Ar/H> 72700 NA [47]
Multi-step treatment: [65]
(I) NaBHjs solution (1) 823 (1 4.78
(I1) Concentrated K50, 180N , 12 h (1) 1660 (m 8.57
(1) Thermal annealing at 1100 in (Ill) 20200 (1) >246
Ar/Hz
Vitamin C 7700 12.5 [130Q
Hydrazine monohydrate 9960 12.5
Pyrogallol 480 NA
KOH 0.1910 NA
55% HI reduction 29800 >14.9 [139

&UHV: ultra high vacuum.

® NA: not available.

2.6.3Functionalization with NPs

Because of the unique structures and excellent properties ofbaG€dl

nanocompositeghe numerous promising applications in the field of electrochemistry

areapparent and research into these remarkable and intriguing materials has become

very popularnowadays. The unique properties GO nanosheets make Gfased

nanocomposites extremely useful as M support due to their high surface area,
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which is essential for the dispersion of th#’s as well as the electrochemical
activities. The G@supporting materials maximize the capability of the nscale
surface area for electron transfer and provide better mass transport of the
electroactive sites on the electrode surface. Additionally, the collecting and
transferring of the electrons to the collecting electrode surface are promoted by the
conductive GO supporAlso, nanoscale composite electrodes could be realized by the
functionalization of GO with NPs. The improved performance of Gébased
nanocompositenodified electrodes, such as excellent catalytic activity, enhanced
mass transport, high effective surface area, and control over the electrode
microenvironment, shos\superior properties ovenacroelectrodes in electrochemical
applications. Moreover, in some functional electrochemical applications, the

combination of GO withNPs present the capability of providing additional properties.

Earlier researches were focused on the preparation raftidmal GO/inorganic
nanocomposites derived from the GO sheets decorated with inofgBsjcsuch as
metalNPs andMO NPs, which are used in electrochemical sensing, catalysis, and fuel
cells. There are different physical and chemical approaches to ipgeghese
functional metal oMO/GO nanocomposites. In situ chemical reducipoocesy?23,

48], electrochemical synthetic proceqde3s 140, impregnation procesqd&s], a
selfassembly approagh41] and ultrasonic spray pyrolyqi49] are typical physical

attachment approachesmong these methods, MQPs dissolved in GO dispersion
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for preparation ofGO-based nanocomposités widely used due to ¢éhhydrophilic

property of GO

Water, alcohol, -

Co?*IFe*'/IMn?*/
NiZ*/Ru*/Ti** etc
+NaOH/NH;H,0

Filtration ‘%" :
“Annealing | ..
\

Figure2.15 A generalsolutionstrategyfor fabricaion of MO/ rGO composite$142,.
For instance, Dongt al used ethylene glycol reduction to depgsatinum (Pt) and
platinuni ruthenium (Pt Ru) NPs onto surfaces of GO nanoshéb4s§]. Their results
demonstrated that for both methanol and ethanol oxidation used in fuel cell
applications, GO acts as a catalyst support on the electrocatalytic activity of Pt and
PiiRu NPs. As a catalyst support, GO showed efficient enhanceroénthe
electrocatalytic activity of Pt andifRu NPs for the oxidation of methanol and ethanol
into CG, comparing to carbon black. To improve the cyclic performance and lithium

storage capacity, Paekt al. prepared Sn@GO nanoporous electrodes with
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threedimensionally delaminated flexible structures by using an
exfoliationreassemlyl method144. Their experimental results suggest that the
dispersed GO nanosheets were reassembled and homogeneously distributed in the
ethylene glycol solution among the loosely packed Bs. The volume expansion

could be contrdéd by the insertion of lithium in the Sa{@GO nanoporous electrodes

which resulted in excellent cyclic performances.

In order to establish another platform for electrochemical applications, quantum dots
(QDs) have also been used to functional@® [145147 as well asNPs such as
Prussian blue[148, metal hydroxidd449, and polyoxometalat¢s5(. By
introducing the in situ growth of QDs on noncovalently functionalized rGO,
QD-sensitized rGO nanocomposieamn afterwardshe used as an efficient platform in
photoelectrochemical applications. Moreover, to functionalize the-bésed
electrodes for electrochemical applications, athi@r instance, Cheat al. fabricated

rGOi Co(OH) nanocomposites in a waté&opropanol system kich showed
significantly improved electrochemical performance of Co(QO&fjer deposition on

rGO sheefd 51].

2.6.4Size effectof quantum dots andnanoparticles

Quantum dot¢QDs) have smaller radii thatne buk exciton Bohr radius constituting
a class of materials between molecular and bulk forms of mafeaantum
confinementbetweenthe electron and hole ithhe materialeads to arincrease in the
effective bandap with decreasing crystallite siZEherefore, theioptical absorption
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and emissiorblue shift to the higher energiasavelengthas the size of the dots gets
smaller(Figure2.16). Thestructural studies indicate that the bulk crystal structure and
lattice parametecan beretaired althoughthe nanocrystallitesre notcompletedn the

bulk materials

< 5-10nm >
CdSe Quantum Dots drawn to scale Typical Protein

Figure2.16 Size dependent fluorescence spectrum of [QEH
The light also can irradiate tremall spherical metallic nanoparticles to prodube
conduction electronm the oscillating electric fie[d53. Figure XX shows thathe
electron clouddistributed to thenuclei oscillatesrelative to the nuclear framework
with a restoring force arises from Coulomb attraction between electrons and nuclei
Theresultedoscillation frequency isaffectedby four electron properte : the dens
of electrons, the effective electron mass, and the sizettanshape of the charge

distribution.
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e cloud

Figure2.17 Schematic of oscillation fax sphereanoparticleshowing the displacement of the conduction
electron charge cloud relative to the nuydgs].

2.7 Functionalization and Application for rGO based material

2.7.1Introduction

As with graphene, ecent resear@s indicate that GO based materials hgveat
potential for various applications such as gaer bio-sensorg[72], hanogenerators
[154], field emission devices[155, chemical sensorq87], catalysts [156],
dyesensitized solar cellg47], organic solar cell§157], photocatalyst§15§, and

hydrogen storaggl 59, etc(Figure2.18).
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Figure2.18 The potentiahpplications for graphene and its complex matgdélg.

Among these applications(zO-based electrodes fabricatefdr electrochemical
applicationsby reliable and lowcost methods havattractedgreat interestiue to their
excellent propertieas discussed in sectiéhb. For exampleLargearearGO sheets
have the potentialto replace indium tin oxide (ITO) in display applicatipsach as
touch screen®r organic lightemitting diods (OLED), if mass prodution can be
achieveddue to itstranspareay and electricalconductvity [161, 162. Moreover,
comparedto the frangible and rigid indium tin oxide(ITO), rGO is competitivein

flexibility and processability for fabrication of electronic devices RGO based
nanocomposites fabricated byioapsulating metal oMO particles as well as
polymess have performed efficiently immultifunctional materialsto enhance the

volume expansionf pure metal or polymer electrod&63-165.
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RGO material has alreadgeenacceptedas an alternative anodmeaterialin lithium
ion storagewith large capacities of lithiuph66]. In addition, the high electrical
condictivity as well aselectronand lithium ions mobilityof rGO sheets are quite
compatiblefor diffusion of lithium ions in electrodedn addition, C-C bondsof sp
region in rGO sheet plaralow a metastable nantsictureduring theelectrochemical
process betwan the electrodes. As a resuite will briefly introduce the development
of rGO based electrodén LIBs as well as its functionalization witiO NPs andhe

performance of reswahthybrid materials.

2.7.2RGO based electrodes$or LIBs
RGO s a newpromisinganode material in LIBbecause ofts unique physical and

chemical properties including:

() Excellent electrical conductivity to graphitic carbon;

(i) A broad electrochemical windowhis is a crucial element in enhancing energy
density which is proportional tine square of the window voltage;

(i) The possibility to manufacture flexible electrodes due to the flexibility of the
structure;

(iv) The thermal and chemical stability allow it to be used in harsh environments;

(v) High surface area. The specific surface areanoholayerpristine graphene is
around2620 nt g'* theoretically;

(vi) The ultrathin thicknesdistinctly shortens the diffusion distance of ions;
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(vii) The high surfac¢o-volume ratio offers more active sites for electrochemical
reactions and/or ion adsorption;

(viii) Abundant surface functional groups make it hydrophilic in aqueous
electrolytesput alsoprovide binding sites with other atoms or functional groups
which is importantor electrodefabrication ofLIBs;

(ix) Cost effective. Mass production d&O preparedrom graphite through chemical
oxidation andexfoliation in DI water or polar solventsfollowed by chemical

reduction of GO is relatively low cost, which is crucial for practical applications.

As acommercially used anodeaterial,graphitesuffers from its theoreticalcapacity
of 372 mAhg'?, which limits its application inhigh energy capacityIBs[167]. In
order toincreasethe energy capacity, efforts have bepunt into developing other
high-capacitycarbonaceous materialsuch as CNT$16§, carbon nanofibef$69,
and hiearchically porous carbofi5]. Yoo et al.first reported the specific capacity o
rGO sheetgould reach 540 mA g ‘which is much higher than that of graphité6].
They also pointed ouhat lithium storage propertiesould be affected byhe layer
spacing between theGO individual sheets By embeddingCNTs or fullerene
macromolecules intoGO layers the resultanhybrid materials haviigher capacities
of 730 and 784 mAHg'* due to theadditional sitesand theincreasd interlayer
distance providé by embeddectarbon material$or lithium ion storage[166]. Wang
et al. demonstratech preparation method fdtower-like rGO which canimprove

lithium storage capacityo 650 mAh g’ *and cyclic stabilityof 460 mAh ¢ *after 100
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cycles.Charactestic results indicatehatthe lithium ionsare storedon both surfaces
of rGO sheets as well as iedges and covalent sit€s7(. Guo et al. presentech
relatively highly reversible capacitpf 672 mAh g'* and good cyclic performanas
rGO and explained that numerofisnctional groupsand defective region®on rGO
plane can allocate the lithiumions to improve the capacity antlyclic performance
[5]]. Lian et al. reporteda high-quality fewer layers(D4 layers) rGOwith a large
specific surface are@92.5m?g' %) presenting a high initial capacity 8264 mAh g'*

at a current density of 100 ngA'[54]. The high capacitis approabedby storing the
lithium ions on its large surface arewhere many disordered structes including
edges, nanopores andurling areas opern broad electrochemical window (0IL5 V)
for the storage procesd?an et al. systematicallyinvestigate the lithium storage
affected by struct@ changesincluding surface functional grougsterlayer spacing,
specific surface area, defects aegree of disorderin different chemicalreduction
procesdor fabrication of rGOsuch asydrazine reduction, electron beam irradiation
and low-temperature pyrolysisThe results, as shown ifigure2.19, demonstrated
that the intensity raticdbetweenD bandand G bandof Ramanspectra(lp/lc) is the
primary charactéstic to evaluate the reversible capacity and lithium storage
properties In addition,the edges and defectxtend the lithiunstorage sitesvhich

allow abetter performancia reversible capacit{s6].
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Figure2.19 (a) Low-magnification TEM and (b) HRTEM images of the electtmamreduced GO
This researchas revealed thattractiveperformance of GO sheetsusedas electrode
materials for LIBsalthoughthe detailed mechanismasf lithium storageare still not
clear Due tothe varietyof possible lithium ion storage sites inr@O electrode,
lithium ions canbe stored in the nanopores/cavities and difecegions as well as
the layer edges and covalent siteshe form ofLiCs or react with oxygen functional

groupsattached oitherGO plane
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2.7.3MOsbased electrodes fot.IB

Due tohavingmore thantwice the capacityf graphite,MOs have been accepted as
the electrode materials for LIBEG7, 171]. The electrode reaction mechaniefriMOs
can bedivided intothree groupsconversion reactiqd), Li-alloy reactiori2), and Li

insertion/extraction reacti@®). The mechanisraf theconversion reaction is:
MO, +2y e Ry'li 2X[M] #i0 (1)

Where M is a metabuch as Sn, Fe, Cu, Co, ldihd Mn.Homogeneous distribution of
metalNPs areembedded in a kO matrixin the final poduct. Neverthelessthe poor
cyclic performanceaused byhuge volume expansion and severe aggregatidmQs
during charge/dischargggnificantly hinderthis approachn practicalapplicationof
LIBs. Moreover,large voltage hysteresis neededetwed charge and dischargend

poor energy efficiencis displayed The reactio(2) mechanisnof Li-alloy is:
M+ze+zLi &i M (2

For instanceLi>O and metallic tins formed after the conversion reaction mentioned
above ofa tinrbased oxidethenlithium ionscan bestored and release by the insitu
formed tin distributed in LO dueto Lii Sn alloying/dealloying reactions up to the
theoretical limit of Li4Sn corresponding to a theoretical reversible capacity of 782
mAh g'* based on the mass 8hQ; [57]. However,due tolarge volume changes (up

to 300%) during charge/dischargeocessit haspoor cycic performancevhich leads

to mechanical disintegration and the loss of electrical connection of the active material
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from current collectorsThe insertion and extractioprocessof Li* from the MO

lattice structurecan be described as follo@3:
MO, +y e +yLli i MO, €)

For example following a typical Li intercalation proces3iO; is a common anode

MO with a volume change smaller than 4% in the reaftjon
TiO, +xLi* we” 24LiTiO, (0 & 1K 4)

Small lattice changduringthe lithium intecalation and extraction procegsaranteg
the structural stability and cycling life. The intercalation potentialithium is about
1.5V, in that casethe avoidance of electrochemical Li deposition intrinsically
maintans the safety of the electradd¢owever the slow ionic and electronic diffusio

of bulk TiO, leads tolow specific capacity, poor lithium ionic and electronic
conductivity as well ashigh polarization Neverthelessthe capacity of ithium ions
canbe enhanced byeacing with metallic/semimetallic elements and metal alloys,

such & 3, Ge, Bi, Sn, CuSn, and NiSn.

2.7.4MO/rGO based electrodes$or LIBs
According to the researathescrbed in sections2.7.2and2.7.3 the use oMO/rGO
composites is expected to be an aéfint and practicalapproachto improving the

electrochemical performance loiBs (Figure2.20).
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Graphene Metal Oxide nanocomposite

Synergistic
effoct

Figure 2.20 Schematic of the preparation BfO/graphene composites with synergistic effects between

these twacomponent$147].

RGO sheets are provey be successfullyanchoringMO NPs onits planeedges and
surfaces to form MO/rGO nanocomposites. However, timeontrolled agglomeration
and growth of large particlefuring the preparatiorcausepoor properties of resultant
composites.In order to improve the properties of MO/rGQ@, is necessary to
synthesie MO nanostructures with controlled size, uniform morphology, good
crystallinity and high dispersiorAs a result, MO/rGO composites are normally
prepared bylissolvingMO NPs intoa GO dispersionThis solutionstrategy results in

a uniform distribution of MO NPs onGO sheetswith controllable size, shape and

crystallinity, whichis preferred in LIBs.

54



Table2-3 lists the research oa variety ofMO/rGO compositesand theirstructual

and electrochemical properties
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Table2-3 Theelectrochemical properties MO/rGO composites for LIB§177].

G/MO Performance improvements et
no.
A specific capacity of 810 mA H,70% capacity retention after 30 cycles [3]]
A specific capacity of 765 mA 1 m the first cycle, maintained a capacity of 520 mA%after 100 cycles [173
A reversible capacity of 862 mA H,gnaintained 665 mA hPhafter 50 cycles [174
An initial reversible capacity of 786 mA', §1% capacity retention after 50 cycles [175
G/SnG A reversible capacity of 634 mA # gith a coulombic efficiency of 98% after 50 cycles [52]
The capacities were 673, 424, 295, 390 120 mA h'gat 130, 450, 1400, 6000 and 8000 ntA espectively [160]

600 mA h tf after 50 cycles and 550 mA h gfter 100 cycles, 550 mA kgt the 2 C rate, and 460 mA kgt as high rate as [176]
5 Crate

A reversible capacity of 838 mA ,ghe chargecapacity of the hybrid electrode remains at 510 mAtafter 20 cycles [177]

A reversible specific capacity of 1304 mAhag 100 mA b and the reversible capacity was still as high as 748 mA &t¢ [178]
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1000 mA ¢

A charge capacity of 840 mA h @with capacity retention of 86%) after 30 cycles at 67 rifAand it could retain a charg [179]
capacity of about 590 mA W'gat 400 mA bfand 270 mA h'§at 1000 mA tf after 50 cycles

A reversible capacity of 518 mA 1 gfter 50 cycles at 400 mAlg [180]

A capacity of 2140 mA RK'gand 1080 mA hgfor the first disclarge and chargat a current density of 50 mA h'gand good [181]]
capacity retention with a capacity of 649 mA*hafter 30 cycles

A stable capacity of 775.3 mA t gfter 50 cycles at 100 mA'g [182]

GCNT/ Sno The capacities of 345 and 635 mA*h @an be obtained at 1.5 and 0.25 & gnd the flexible SNEQGCCNT papers present [183]
n

stable capacity of 387 mA k'@t 0.1 A § after 50 cycles

Large reversible capacity (935 mAPhagter 30 cycles), excellent cyclic performance, good rate capability [184]

A high capacity of 931 mA htgvas obtained at 4450 mAYg [185]
G/CaOs

Reversible capacity after 100 cycles is 975 m#& With the irreversible capacity loss less than 3% [186]

>800 mA h g reversibly at 200 mA"y >550 mA hg at 1000 mA b [53]
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941 mA h b in the initial cycle at a current density of 200 mAand an excellent cyclic performance of 740 mA*affer 60 [187]

cycles
A capacity of 732 mA K'gcan be obtained after 100 cycles at 150 niA g [18§
An initial reversible lithium storage capacity of 722 mAMirgLIBs and a specific capacitance of 478 @ M KOH [189

High reversible camity of 1100 mA h'gin the first 10 cycles, over 1000 mA H gfter 130 cycles, with excellent cyc [19Q

performance

A first reversible capacity of 915 mA'f gt C/5, and 84% capacity retention after 30 cycles [19]]

The first discharge and charge capacities are 1693 and 1227 MAthl§0 mA b and retain a reversible capacity of 1027 r [192]
h ¢* after 50 cycles

The initial discharge capacity is 1338 mAtagd 58% of the reversible capacity can be maintained over 100 cycles at 2( [193]

G/FeOs
gbl
A high discharge capacity of 660 mAPhdyring up to 100 cycles at the current density of 160 rhAagd capacities of 702 [194]
512, 463 and 322 mA h'gt 400,800, 1600 and 2400 mA'grespectively

G/Mnz0Oy A high specific capacity up to 900 mA"h good rate capability andycling stability [195
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G/MnO A reversible capacity of 635 mA ' gt 0.2 C and the rate capacity retention 5 C/0.2 C>70% [196]
A large reversible specific capacity of 1048 mAtatghe 90th cycle, enhanced cycling performances (about 650 ntAditgr [197]
50 cycles) and high rate capabilities (350 mAtag5 C)
A specific capacity of 1280 mA'fi gt 0.1 C cycling and 860 mA'fi gt 4 C rate with exceptional stability [198
A reversible capacity of 474 mA 1 gt a current density of 1600 mA'ga capacity of 637 mA gt 200 mA b was retained [199]
after 60 cycles
The capacity keeps at 796 mA'fi after 200 cycles without any fading, and the resible capacity attain®550 mA h tf and [200]
GIFeO; 97% of initial capacity is maintained after 300 cycles at't A g

A high reversible capacity is about two and a halfesnnigher than that of graphitbased anodes at a 0.05 C rate, and [20]]
enhanced reversible capacity of about 200 mA*egen at a high rate of 10 C (9260 ntA g

The reversible capacity is 538.7 mA hadter 50 cycles [202]

A specific discharge capacity of 952.0 mAingthe initial cycle and 842.7 mA K gfter 100 cycles [203

A high reversible specific capacity approaching 1026 miA dftgr 30 cycles at 35 mA’'cand 580 mA h'g after 100 cycles a [204]
700 mAgF as well as improved cyclic stability and excellent rate capability
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A stable capacity of 650 mA K gith no noticeable fading for 100 cycles [205

A stable high specific reversible capacity of around 900 nfAvahgch was nearly unvarying over 50 cycles [206]

A capacity of 450 mA H'gafter 100 cycles at 1 C (1 C=300 rhiAand a discharge capacity of 185 mAtag) 20 C [207]
G/INIO A large initial charge capacity of 1056 mAhag 0.1 C and retained 1031 mA ' after 40 cycles; the charge capacities of 8 [208]

657, and 492 mA hPhwere obtained at 718, 1436 and 3590 ntA gespectively

87 mA h Y at a rate of 30 C (2 min of charging or discharging) [209

Negligible fade after 700 cycles at 1 C rate with columbic efficiency reaching 100% over the entire cycling test exwe| [210]

initial few cycles

A reversible capacity of 161 mA H gan be retained at 1 C after 120 chatdiascharge cycles and delivered a capacity of [211]
GITIG mA h ¢*and 107 mA h'gat 5 C and 20 C, respectively

A reversible capacity of 90 mA ¥ gan be delivered at a current rate of 10 C with good cyclic retention up to 180 cycles [217]

A first discharge capacityf 269 mA h t} is achieved at 0.2 C and a capacity of 202 mAlingthe charging process, th [213]
reversible capacities are retained at 162 and 123 m& htgl C and 10 C

Specific capacity at the rate of 50 C is as high as 97 fA h g [214
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Reversible capacity of 600 mA'f @t 65 mA 4 after100 dischargecharge cycles [215

A reversible capacity of 583.5 mAfigith 75.5% retention of the reversible capacity after 50 cycles [216]

Thereversible capacity attains 640 mA Hh gt 50 mA § and the capacity retention is ca. 96%. At 1*A the reversible [217]
capacity reaches 485 mA H gnd remains at 281 mA K'after 500 cycles

1100 mA h & in the first cycle [219

A specific capacity of 605 mA k@t the 100th cycle at 50 mA‘gand the capacities of 414, 320, 222 and 146 mAllcguld [219]
be obtained at 100, 200, 400 and 800 n¥A espectively

The initial discharge and charge capacities are 468.2 and 342.0 MhAridghe capacity reaches 407.7 mAPhagter 70 cycles [22(]
at 2000 mA

An initial specific discharge capacity of 412 mArag50 mA & and a capacity of 316 mA K@t the current density of 160( [221]
mA ¢t

Specific capacity of 625, 550, 2%\ h §* are obtained at 0.01, 0.02 and 0.08 & fpr SnO2graphene; the capacity of thi [141]
NiCcgraphene composite is stable upon lithiation/delithiation over 100 cycles

The specific capacity was 175, 166, 150 and 130 ntAat g rate of C/3, 1 C, 3 C and 12 C, respectively [214
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TiON,/TiN

A reversible specific capacity of 495 mA hag 100 mA b after 40 cycles and reached a capacity of 208 mA ht§600 mA [194]
gbl

G/MnG;

A discharge capacity of 1105 mA'f\gas observed on the second cycle, remaining 948 m#& &fgr 15 cycles; a reversibl [206]

capacity of 930, 836, and 698 mAtat 100, 200, and 400 mA'grespectively

Specific capacities were 164 mAHhat 0.2 C and 137 mA h'git 8 C [19]]
G/LikTEO12

A specific capacity of 122 mA H gven at a very high charge/discharge rate of 30 C [213
G/LiFeP® A discharge capacity of 160.3 mA*hag 0.1 C and 81.5 mA k'@t 10 C [222]
GILVA(PQ) The specific capacities are 118 mA"hajd 109 mA h'gat 5 C and 20 C discharge rates, and 82 m#& at@ higher current [208]

BV2 3

rate of 50 C, reaching 64% of the initial charge capacity at 0.1 C

G: Graphene; MQVOs; NPsNFs.
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The Li-storage mechanism &fOs is based orthe lithium conversion reactiomr
lithium ion intercalation reactiorlherefore the cycling performance dflOs can be
improved by restrairng its volume change andnhancing theslectrical conductivity
in the electrochemicaprocessDue toits intrinsically excellentelectrical conductivity
and mechanical flexibilityrGO is consideredor anchoring MONPs onits carbon
network to improve the cyclability of the compositesFor example,Kim et al.
decorated echoid-like SnG NPs uniformly onrGO sheetsthrough electrostatic
attraction betweethe carbon networks and NBg controllingthe surface chardgé2].
The resultantSnQ/rGO composits havea reversible capacity of 634 mAfh* with a
coulombic efficiency of 98% after 50 cyclewhich is much higherthan that of
commercialSnG. In order to achievehigh-performance LIBsa chemical insitu
deposition strategysed todirectly synthesizeNP/rGO composite as the anode
materialfor LIBs was reported by Wat al.[184]. The Co:04 NPs with particle size
1 071 3 0 arenhmmogeneouslydistributed on rGO sheets which separatethe
individual rGO layers by increasing the interlayer distafidee first discharge and
charge capacitiesf Cos04/rGO composite electroddsas been detected 2097 and
D753 mAh g%, which ardower thanthat ofboth Co;04 (1105 mAh ¢* and 817 mA
g'!) and graphen¢2179 and 955 mAh'g). However the reversible capacity of the
composite electrodds 900 mAh §' after 20 cycleswhich ismuchhigherthanthat of
Cox0s (650 mAh d') and graphene (245 mAh'® For the fabrication of

high-performance LIBsCo:04/rGO has beemecognizd as a potential candidate due
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to its greatelectrical conductivity and mechanical stabilitaused by interlayer

separation of rGO sheets in the composite strudt@eg

Moreover, ¢éectrical conductivity ofGO is essential foimproving the capacity of the
electrodematerials especially thoskigh rate anode materials such agligO,2 [223,
TiO2 [209, as well azathode materials such as LiFeH@224. GO sheetsareusually
used asan additive by spraydrying andthermalannealingto enhancehe electrical
conductivity of nanostructuredLiFePQJ/rGO compositesThe resultantcomposites
candeliver a higher specific capacity o#8mAh d* at the rate of 0.1@nd70 mAh
d at 60Cwhile the pureLiFePQ electrode has a lower capacity if3 mah ¢! at
0.1dJ224. In addition, he capacityof the composites is maintained about 70%of

the initial capacityafter 1000 cycles.

The in-situ reduction proceswas also reported tproducea CazO4/rGO hybrid
material rGO sheets uniformly covered B0:0. particleswith thesize at 5 nnj53].
Its unique nanostructuteads tosuperior electrochemical performancelithium ion
capacityas high a800 mAh ¢! at acurrent rateof 200 mA g* andover550 mA h

g'! at a high curretrate of 1000 mA 'd.

In summary electrochemical performanocdé MO/rGO composites as the electrodes
LIBs is beneficialdue tothe elastic flexible frameworkof 3D rGO-based structures
The cycling performance d¥1Os is alsoimproved bybinding smallsized particles

with rGO, which significantly inhibits the volume changmd shortens the transport
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distance of lithium ions and electron§able 2-4 lists the avantages and

disadvantages of rGO and MO as well as MO/rGQLfBis [142).
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Table2-4 The pros and cons o650, MOs, andMO/rGO compositesor LIBs [142.

Advantage ofrGO Disadvantage offGO Advantage  of Disadvantage of MO Advantage ofMO/rGO composites
MO

Superior electrical conductivity Serious agglomeration Very large  Poor electrical conductivity Synergistic effects
capacity/capacitance

Abundant surface functional groups

Thermal and Chemical stability

Large surface area
High surface-to-volume ratio
Ultrathin thickness
Structural flexibility

Broad electrochemical window

Re-stacking

Large Irreversible capacity

Low initial coulombic efficiency
Fast capacity fading

No clear lithium storage mechanism
No obvious voltage plateau

Large voltage hysteresis

High packing density
High energy Density

Rich resources

Large volume change

Severe
aggregation/agglomeration
Large irreversible capacity
Low initial coulombic efficiency
Poor rate capability

Poor cycling stability

Suppressing the volume change of MO
Suppressing agglomeration of MO and
re-stacking of graphene

Uniform dispersion of MO

Highly conducting and flexible network

High capacity/capacitance, good rate capability
Improved cycling stability

Improved energy/power densities

MO: Metal oxides.
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2.8 Summary

This literature review providesan overview ofthe properties, synthesis and
functionalization of GO and rGOGO and rGO is shown to bea unique
two-dimensional structuravith attached oxygen functional groupghich can be
removed to improve the properties in electrical conductivity, electrochemical
performance, chemical activity and wettability. Tlegiew on theeproperties enables

us to further understandthe structual changes between GO and rGO sheéts.
addition the description on the synthesis methdsl useful in understanding the
formation and removal process of functional groupth@GO plane Furthermorethe
recent progress ithe functionalization of rGO sheets to fabric&#® NP/rGO
compositesfor energy storageapplicationsis also reviewed.The advantages of
chemical oxidation, thermal reduction and MO NPs functionalization of GO have been
presentedHowever, there is Rrgedistanceo gobefore the fabrication of GO shees
canmeet the requiremenof industrial applicationsTherefore this study will focus on

the synthesi®of functionalized rGO sheegsd itsapplication.
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Chapter 3 Methodology

3.1 Introduction

The experimental detailand characterization techniquased for the synthesiand
analysis of rGO are described in this chapteThe synthesis methods for GO
dispersion,singlelayer GO sheetand GO paper are discussed, respectivdliie
process of thermal annealing and oxygen annealing to prdd@®@®@ andOrGO are
presentedas ae the fabrication details ofrGO and OrGObasedLIBs. In order to
analyzethe properties ofGO, the characterization methods such as AFM, contact
angle, PhotoluminescencgPL), FTIR, Hall measurements, HRTEM, Raman
spectroscopySEM, TEM, U\Vis, X-ray Photoelectron Spectrosco}PS), XRD

and Electrochemicalmeasuremest along with their background knowledge and

associated specimen preparations are all included.
3.2 Preparation of GO dispersion

3.2.1Pretreatment of graphite powder

In order to oxidizehe raw naterialscompletely the pretreatment step was performed
according tahe method published ganeret.al [88]. K2S;0g (10 g) and EOs (10 g)
were added ta hotconcentrated b5Q: (90C , 50 ml) solution The mixture washen
allowed tocool to 80€ followed by adding graphite powde8Z5 mesh12 g) to the
solution and stirring at 80T for 4.5 hoursto dissolve all the components
Subsequently, the mixture was dilutiedo DI water (2L). The next day the mixture

was filteredthrough acellulose ester membrafiter and washed using DI water to
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remove all traces of acid. The resultant solid wlagd overnight under ambient

conditions

3.2.2Modified Hummer & Methodfor oxidation of graphite

e = =S
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S = ——=

_— KMnO,4

e
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graphite graphene oxide

Figure3.1 Schematic diagram to produG®O sheetdy Hummeés Method[225
The modified Hummefs methodwas used to synthesizeraghite oxide from
pretreatedgraphie powder As illustated inFigure3.1, H.SOQy (23 ml) waspoured
into a 250 ml round bottom flask atigenchilled to O € in an ice bathAfterwards,
the pretreatedraphite powder (1.9) and NaN@ (0.5 g) wereaddedsequentiallyto
theflask followed by mixingkMnOa4 (5.0 g)in drodetsto keep the temperature below
10 €. After stirring at 35 € for 2 hours DI water (46 ml)was cautiously addd to
the mixturein small portiongo keepthe temperaturbelow50 €. Another140 ml of
DI water and 10 ml of 30% 4@, were added to the flask to end the oxidation process
after 2 hours stirring. The mixture was settled for at I€dshours to obtaim clear
supernatant. Thdepositedsolid mixtures werecollected andepeatedly purified with
500 ml of 10% HCI solutiomnd500 ml of DI water to remove the acid. The rasgit

solid was driecht room temperature in a vacuum chamber
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3.2.3Formation of GO dispersion

GO dispersion2 mg mi™Y) wasprepaed by dissolving aidried GO sheetén DI water
using an ultrasonic bath cleaner @utput power20 W) for 1 hour followed by
centrifugation {0000 rpm,10 min) toremove impurities precipitation thecentrifuge
tube wall. In order to exfoliate GO sheetmpletely in the dispersiorg probe
ultrasonicator(output powerl100 W) was immersed in hHe resultant transparent
light-yellow dispersiorfor 30 minutesThe resultant dispersion was theft aside for

at least one week to obtairfinal GO dispersionvith a concentration of ghg ml™.
3.3 Preparation of free-standing GO paper
3.3.1Filtration of GO dispersion

GO sheets GO dispersion

GO paper

Membrane Filter —> Membran
LR badd1 |
| ITI | A (| |
L VRPN |
i O | |
VVVVVVVVV V

Figure 3.2 Schematic diagram for the fabrication @O paperby vacuum filtration of GO dispersion

througha membrane filter
Papetlike GO bulk materialwasprepared simplypy a vacuumfiltration processGO
dispersion (150 mijvas added ta Buchnerfunnelwhich wasconnected to a vacuum

sourceand then filteredhrough a membrane filteDuring the vacuum filtration,GO
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sheetswere laid down on the membraniiter plane while the liquidwas passing
through the pores under a directional flow caused by vacuum suction. GOwsbeets
interlocked/tiled on top of each other in a nearly parallel marasshown inFigure

3.2

3.3.2Types of membrane filter

According to the introduction isection1.5.3 membrane filters aressential tahe
fabrication of OrGO (AIOs/rGO) paper In order to confirm the source ofAl.Os
nanoparticless the Anodisc membrane filtetwo types oimembrandilter wereused

in the preparation d&O paper by vacuum filtration

i. Mixed celluloseestermembrane¢SEM imageFigure3.3)

e

Figure3.3 SEM image ofmixed celluloseestermembrane filtersThe pore size is Q& [226].

il Anodiscaluminumoxide membranefSEM image Figure3.4)
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Figure3.4 SEM image ofAnodiscauminumoxide membraneThe pore size is 0.p&[227].

Table3-1showsthe specifications of these two membrane filters.

Table3-1 Specifications of membrane filters.

Membrane Material Pore Diameter Rectangular Brand
type size (mm) name
(kM)
Cellulose Mixed 0.2 47 300>600
based Cellulose mm
Ester
Anopore Aluminum 0.02 47 300600 Anodisc
Oxide mm

3.3.3GO paper peeling off from the membrane filter

3.3.3.1Mixed celluloseestermembranes

After air-drying overnight at roontemperature GO paper deposited ontoixad
celluloseestermembranavas peeled ofby immersing the mixture iacetonebathsto
dissolve the ellulose ester membraneand transferringto DI water baths to wash

peeled GO papeleaving the transpare@O pager floatingon DI water. The resultant
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GO paper was thetmansferred ontesubstrategor air-drying at room temperature to

obtain GOfilm.

3.3.3.2Aluminum oxide membranes

Unlike the process usingiixed cellulose ester membranesGO paperfabricated by
filtering GO dispersionthrough the aluminum oxide membranecan bepeeled off
actively during air-drying at room temperaturee form transparenfree-standingGO

papermwithout using any solvent

3.3.4Samples preparation for characterizations

Freestanding GO paper can be diredatlyaracterizedby measurements such @§IR,
Raman spectroscopy XPS, and Electrochemicaltesting For the characterizations
including contact angle, PL, Hall measuremed¥-Vis and XRD GO paper should

be stick onpretreated quartz plat@sretreatment step described3id.3.

3.4 Preparation of singlelayer GO sheets orthe substrates

3.4.1Preparation of diluted GO dispersion

Initially the asformed GO dispersion prepared 3r2.3was diluted in DI water t@a
concentration of 10 ppnAfterwards, he probe ultrasnicatorwas usedfor further
separdion of GO sheets, followed byltrasonication usingn ultrasonicbath cleaner
for 3 hours.Finally, high speedentrifugation {5,000rpm, 10 minutes per cycleyas

performedfor exfoliation of GO sheetanddeposition oimulti-layer GO.
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3.4.2Fabrication of Al20z/GO monolayer structure

In order to characterize the properties@rfGO, individual piece of AIOsJ/GO sheet
containinga monolayer GO structure was fabricated using the sameum filtration
systemdescribedin section3.3.1 Before the filtration systerwas connected to the
vacuum pumpthe substratg1} 1 cm for cuttable materiajswas placed dio a
membrane filter placed inthe bottom ofa Buchnerfunnel and immersed in the
diluted GO dispersionlQ ml added to the funndbr several minutesAfterwards,a
few of the monolayer GO sheets weateposited onto the substrates during vacuum
filtration process Figure 3.5). The deposited GO sheets can bensidered as

individual sheet®f GO paper for characterization

GO sheets Top view

Substrate
P

Membrane Filter

¢y
|

|
| After filtration

|
[
I
& 0 |
= 4 |
[ |
i 0 |
I |
I |

VVVYVYVVYVYYVYVY

Figure3.5 The schematic diagram of monolayer of GO sheets depasitéde substrate via a filtration
processThe substrate (1XL cm for cuttable materials) was placed onto a membranarfitenmersed
in the diluted GO dispersion (10 ml) added to the funnedéeeral minutes.
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3.4.3Substrates
The substrates selection waarried outaccording to the requirements of the

characterations.The substrates used for ttiepositionprocess are given below:

i Holey carbon TEM grid§300 meshTEM imageFigure3.6)

Figure3.6 TEM image of holey carbon filnj22g. The diameter of the holes isopand 5& m in average.

ii. SiO; layer (300 nm) coated silicon wagdpptical imageFigure3.7)
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Figure3.7 Optical image 0BiOy/Si wafef229

The SiO./Si waferswere cleanedvith a pgranha solutiona mixture of HSQO, and
H20, used taremoveorganic residuesn thesubstrategH,SOy: 30 wt % HO, = 3:1,
viv). Theholey carbon TEM grids ereused for thaestingof TEM andHRTEM. The

SiO./Si wafers vereused for theharacterizationef AFM andSEM.

3.5 Fabrication of Tr GO by thermal annealing

Thermal annealings a conventionalmethodfor the reductionof GO to enhance its
electrical conductivityThis annealing was carried out in a single zone horizontal tube
furnaceusing amechanical vacuum pump amdiwo-channelgas flow system GO
paperor GO sheetslepositedon the substratewere placedin an alumina sample
holder and loagd in the middle 6 the furnace. Once the tube hbdgen sealed with

stainless steel flangeavacuum pumpvas used to keep thennealingchamber under
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vacuum conditionsat 15 torr. In order to protecthe sample against the air and
impurities, Argongaswasutilized as a carriegasto removechemical waste out of the
chambeduringthe annealing proces8efore thermal annealingas initiatedthe GO
samplewas driedovernightat room temperature under Argon gas floMne furnace
was then heated t400 °C with a ramping ratef 2 °C /min for thermal reduction
When the furnaceeachedthe desired temperaturannealingwas performed foB0
min before cooling down to room temperature at the rate 8€2fin. The annealed
samples were taken out when the temperature of the tube was bel@y \which
avoided any sample damagben expsang tothe airathigh temperaturel'he thermal
annealing conditionor GO sample reductioare shown imable3-2.

Table3-2: The thermal annealing conditions for GO paper reduction.

Process parameter Process condition
Dwelling temperature®C) 400

Ramp rateC/min) 2

Duration (min) 30

Ending temperaturéQ) Below 50
Pressure (Torr) 15

Size of sample (cwtm) 1x1

Ar flow rate (sccm) 95

3.6 Fabrication of OrGO by oxygen annealing

Oxygen annealing was carried out in the same tube furnatteeasal annealingas
shown inFigure3.8. GO samplesvereplaced in an alumina sample holder and loaded
in the middle of the furnagevhich wassealed with stainless steel flangAsvacuum
pump was used to keep the annealing chambder vacuum conditions at 15 torr. In

order todry and clean the surface of samplésgon was utilized as a carrier gas
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beforethe annealing proces®efore operation ofhe heat treatmenthe GO sample
was dried at room temperature under Argon gas fivernight.The furnace was then
heated to400 °C with a ramping rat®f 2 °C /min. When the furnaceeachedthe
desired temperaturexygen gas was introduced into the chambex fliw rate of 10
sccmto synthesie Al.Os; NPs onthe rGO plane.After 30 min heat treatmentthe
cooling ratewas 20 °C /min. GO samples for oxygen annealing included GO paper
and singldayer GOsheets deposited onto the substraldse operatig conditions

weredescribed irsection3.5.
GO

iy

AI(OH), GO paper

2 T et O O =S _':“r" G o O O
“Alumina Membrane Filter i ‘;:’m
AL O; Nanoparticle ‘ -
| — — - | —
Hole/] | NN AN Jm.“l-m_.
1)

rGO :-JM_JJJJ-JMU—LMI m

TrGO OrGO

Figure3.8 The schematic diagram of the fabrication process of TrGO and OrGO papers and individual

layer.

3.7 Characterization methods

3.7.1Atomic Force Microscopy
AFM was used tguantitativéy characterize the morphology and roughness of single

or few-layer GO surface Figure3.9 shows the &sic principleof AFM [95]. Thetip
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is precisely situated on a flexible silicone cantileverwhich is mounted to a
piezoelectricdriver for scanning When the voltagés applied the tip is broughto a
chosenpoint over thesample surfacevhere the force can repel or attract atoms from
the tipleadng to a deflection of the cantilevefhe degreeof cantileverdeflection

which is caused by the surface topography, is usually measured using a laser light
from a soid state diodereflectedfrom the surface of the cantilever intopasition
sensitive detector (PSDIn this way,it is possible to map ouhe roughness ahe
material surface point by point without any direct contA&iM promises scanning in

the Xy or x/y/z directionsto reconstructhe surface image from different viewpoints.
Moreover, there is no extra surface treatment, suclmetsl or carbon coating

required for AFM measuremd@80.

Mirrored 4
prism ¢ g 8 3

AFM signal Diode laser
(A+B)-(C+D) Mirror & lens

Cantilever
& substrate

FFM
signal = Split-diode
(A+C)-(B+D)
photo- Sampl
detector

.\"\‘:
PZT tube

scanner

Figure 3.9 The basic principles attomic force microscopy (AFM])95]

79



The surface morphologyof GO was characterized usingn AFM (Veeco
CPIl-Research Scanning Probe Micoope)in contact modeta 512 x 512 scanning
resolution. Scamareasangel from 600 nm x 600 nm to 10 yn x 10 pnin the contact
mode, the tip makes a soft physical contact with the sample sunfacgcans at a
constant smalheight above the surfaséherethe overall force is repulsiva@he force
between the tip and tH@O sheetss fixed during scanning by maintaining a constant

deflection.

3.7.2Scanning Electron Microscopy

SEM is a microscope that uses electrons instead of ltghform an image.n
comparisorto traditional microscopesSEM has many advantagesch adarge depth
of field, higher resolutiomndmore control in the degree of magnificafi2@1], which
allows it to be used infracture characterization, orostructure studies, thin film
evaluation surface contamination examinatioand failure analysis of materials
Generally, a higkenergy electronbeam is produced from thelectrongun in an
evacuated columabovethe sample surface. When the electron beam focuses onto the
target surfacehe lowangle backscattered electrons interact with the suafaresand
generatea variety ofelectronic signal. Figure 3.10 showsa schematicdiagram of
SEM. The Wpes of signalsgeneratedsecondary electrons (SE), bastattered
electrons (BSE) characteristic Xays, light cathodoluminescend€L), specimen

current and transmitted electroasareshown inFigure3.10[10Q.
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Rage Specimen

Figure3.10 Schematidiagramof SEM100.
For conventional imaging in the SENhe s p e ¢ i sudatesnéist be electrically
conductive However,environmental SEM (ESEMgan be used témage uncoated
nonconducting specimens pjadng the samplein a highpressure chamber where the

working distancdetween thelectron gurand the specimeris shorf232].

The SEM samples were fabaited by attaching GO samples an aluminum stub
using a sticky carbon taln this study, a secondary electron detector was Udsel.

preparecsamplswereplaced in the vacuum chamber of the microsc@pe. SEM was
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operated with a working energy ok eV, a beam size a value of 3 and a working

distance of 10 mnmmagesata variety ofmagnifications were collected.

3.7.3Transmissionelectron microscopy

TEM is a microscopy techniqugtilizing a beam of electronsansmited through an

ultra-thin specimemwhere the electrons are converted to light and form an inféuge.
image is magnified and focused onto an imaging device, such asresitent screen,
on a layer of photographic film, or to be detected by a sensor sudahasyacoupled

device(CCD) camera.

In this study, two types of TEM were used to characterize GO samples. A lower
magnification inspection on GO samples was camigidbya JEOL FX Il microscope
while an advanced JEOL 2100F model was used to obtain higher resolution TEM
(HRTEM) images bythe addition ofa field emission gun (FEG). This equipment can

provide a high brightness and high stability electron source.

The basic components of TEM equipment are illustratedrigure 3.11[233. TEM
images argroduced by insertinghotographic filminto the back focal plane of the
objective lens, which allows selected electraasdiffract in a specific diretion.
During transmission, the speed of electrons directly correlates to electron wavelength
the faster electrons mowvihe shorter wavelength and the greater the quality and detail
of the image Bright areas of the imageepresenplaces wheranore eledrons have
passedhrough thespecimenwhile dark areas represent the dense areas of the object.

In addition, NPs structure can be investigated by HRT&MnN atomic scal234).
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Because of its high resolution, it is a valuable toolthe study of the positionsof

atoms in TEM images due to differences in the phastestronwaves scattered by a

thin sample. The GO samples were prepared accordiBg @and then placed onto a

sample holder and inserted into a vacuum chamb#dreifEM system. The samples

were inspected at various magnifications.

Electron gun

Condensor aperture

Specimen port

Objective aperture

Objective lens

. | X Diffraction lens
Intermediate aperture g
N Intermediate lens
XHR o
rojector lenses
Binoculars & n =< /

/D luorescent screen

Image recording system

| —

Figure3.11 Theschematic diagram GfEM[233
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3.7.4Raman spectroscopy

Raman spectroscopy is ustrinvestigate thelementary excitation i6O samples.
In this technique, a monochromatic laser is shame thesamplesurface as shown in
Figure3.12[97]. The monochromatic laser with frequeneyexcitesthe moleculs
within the specimerfrom the ground state to a virtual energy stslthen theexcited
molecules reverts back they emit light and return to a different rotational or
vibrational stateThe change in enerdyetween the original state anesultingstate

leads tahree different frequencies when:

1. A molecule is excited by absorbing a photon with frequeneyd then returned
backto the same basic vibrational staldns elastic scattering of the photon is
called Rayleigh scattering.

2. If the vibrational energy of the molecule is increased amorbing a photon
with frequencywv, the energy of the scattered photons is decreaspdrt of the
photorés energy s transferred to the Ramattive modewith a down-shifted
frequency (longer wavelength)This inelastic scattering is calle®tokes
scattering

3. If the vibrational energy of the molecule is decreased aftsprbing a photon
with frequencyvo, the energy of the scattered photonsnisreasedas excessive
energy of the excited Ramattive mode is released with amp-shifted
frequency (shorter wavelengthJhis inelastic scattering is called aftiokes

84



scattering This only happes whenthe molecule is an excited vibrational state

beforeabsorbing a photon.

> Sample

Vo= Vmn(Raman scattering)

Y
vo(Rayleigh scattering)

Figure3.12 Mechanism of Raman scatter[8d)].

3.7.5X-Ray Photoelectron Spectroscopy

XPS is a widely usedspectroscopidechnique for surfacelementalcomposition
analysis, empical formulas, chemical statesd the electronic state tie elements
which exist within a materia]99, 235. The specimes are illuminated with a
monochromatic Xay source resulting inthe emission of core shell photoelectrons.
The electrors can beaemoval from their orbits at characteristic binding energy values
which is unique to the element and particular atomic orBissa result,a plot of the
number of electrons detected versus the binding energy of the electrons distected
used toidentify the elements present and their quallilye characteristicKPS peaks
corresponihg to the electron configuration of the electrons within tteres, e.g., 1s,
2s, 2p, 3s, etcis used todirectly identify the amouh of element within the area
irradiated.The XPS mustbe performed under UltraHigh Vacuum (UHV)conditions

[236-23§. Figure3.13 showsthe schematic diagram of XPS ssi§100.
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Photo-Emitted Electrons (< 1.5 kV) <. FElectron Eneray Analyzer (0-1.5kV)
(measures kinetic energy of electrons)
escape only from the very lop surface

(70 - 1104) of the sample \

Electron Detector
{counts the electrons)

Elactron
Collection
Lens

Focused Beam of

X-rays (1.5 kV)

Elactron
Take-Off-Angla

Si0, fSi°
Sampie
Samples are usually solid because XPS Si(2p) XPS signals
requires ultra-high vacuum (<107 torr) from a Silicon Wafer

Figure3.13 The schematic diagranf a monochromatic XPS systEh0(.
In this study XPS measurements were performed witt&aScientific ESCALab Mark
Il X-ray photoelectron spectrometer using a monochiiomdat KrUayx s o&r c e
1486.6 eV) Survey spectra were collected covering the full binding energy range
0-1200 eV using a step size of &V and pass energy of %/, whereas the high
resolution pectra of C1s, APp and Al KLLwere collected using a step size of 6\2
and pas energies of 28V. To compensate for surface charging, all binding energies
were corrected with reference to the Cls peak at 28%.5 Peak fitting and
deconvolution of the high resolution spectra were achieved using CasaXPS software
and wer e rding to raixkd Gaassi@horentzian components and a Alamear

Shirley background.
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3.7.6 Fourier transform infrared spectroscopy

FTIR is a technique used to detect the vibration characteristics of chemical functional
groups inthe materialsby obtairing an infrared spectrum of absorption, emission,
photoconductivity or Raman scattering of sampléAn FTIR spectrometer
simultaneously collects spectral data in a wide spectral rahigph can be categorized

as far infrared (4 ~ 400m™), mid infrared (400~ 4,000cm™) and near infrared (4,000

~ 14000cm™). When an infrared light interacts with tsample chemical bonds will
stretch, contract and bend. As aresulma |l e c ul ar of the samplegan bhen t
produced as thehemical functional group temsdto dsorb infrared radiation in a
specific wavenumber range regardless of the structutheotest of the molecule

which makesinfrared spectroscopy useful feeveral types of analysis.

FTIR spectrometry was developed irder to overcome the limitains encountered

with earlystage IR instrumentwhich usea prism or a grating monochromatand

which resultsin a slow scanning process. FTIBpectrometeemploys a very simple

optical cevice called an interferomet&y collectan interferogranof a sample signal

which has all of the nf r ar ed f r e qunontcln erder té make and e d 0
identiycati on, t he meslouldbe iatdrpretedoy decodingr o gr a m
the individual frequencied’his can be accomplished vianell-known mathematical

technique called Fourier transformatjigB9. Figure 3.14 shows the principle of

FTIR[240.

87



[‘ﬁa
A0 || DEDICATED COMPUTER

[+ 4
s
=
o
Tt O 5 74 | Lk
~'s‘ 1 'Jw
xYECTOR Pt?m -....0-0::" ..... .1 tij ‘&
“‘ ameyom QC:-J
avan ™ ASS - M zz

%& ---------- (o] T &

R
P
S
O

m

Figure3.14 Schematiadiagramof FTIR[24(
In this study, FTIR spectra cB8O samples were measuredth a PerkinElmer
Spectrum One spectrometeFhe scanning wavelength ranged fragd0cm® to
4000cm® using a single reflection horizontal attenuated total reflectiocessory
which enables samples to be examined directly in the solid or liquid state without

further preparatidr241].

3.7.7Sheet resistivity measurement

Sheet resistance is a measused todeterminethe resistance of thin filmsvhich are
nominally uniform in thicknessA four-terminal sensing measurement (also known as
a four-point probe measuremeng widely used to measurdeet resistancewhich
canavoid contact resistancaccording tathe Van der Pauw method his method is

only used when the conditions below are satisfied:
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1. The sample mudieflat with auniform thickness

2. The sample must not have any isolated holes

3. The sample must be homogeneous and isotropic

4. All four contacts must be located at ttmrnersof the sample

5. The area of any individual contatiustbe at least an order of magnitude smaller

thanthatof the entire sample.

A schematic of a rectangular Vder Pauwconfiguration is shown ifrigure3.15242,

243,

o

Ry =Viy/ I,

[

Figure3.15 Rectangular Van der Pauw configurafiaf2, 243
In order to obtain the two characteristic resistancefiret current () is applied to
contact corner 1 andvhile the voltage Va3) from contact corner 4 and 3 is measured.
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Next, a current is applied wontactcorner 2 and 3 while measuring the voltayyes)(

from contact corner 1 to Rx and R are calculated by means of the following

expressiongs) and(6):

Ra and R are related to the sheet resistangghRoughthe Van der Pauwequation

(7):

P

e B+e 4

which can be solvechumerically for Rs. The bulk electricalresistivity } can be

calculatedusing(8):

r =Rgd

3.7.8Contact angle measurement

Thisis the angle measured through a liquid at which the ligagburinterfaces witha

()

(6)

(7)

(8)

solid surfaceThe contact angle is the result of the surface free energies between the

liquid, solid and surrounding vapoukost of the liquid wet the solid surface and

shows a contact angle in a static systehich can berepresented by a small liquid

droplet resting on a flat horizontal solid surfadée contact angles are measured by

fitting a mathematical expression to the shape of the drdjzped and then calculating

the slope of the tangent to the drop at the liepgtid-vapour interface ling244, 245.
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The contact angle is commonly used in membnamag¢erial science to describe the

relative hydrophobicity/hydrophilicity of a membrane surface.

Tangent “T" to drop’s profile at point “P*

© = Contact
angle
B

Baseline “B" tangent
to specimen surface \ /

Specimen

Figure3.16 The schematic diagram obwtact angle measuremgzug.

The contact angle @8O was measuewith adynamic contact angle systeas shown

in Figure 3.16[246]. This equipment can be used to measure the surface tension,

adhefon characteristics, and surface enesgywell This equipmentuses drop shape

analysis taneasure contact angles and thereby detersurface energylhe image of

thedrop shape was captured &yequippedcamera. The shape and size ofdheplets

wereanalyzd using FTA 32V 2.0software The contact angle was measured 5 times

for individual sample and then theaverage valuewas calculatedWettability is

di vided into three cl asses: absolut e

wett

nonweti n g f o [247d The wagdfoplet was observed spontaneously spreading

along the dry surface until an equilibrium angle was established.
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3.7.9Lithium -ion battery test clls assembly and performance evaluation

To evaluate the electrochemical performanceG@® samplessplit-able testcells
(EQ-STC, MTI Corporation) were fabricated.The cells were assembled in an
argonilled dry box by pressingsO paperonto a stainlesssteel substrate as the
working electrode without anybinder or conductive additivesCelgard 2400
polypropylene membrangas used aa separatoandlithium foil (Alfa Aesar)as the
counter electrode.The electrolytewas a 1Mlithium hexafluorophosphatéLiPFs)
solution in amixture of ethylene carbonate, dimethyl carbonate and ethylene methyl

carbonate (1:1:1 by weight).

3.7.10Electrochemicalmeasurement

In this study, gcle performance testaere usedin a constant current / constant
voltage (CC/CV) charging ade whichis an effective way to charge lithium batteries.
When aLIB is nearly emptythe charging process is conducted uraterstant current
During the process, theharging current should be lower than the immwm charging
current thathe batterycan acceptWith constant chaing, the voltage othe battery
slowly rises until théattery volagereaches the maxum charging voltageat which
point thecharger fixed & a "constant voltage" redus¢he charging currenintil the
battery isfully charged.In CC/CV mode, for each cycle, thest cellswere charged
with a constant current anthenwith constant voltage &.0V till the charge current
declined tol0OmA. After that,the batteriesvere dischargedt 10 nV at a constant

current.Cyclic voltammograms were characterized usimgelectrochemical cell with
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a threeelectrode configuratiorvetallic lithium was used as a counter and reference
electrodesThe experiment wasarried outusinga Maccor series 300 Battery and

Cell Testsystem.

3.7.11Ultravioleti visible spectroscopy

UV-Vis, an absorption orreflectance spectroscopy in the ultravieltible spectral
region is used tanalysizethe quanty of different analytes, such as transition metal
ions, highly conjugated organic compounds, andldgical macromoleculesThe
analysis of the absorption and/or transmissises light in the visible and adjacent
(nearUV and neadinfrared) rangeghe changs ofthe light intensity causg a variety

of polarization of the reflected or transmitted beams. A typical\Mi8/spectroscpic
analysisconsists ofmeasuring the wavelength dependence of the light transmitted
through the sampleigure3.17[248 249. When the light passes through®reflected

from the sample, the amourftlight absorbed is the difference between the incident and

the transmitted radiation.
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Figure3.17 Schematidiagramof UV-Vis spectroscofd®48, 249 .
A classical semiconductor exhibits minimal optical absorptiohigh absorption for
photonswhenenergiesare smalleror greater than the bandgap. As a result, theee is
sharp increase in absorption at energies close to the baredggging inan absorption

edge/reflection threshold in the U¥is absorbance spectrum.

For direct bandgapemiconductor§9):

athn’ —VMEQ

- 9

whereUis the absorption coefficiertt, 3s the energy of incident photons a&glis the
electronic bandgap of the semiconductBy. is the intercept of the straight line

obtained by plotting h)3vs.h 3

Forindirect bandgagemiconductor§10):

94



m_ 2
ahn’ % (10

Ey is the intercept of the straight line obtained by plotting the square r@ot)H? vs.

h 3

The optical transmittance and absorbanc&0f samplevere measuredy a UV-Vis
spectrometer (Biochrom Libra S22, Biochrolid. Cambridge, England). This
equipmenincorporate®n-board application softwamghich enableshe production of
wavelength scans, substrate concentrations, and standard curves. The transmittance
and absorbancecanningvavelengtirangedfrom 200 nm t®®00 nm. The results were
directly transferredto Excel for calculaing the band gap using the absorption

coefficient from the transmittance data

3.7.12Photoluminescencespectroscopy

PL describes the phenomenon of light emission froaterialsafter the absorption of
photons (electromagnetic radiatiorL spectroscopyis a nondestructive analysis
techniquerequiiing minimal sample preparatioA typical PL system include$e two

stages of photonabsorptionand reradiaton, as shown irFigure3.18250. To carry

out PL measurement, the excitation laser and photomultitlibe areturned on
followed by the installation ofthe sample onta sample holder. The position of the
excitation beam should be adjusted goarante the alignment of the sample,
condenser anchonochromator slit. The PL signal of the sample can be enhanced to

increase the sign#b-noise ratio by increasing theze of themonochromator slitin
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this study, the Fluorescence Spectrophotometerd5Q0, Luminescence (200 to 800

nm), Hitachi, Tokyo Japan), was usetb characterize theptical features ofGO

samples.

Laser

‘\.\’b‘ﬂ,\'\)\‘sample
<\ | Spectrometer % <A |:|

Photo- Lens /\f\/\fv

detector PL

Figure3.18 The schematic diagram BL [25(.

3.7.13X-Ray Diffraction

XRD is a nondestructivemethodused forreveaing information about the atomic and
molecular structure of a crystdh this methodcrystalline atoms cause a beam of
X-rays todiffract in many specific directionghich can produce a thredgimensional
picture of the density of electrons within the crystbm thismap ofelectron density,

the physical properties, chemical composition and crystal structure of materials can be
determined251, 257]. Figure3.19 showsthe principle of XRD based otihe Bragg

model of diffractiofi252.
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Figure3.19 Basic features of a typical XR[252.

In this modelBragg's Law refers to the simmguation(11).

n/ =2dsin ¢ (11

where he variablel is the distance between atomic layers in a crystal, and the variable
ais the wavelength of the incident-rdy beamwhile n is an integerandd is the

incident Bragg angle.

The XRD was operated at 40 Kan8hA using Cu KU radiation
ofl. 5406 . Data was coll ected wi tldO0est ep i |
for eachGO samplewith an acquisition time a?s. Before XRDanalysis, the samples

were placednto the sample holddollowed by loadng onto the sample plate in the

XRD chamber.The crystal sizeof GO samplescan becalculaed by the Scherrer

equation(12) usingthefull width at half maximun{FWHM) of XRD peaks.
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;= K/
bcos ¢

(12

whereUis the mean size of the ordered (crystalline) domains, which may be smaller or
equal to the grain siz& is a dimensionless shape factsis the Xray wavelengthb

is the FWHMin radians andd is the Bragg angle.
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Chapter 4 Characterization of  individual

monolayer Or GO sheets

4.1 Introduction

A modified Humme& method is the most commonlged procedure for the synthesis

of GO. The nodification isa pretreatment stepusing phosphorus pentoxide can
potassium peroxydisulfate isulphuric acid tothe pre-oxidize graphite After the
preparatiorof the pre-oxidized graphiteby thestrong acids and oxidantsydrophilic

GO sheets whichcan bewell-dispersedin DI water are producgl by Hu mme r 6 s
method This uniform GOdispersionis thenfiltered through amembrane filter under
vacuumto deposit GO sheets on the substratefoon GO paperAlthough a variety

of membranefilters have been used macuum filtration[14, 253 254, Anodisc
membranefilter is the most widely usedby many of research groud4d0, 50,

255-257).

The Anodisc membrane filter en extremely precise membrane composed of a high
purity alumina matrix that is manufactured electrochemicaith high pore density
and narrow pore size distributiofss a result, we used th&dumina membrane filter to
fabricate AbOs/rGO composites by oxygen annealing without introducing any extra
Al,Os precursor In other word, GO sheets are capable of growigOs; NPs ontheir
carbon basal plane by oxygen anneadfigr filtering throughthe Anodisc membrane
filter. In order tounderstandhe structure ofmonolayer TrGO and OrGQpptical
microscopy, SEM, AFM, TEM and HRTEM were used for characterizations.
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4.2 Results and discussion

4.2.10ptical microscopyof OrGO layers

In order toimage single layers, {dayers or severallayers of GO/rGO, various
measurements areade using procedurssich aoptical microscop, AFM, SEM and
TEM. Normally, different layers oflGO/rGOshould be imaged by combining two or
moreof theabove techniqued.he optical microscopis primarily used tocharacterize
GO/rGOsamplesasit is a low cost andhondestructivemethodin laboratoriesBeing

a transparent material with the thicknesghenanoscale,it is necessary to mou@O
on a Si0, substratebeforeannealing andarryingout optical imagingBased on the
researchinto substratedesign to enhance the visibility afepositedthin films
[258-260, the mechanism behirttie contrast betweerGO and substrates explained

in terms ofthe Michelson contrast (C) relati@®1]:

C= I:inaterial_ Rdielectric

©)
I%naterial + Rdielectric

whereRmaterial i the reflected intensity from the material dRghiectric iS the intensity
without the material. If €0, the materiais finvisibled under theoptical microscope
if 0<C<1, the material is brighter than the substrate, #nedl<C<0, the materialis

darker than the substrate.

SiO; is the mostwidely used coatingnaterial on silicorto enhane the distinguishing
of graphene monolayersAnother governing factor that modulates contrast is the
wavelength of the incident light. Blalet al. demonstrated #t graphendayerscan be
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visualized on top of SiO,/Si waferof with any thicknessy using filter§262]. For
ready viewingby naked eyethicknesse®f the SiO; coatingof 9 0 and ak80 nm
most appropriatevhen usng green filters as well as white lighEonsequentlythe

thicknessof SiO, coating wa 300 nm in our study.

10 E

Figure4.1 Optical microscopy imagef GO at low magnification.

The optical image o650 on SiO,/Si substrateshowsthe diameter ofsheetsranging
from a few hundred nanometers uRfbe mas shown irFigure4.1. Thedrop-casting
process depositedO sheets ontahe substratewith a large coveragedensity

consisting of independent sheets
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Figure4.2 Optical microscopy imagef GO at high magnification.

Inveding anindividual piece of GO sheet und#re optical microscope however, we

found residual water produ@d ring/wrinkle at the edge dhe film although the

samples had been dried in a glove box for 24 h@tigare4.2).
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Figure 4.3 Optical microscopy imageof OrGO at low magnificatiorMost of areas were coated b
monolayer OrGO layers.

Theseamorphouswvrinkles could be furthedried by annealing undeacuumto form

flat layers with small and narrow wrinklegs shown ifrigure4.3.
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Figure4.4 Optical microscopy imagef TrGO at high magnificatior.he monolayer (1L) and multilaye

(Multi-L) TrGO have different contrast to the substrate.
In order todetectthe numbes of GO layes reduced bythe physical exfoliation
process,one sample was exfoliated with conventional technique while another
sample was treated with high speed centrifugation angeputirasonication at a very
diluted concentration of 10 ppririgure4.4 shows hat normal peeledlrGO sheets
werefoundto containpart ofa singlelayer GO andh multi-layer structurgindicating
the traditional exfoliation process is capable of fabricating monolayeal@®Ough it

is difficult to reduce mosinulti-layer samples to singlayer structures.
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Figure4.5 Optical microscopy imagef OrGO at high magnificatiorThe size of this monolayer OrGO she
is around 10 & m.
Although wrinkles were still found in the monolayer OrGOunder optical
measurementHgure4.5), a new exfoliation processs a useful method to produee
singlelayer GO contained dispersion which provides tl@portunity for

characterizing GO/rGO properties with a variety of measargs

105



Figure4.6 SEM image of TrGO deposited on the 28 substrate. Thabbreviationsof AlLO and fi2Lo

indicate the monolayer and bilayer areas of TrGO sheets.

Overlap

Figured7SEM i mage of Or GO deposited on the SiO2/
monolayer area of TrGO sheets. The overlapped +ayier TrGO sheets have been marked as well.

The TrGO and OrGO samples have also biegnstigatedoy SEM. Figure4.6 and

Figure 4.7 show SEM imagesf TrGO and OrGOon SiO,/Si substrate where

monolayer, biayer and overlapped layerssamplesare clearly visible.
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Figure4.8 SEM image of TrGO deposited on the 3t substrate. Tharinkles in monolayer sheet o
TrGO aremarked.

These SEM imageshowthetwo typesof GO sheetsre presenindependentiat GO
sheet withi wr i @aandoeedappedforms whicharesimilar to the images undére
optical microscopeas shown irFigure4.8. The folding and overlgpng areasof a
single layer are less transparenhder SEM. According to thabove report the
wrinkles were produced by thethermal expansiorcoefficient difference between

substrateand graphensheets duringheannealing procefs].
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Figure4.9 SEM image of TrGO deposited on the Z® substrate. The mullayer structure of dark area il
monolayer sheet of TrGO is detected.

Further SEM analysis indicates the detailed information on individualO flake

about layer numbers and layer edge arrangemehedfd ar k 0 gr alfigurene f | a
4.9 presents some typical multiyered graphene flakedtached to TrG@lanes. The

number of layers can be confirmed by the distinct contrast obtained in SEM images
However,a smaller distance between graphene edge structures limits the ability to
identify the flakesof more than 3 layerdAll grey flakesof the isolatedlrGO on the

SiO,/Si substratesurfaceshow single layer characteristics of graptig6ég|, while the

darker areagdicat multi-layer GO featuresThese results suggebiat most isolated

GO sheets were single layerwhich can be furtherconfirmed by TEM and AFM

height analysis.
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4.2.2TEM analysis of OrGO

One of the key innovatios in this study waghe fabricaton of TEM sampls by
vacuum filteringan ultra-diluted GO dispersiothrough analumina membranélter,

which allowssuspende O sheetdo bedeposiedontoaholey TEM grid in a similar

way to produmg GO paper. Thidisimulatiord process provides thepportunity to
understand the structure and distribution ofGAINPs onindividual monolayes of
OrGO planes. Moreover,fabricationof TEM samples by vacuum filtration enables a
gentle transfer of GO sheets onto the TEM grid without using polymer support and

their further remowl with liquid solventsor thermal annealinf264.
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Figure4.10 TEM characterization of TrGO. The inset showsrilatedSAED pattern The number of
graphene layers in a sheain be easilgetermine based onmelatedSAED patternof the TEM

200 nm

Figure4.11 TEM characterization of GO. The inset showsrilatedSAED pattern



Figure4.10 shows an optical micrograph afmonolayer of TGO sheet on thed EM
grid with the coverage visible as grayish patcix#raction analysis was carried out
to exhibita hexagonal patternndicatinga longrange orientational hexagonal order in
thesingle layerof TrGO. Recentstudes ofgrapheneelectron diffractiorpattern[265,
266 havereportd that the intensity ahe diffraction spotscould beinterpretedas
indicating the number of layersf a graphene sheet. Tsnglelayer structureof
graphendias theequivalentrelative intensitiebetweerthe inner and outer hexagons

diffraction spots

It is observed that the sheets are folded in some locationshamadimber of graphene
layers in a sheatan be easilyletermine based orthe clear TEM signature provided

by these regionsFolded regions are locally parallel to an electron beam, and
singlelayer TrGO has been found to exhibit one dark line, similar to TEM images of
singlewalled carbon nanotubg67]. Compared withTEM analysisof TrGO, the
SAED pattern ofGO sample showdiffractionrings and less resolved diffraction dots,
indicating that the crystallinity of the graphene sheet has been significantly diminished
before thermal annealinglthough both of these two samples have similar TEM

images as shown ifrigure4.11.
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Figure4.12HRTEM image of OrGO deposited on theley TEM grid The abbreviatiom f A 1L 0 i |
monolayer area dDrGO sheet.

HRTEM was performed tdetermine the structure amfistribution of Al,Os NPs on

OrGO sheets Figure4.12 shows a piece of monolayer OrGO partially covering the
hole ofa TEM grid. Asin the optical images of TrGO, we have found dark area and
wrinkles inthe OrGO planeconfirming thelayeredstructure and shape of rGO are
introduced bythe exfoliation process and subsequent annealing process under vacuum.
Therefore oxygen gas used to produce OrGO hasfloenceon thelayered structure

and wrinkles of rGO.
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Figure4.13HRTEM imageof folded bilayer area in OrGO at high magnificati®hedark area and wrinkles

confirm thelayeredstructureof the OrGO.

o

pirikies

Figure4.14 HRTEM imageof monolayeiin OrGO with wrinkles at high magnification.

Further evidencef the monolayer structure of OrG@asprovided by analyzing the
edges of singldayer and folded area, as shownFhigure4.13. Folded monolayer
(bilayer) sheetshave been found to exhibitniform multiple/thicker dark lines in
folded regions, as in the case of muwalled nanotubdg268 while the monolayer

graphene sheets synthesized in our experintetsa single dark lineFigure4.14
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shows thesame single dark line at the edgesunfolded monolayestructures where
the wrinkles have a variety afidth. Thus these two HRTEM images illustrate the

different structure oédgeswrinkles and folddareas.

Figure4.15HRTEM imageof OrGO showing the distriltion of aluminium oxidéNPs. The inset is the fast
Fourier transform pattern of the selected regm®rGOplane

Figure4.16 HRTEM image ofAl203 NPs located at the edges of hoiesOrGO plane Theparticle sizes
are less than 10 nm.
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Figure4.17 The EDX mapping of th&lPs showing the components KPs.

Figure4.15 shows a homogeneous distribution 0$@d NPs on the OrGO plane. The

inset is the corresponding selected area electron diffraction (SAED) pattern. More than
95% of the black sphericdlPs , s ur r o u n MO shbeys, hpve ani aketage
particle size of less than 10nm. Higher magnification of this composite presents three
major features: holes, graphitic regions aies (Figure4.16). Holes or vacancies
were possibly created by widely distributed carbon loss throughout the sheet where
CO, CQ, and watewasformed and released during thermaahealind 16, 269, 27(.

On the contrary, chemical redion using hydrazine can partially recover the aromatic
doublebonded structure of carbon by removal of oxygen functional groups without
removing carbon[11, 77]. However, these defects may serve as adsorption sites to
bind alumina molecules along the edges of the holes. Energy dispersiag X
spectroscopy (BX) mapping demonstrates a clear distribution of each elearaht

that the black spots were rich in Al and Bgure4.17).
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4.2.3AFM analysis of OrGO

Figure4.18 AFM image of OrGO sheets on 300 nm S@ated Si wafefThe average thickness 6fGO
sheets is 0-D.8 nm, matching well with the reported apparent thickness of tbrfakated graphene
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Figure 4.19 The corresponding height profile obtained from the lin€igure 4.18, indicating a single
OrGO sheet.
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Figure4.18 shows an AFM image of alumimdPs decorate@rGO sheets deposited on

SiO, substratewhich are well dispersedvith a lateral exent of a few hundred
nanometersThe thicknessf the individualOrGO sheets and the dispersion of ifes

can be visualized by the AFM operating in the tapping mode. The average thickness of
OrGO sheets is 0:0.8 nm, matching well with the reported apparent thickness of the
asexfoliated grapheneF{gure 4.19) [1, 10]. A great amount of AFM analysis

confirmed thamost ofthe flakes observed are single sheets.

Figure4.20 AFM image ofAl20s NPs on OrGO sheet plan&healuminaNPs decorate®rGO sheets

deposited on Sigsubstratevhich are well dispersedith alateral exent of a few hundred nanometers
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Figure4.21 The corresponding height profile obtained from the lin€igure4.20, indicating the height of
Al203 NPs is less than 2 nm.

The AFM analysis further confirms the uniform distribution of@JNPs anchored on

the OrGO plane (Figure 4.20). Besides the diametdreing determined by HRTEM
images, the height ®Ps, as seen in height profile from line scan, is about 2Higu¥e
4.21). Therefore, HRTEM and AFM analysis clearly elucidate the 3D architecture of
OrGO. It is also demonstrated that thEs are isolated from each other on singie
bi-layer rGO sheets with a typical high interpaldi distanceof between 6680 nm,
whereas the layep-layer distance is approximately 3.4 A that is equal to the interlayer
separation in graphitelherefore, it can be concludi¢hat our innovative exfoliation
process can producgnglelayer graphene. There are two reasons that the histogram
(Figure4.19) showsthe average heightf OrGO sheetss higher thargrapheneFirst

of all, asthe ARM probe (~20nm) is larger than some of the s¢dhestipis prevented
from reaching the lowest poinesuling in an overestimate of the sheet thickness. On
the other hand, the value gfapheneis determined from layered bulk material.

However, the varder Waals force is reduced for a single functionalized graphene
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sheet on top of amighly oriented pyrolytic graphit¢dHOPQ substratpd7]. Thus

OrGOsheets on a Siubstrate present an increased spading71].

In order to confirm that th&nodisc membrane filter is the ongpurce ofAl** for the
formation of AbOs; NPs, rGO sheets filtered throughixed celluloseestermembranes
have also been investigated by HRTERMgure4.22). However, no NPs can be found
on the rGO plane reduced by the same oxygen annealing prodesh@ibrication
of OrGO. These HRTEM imagealong wih the characterization of TrG@ndicate
thatthe Anodisc membrane filter provides the®Atluring the filtration and the oxygen

annealingconvered these ions to AD; NPs on the rGO plane.
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Figure4.22 HRTEM images of rGO sheet filtered throughired celluloseestermembranesand reduced

by oxygen annealingNo anyAl20s nanoparticle can be fourmh rGO plane

4.3 Summary

GO allows rich chemcal reactiors both within the intersheet and along the sheet edges
due toits layered structur@and to the facthat it allows the attachment ai great
number ofoxygenfunctionalitiessuch aspoxide and hydroxyl groups on the basal
plane and carbonyl and carboxyl groups along the edbess the structurecan
synthesie many graphenbased materialsThe innovative exfoliation process using
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high speeaentrifugationand probe ultrasonication to reduce the number of GO layers
has successfully produtemonolayer GO sheetsTEM samples fabrication, by
vacuum filtering ultradiluted GO dispersion through alumina membrandilter,
easilydeposited suspendé&iO sheet®ntoa holey TEM grid.The similarity between
this process and thébr preparing GO paper, provides thpportunityto determine

the strweture and distribution of AD; NPs on anindividual single layer othe OrGO

plane

A better understanding has been achidye imaging GO, TrGO and OrGO samples
with a variety of characterization methods such as optical micrgs&M, TEM,

HRTEM and AM.

(i) The monolayer structure of GO/fGO produced by the exfoliation process has
been confirmed with the above mentioned measuremeéhesfigreyo flakes of
theindividual TrGO sampleshows a singlelayer structure in SEM imageshile
the darker areasdicates multiayer featuresThe SAED pattern of TEM images
shows the very obviou$2 diffraction spotswith equivalent relative intensities
betweenthe inner and outer hexagomlicating thesinglelayer structure.The
uniform single dark line at thedges of unfolded monolayer of OrGO HRTEM
images further confirms the@nglelayerstructure. Moreovetthe heightprofile of
AFM images providegurther evidence of thesinglelayer structure of OrGO

sheets.
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(i) The structure and formation ofrinkles in GO,TrGO and OrGO plarghasalso
beenanalzed. The wrinkleswereintroduceddue to the difference dhermal
expansion coefficierthetweersubstrateand graphensheets duringhe annealing
processUnlike the uniform thickness of wrinkles at the edges of folded bilayer
structure, the winkles in a monolayer GO/rGO samplges inwidth.

(i) The monolayer structure along with bilayer and oveitagpmulti-layer structure
have beelinvestigaéd in detail to establish simple system fatistinguishingthe
singlelayer sheets.

(iv) The distribution and structure of A; NPs synthesized in OrGO have been
characterized with HRTEM and AFMhe diameter oNPs is less than 10 nm
with atypical high interparticle distance beten 6680 nm The NPs are located
at the edges of holes produced dutiingannealingorocess Furthermoreheight

profiles of AFM images determidghe height ofNPs is less than 2 nm.

Morphology analysis establisheal fundamentalunderstanding ofthe momolayer
structure of GO, TrGO and OrGO samples which are the basic units in GO Pager.
methodwe usedor producinga singlelayer GO dispersioprovided a better process

for the productiorof GO paper.
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Chapter 5 Characterization of OrGO paper

5.1 Introduction

Although itsgood electronic, thermal, and mechanical propetilsv for a range of
possible applicationgl, 72, 164, 272, graphene originally fabricaed by the
mechanical cleavage method lacks th®litg to producelarge quantitiesof the
materia] making it unrealistic for practical applicationsTherefore largescale
production ofhigh quality grapheneshees is oneof the difficulties to be overcome.
Althoughavariety ofmethodgo scale ugrapheneutputhavebeen investigatef20,
272,273,t he modi fi ed Hu mmRBRuofdand ceveotkdrssebemsuts ed by
provide an efficient way to fabricate large quarés of graphene. In this method,
colloidal suspensions of individual graphene oxide sheets can be achieved by
exfoliating in wateyr the gaphite oxidewhich can be obtained in bulk quantities by
oxidizing graphite [11, 14]. Furthermore,these GO sheets can be chemically
functionalized, doped withIPs, and combined with polymar GO dispersiorto yield

novel compositd464).

GO allows chemical reactiors both in the intersheet and the sheet ed@sl, 275
due toits layered structure containing a great number of oxygantional groups
such as emxide and hydroxyl on the basal plams well ascarbonyl and carboxyl
along the edg¢82, 64]. These active functional groups provigdiaces tosynthesize
many graphenbased materials. Additionally, individuabO sheets which are
prepared from GO, can be reassembled into thin fig¥gor freestanding and

123



foil-like GO paper through flowdirected filtration of an electrostatically stabilized
aqueoussO dispersiofl63]. The resultingGO paper keeps all the functional groups

and their native chemistry the GO planes

Even if GO paper couldbe obtaned by an easy chemical methats electrical
conducivity could not be enhancadithout thermal annealing which is considered to
convert it intoTrGO papef132. In order b produce functionalized graphene paper
from graphene oxide sheetsth enhancd electrical conductivity andio investigate
the related propertieave envisioned two strategiés fabricate reduced GO paper
based materials including thermal annealing and oxygemealing The
characterizationsonsistingof SEM, TEM, XPS Raman spectsctopyandFTIR were

usedto revealthe mechanisrn theformationof Al,Os NPs ontherGO plane

5.2 Results and discussion

5.2.1SEM images ofOrGO paper

GO paper was fabricated fiftering a GO dispersion containirggparated monolayer
GO sheetshrough an alunma membrane filterAfter vacuum filtration, theesulting

bulk materialcontainedrestacked GQayers witha different structure from graphite.

In order to understand the morphology of GO/rGO paper, the raw material, individual
pieces of HOPG were characterizedoy SEM. The graphenflakes were prepared
using scotcktape to repeatedly peeHOPG which werethen deposited ontahe
SiO,/Si substrate.The samples were then released in acetone followeddsying

with an ample amount ddl water and propol. After air drying the substrates were
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subjected to further clearg in an ultrasound clean bath ofpropanolremovng most
of the thick flakesc apt ur ed on t hTee rewmihirgthid flakesweref a c e .
found to be attached strongly tiee surfae ofthe SiO)/Si wafer presumably due to

van der Waals and/or capillary forces.

2 pm

Figure5.1 SEM image of graphiteThe highly orientedamella forms indicate the stacked layer structure

graphite flakes.

Figure5.1 showsan individual gece of graphite flakevith a stackedayer structure
The sampleconsisted ofmultiple-layeredfiims (markedby the circles), which were

uniformly oriented intdamella formgmarked by the arrows).
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Figure5.3 Top view of SEM image of TrGOVacuumfiltration of GO dispersion produces papeilike

materialwith an interwoven structure inreearly parallel manner
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The oriented stacked laygof graphiteare easy tseparatanto small pieces due to

their delicate structure unlike the interwoven structuref GO papemwhere layers

interweave with one another on a larger s¢kigure 5.2 and 5.3). As a result, GO

paper isstronger than graphite foil and bucky paper made from carbon nandi68es

Vacuum suction oa GO dispersion produces GO paper wath interwoven structure

whereindividual layers shift over each othar a nearly parallel mannethe resulting

layersthereforebeconing flexible. In its solid form,GO sheetdend to form thin and

extremely stable papéike structureswhich can be stretchednd folded, indicating

that freestarding GO paper can beonsidered for applicatiorsich adlexible film

batterieshydrogen storager electricmembranes.

127



Figure5.4 Crosssectional view of SEM image of GO.

Figure5.5 Crosssectional view of SEM image of TrGArGO paper has an apparently uniform and smo

surface with a welpacked layered structure due to removal of oxyg@mtaining functionalities.
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When GO paperis reducedby thermal annealing, theesulting TrGO paperhas an
apparently uniform and smooth surface with a wektked layered structusghich
allows the formation ofa tighter package of sheets due to removal of
oxygencontaining functionalitiedMoreover, loth sides of the agreparedrGO paper
show a shiny metallic lustré&igure5.3) with a smooth surface under SEMggesting

this materiahas a highly ordered macroscopic structure

According to theabove topography characterizatiotiee raw material graphite has a
highly oriented layer structure while tivedividual layers of graphene staicka nearly
parallel maner. This flexible papelike structures can be stretchaadfolded. Figure
5.6 shows theschematic of graphite and graphene layers decorated wi@s AlPs.
However the mechanism behind theerlayereffects ofNPs embedded graphene still

remains unknowiand further research is necessary.

Graphene. Al,O3 NPs.
%

Oxygen annealin‘g._'\—\_/—

Graphite. \_/\_/

Al,O3 NP/graphene.

P 4

Figure5.6 The schematic of graphite and graphene decorated with AIZ%33 The papelike graphene
composite embedded with NPs are flexible ammdtched
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5.2.2XPS analysisof OrGO paper

GO
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-OH
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Figure5.7 C1s XPS spectra of GO
The chemical state of elements in t, TrGO and OrGOwere extensively
characterized by XP%igure5.7 showsthe two types of Cls band shapelsich are
usually mentioned in the literature concerning GO XPS date fird one isa
markedly asymmetric wide C1s band on the Higidingenergy sidd11, 277]. The
seond C 1s band hasvo clear maxima in a relatively narrow baf®b3 278. In
principle, the different proportions of chemical functionalities shown hererasajt
from the different methods usdd convert graphite oxidénto graphene sheets.
Moreover, the difficulty in electrically insulating samples in XPS measurenzarse
a surface chargingffect onthe graphite oxide resulting in a shift to higher liigd
energies in the XPS bands and this could be another reason for the differences.

Additionally, graphite oxide is electrically heterogeneous on a local sestdting in
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differential charging. Above all, an artificially widened XPS band is introducetidy

individual components of a given band in different compouwtdfting to different

extents.

Intensity (a.u.)

282 284 286 288 200 292 294
Binding Energy (eV)

Figure5.8 C1s XPS spectra @rGO.
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Figure5.9 Cls XPS spectra @rGO.

The binding energy of theiC is assigned at 284.5 eWigure 5.7, andthe binding
energyat 286.5 eV, 287.6 eV and 289.6 aké typically assigned for thef OH, C=0,
and G=Ci OH functional groups, respectivdlys, 279. The peaks obxygen functional
groups areapparentlydecreased after ttbermal annealindFigure 5.8) and oxygen
annealingprocess(Figure 5.9), the content of oxygenated carbdacreasing from
58.34%to 32.2P%6 and 28.63%The GC peak corresponds to the number Gfcgpbon
componentswhile the oxygen functional groupsorrespondingto the amount of
sp-hybridized carbon. Ae reduction efficiency can thereforebe illustrated by the
variationof the sp¥/sp® hybridizationratio [13, 67, 76, 28(]. The sp’/sp’ ratiosare0.7,
2.1 and 2.50r GO, TrGO andOrGO, respectivelyindicatingmore oxygen functional
groups have been remed during oxygen annealinghis resultindicates thaOrGO

hasa higher reduction efficienapan that of TrGO
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The shift ofsp-carbon peaks in the XR&dicates a majamodification of theelectronic
structures of graphene sheets due to the chiengger between the graphene sheets and
NP molecules[127, 281, 287. It has beerreported thathe Fermi level ofrGO,
represented by thmain sp-peak positionin C1s XPS peakshouldshift upwardwhen

the charge transfers frothe NPs torGO sheetglue to covalent interactiois a result,
the Clsbinding energy of theman@ompositeis increased26, 282. However, the
OrGO XPS shows the-C bond is very stable without any shift, indicatimncovalent

interactionof Al,O3; NPswith theOrGO plane[24, 283 .

GO Al 2p
GO

rGO

Intensity (a.u.)

70 71 72 73 74 75 76 77 78 79 80 81 82
Binding Energy (eV)
Figure5.10 Al 2p XPS spectra of GO, TrGO and OrGO, respectively.
Figure 5.10 shows theHigh-resolution Al2p XPS spectraf GO, TrGO and OrGO.

After filtering theGO dispersion through aluminamembrane filterthe Al 2p scans

of GO papeshow a Al 2p peak at 4.5eV that is nearly coincidentith that of TrGO
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(74.3eV) and OrGO (74.®V). Thusit was extremdy difficult to distinguishcleaty

between thestreespecies using the primary aluminighotoelectron line.

orcoO Al KLL

TrGO

m

T T T I T T T T T I
138113821383 1384 138513861387 1388 138913901391 1392
Kinetic Energy (eV)

Intensity (a.u.)

Figure5.11 Al KLL XPS spectra of GO, TrGO and OrGO, respectively.
As a result, weollected high resolution spiea of the AIKLL Auger peak to further
understandhe element states &O, TrGO and OrG(@284, 285. The Al KLL Auger
peals were measured at a kinetic energy of 63BeV (GO), 1387.8V (TrGO) and
1387.6 eV (OrGO) (igure 5.11). The Al 2p and Al KLL energiesindicate that
aluminium incorporated 15O sheets igluminium hydroxide (Al(OH)s) which is
then oxidized to form ADs; by thermal and oxygen annealing, respely [284.
However, we could no visible NPs of AlOsin TrGO, indicating that oxidation of
Al(OH)szoccurredat a molecular levebith no furtheraggreg#on of thesamoleculego

form NPsby thermal annealing.
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5.2.3Raman spectroscopy analysis

Raman spectra is a nalestructive tool to characterize the structure of mamal few
layer GO such as thickness, defects and the degree of orderlimessler to
determine the structurathanges in G(paper and reduced GO paper including
TrGO and OrGQafterthermal annealing anoxygen annealingespectively Raman
spectroscopy wasarried out to interpret the change in D, G, and 2D peaks around

1350cm *, 1580cm *and 270@&m ?, as shan in Figure5.12.

G band
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Figure5.12 Raman spectrurof graphite shows thB, G, and 2D peaks around 1350'¢mn1580 crt and
2700 cm?

The Gband of graphite materials @&ssociated with thedoubly degenerate phonon
mode (kg symmetry) at thaérillouin zone centdf87], whereas the band is due to
the in plane vibration of the sparbon aton[288]. The D bandwhich indicatesthe

defect densityof the graphite material, appedrs be due to the presence of atom
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disorder in planes or edges as well as charge puddles and ripples. The 2D band, which
is normally at double the frequency of the D band, represents the second order Raman
scattering process. Compared with the graphite samples, the RBaeerum of GO
papershown inFigure5.13 represent@a D peak witha higher relativeintensity than

the Gpeak, confirming thexistenceof defects aftethe chemical oxidation process.
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Figure5.13 Raman spectra of graphite and GO shewobvious D band after chemical oxidation of

graphite.

The intensity ratio Ip/lc in Raman spectroscopy can be used to reveal the structural
evolutionwhereby the sg? ring clusters contain $@nd sp bonded carborThe Ip/le
values of graphite samplesvere lower than those fo&O paperobtained by the
modified Hummeds method indicating that, by this methogart of the sp* carbon

areas were oxidized to ’mrsﬁ carbon In addition,both G and D bands in the GO
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Raman spectrurmrebroadenedndicatinga disordered network of carbon atodue to

fractiors of sp’ carbons forming iroxidized graphite samples

a.u.

orGO 2D band

1000 1200 1400 1600 1800 2000 2200 2400 2600 2800 3000
Raman shift (cm™)

Figure5.14 Raman spectra afrGO andOrGO.

After reduction of GO paper by thermal and oxygen annealing, degree of
orderliness in theesulting TrGO and @O wascharacterizedavith the 2D-bandshift
andlp/lg ratio. Figure5.14showsthe 2Dband peak o©OrGO has slightly shifted from
2692 cm' ! to 287 cm' L. Furthermorethe slightlyhigherlp/ls intensity ratioof TrGO
indicatesa possilte smaller average size of the $mlomains Comparedwith the
G-band, thdower relative intensity of the Hband and its broader width indicates the
higher orderliness offrGO and OGO papes. These phenomena suggetsiat
traditional thermal annealing can rewe oxygen functional groups frothe GO basal

plane duringhethermal reduction process. However, tiev graphitic domainkave
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smaller size but greater number thtanse of OrGO due ta slight decreasing in the
Io/lc intensity ratioafter our innovatie oxygen annealing process. In another word
Al,Os NPs growth underthis oxygen annealing further removed oxygen
functionalities in GO sheet3able5-1representshe ratio of spto sp’carbon areas in
graphite, GO, TrGO and OrGO samp|287].

Table5-1 sp¥/sp’ carbon ratio by calculating/Ic ratio

Graphite material sp¥/sp? ratio
Graphite 0.101
OorGO 0.8%
TrGO 1.116
GO 1.8°

Distinct blue peak shifs for the Dband and the ®@and wereobserved after the heat
and oxygentreatment which is usually attributed to the presence of isolated double

bonds resonatg at higher frequencies

5.2.4 FTIR analysis

The structural changes of GOrGO and OrGO papers were also characterized

FTIR spectraanalysis. Furthermore, this measurement providemmation onAl;Os;

NPs growth under oxygen annealirigpr oxygen functional groupsttached ontahe

GO sheet plargtheFTIR spectrumshown h Figure5.15[278, 289, 294. , illustrates

the characteristic absorptio bands correspondi ngs3¢md, t he C
the CIT OH s t28lem’cthei hHy stretchinglat 1389 cfand the C=0

carbonyl stretching from carbonyl and carboxylic groupsraotm™.
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Figure5.15FTIR spectrum of GO
The GO spectrum also shows a C=C peak dt@lén™* and this may be due to skeletal
vibrations of unoxidized graphitic domains. AfteireatingGO paper by thermaland
oxygen annealing, FTIReaks at 183cm?, 1231 cm’, and 1720 cm of the resulting
TrGO and OrGO papersre severely attenuated as to be almost undetectable,
implying the removabf epoxide and the hydroxyl groups that were attached tG@he

basal planeRigure5.16 andFigure5.17).
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Figure5.17 FTIR spectrum of OrGO
MoreovertheFTIR spectrum of OrG@eveatthe process oAl 0s; NPsgrowth onthe
OrGO planeas shown bythe absenceof a broad absorbance between 2368'cand

3667 cmt resulting fom AIO-H stretching vibrations. Concurrently, there is an
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enhancedinfrared absorbanceentered aroundl645 cm* [291] resulting from
aluminium ions (Af") anda broad absorption band at 1036'qi292] corresponding to
the bulk phonon modes ofAd.0s. It thus seems reasonable to assuhat the AIGH
stretching vibrations are attributed to thmleculesof AI(OH)s; probably produced
through the dissolution of ADs; in watef293 294]. Theheat treatmememovel i OH
along with someof theoxygenfunctional groupsindthe exposedactive Al** reacted
with oxygen molecules undexygen gas flow taggregate agisible NPson the edges
of holes in theOrGO planedue tothe danglingbonds oroxygen functional groups
located athe edge®f the graphite lattice structurerhich energeticallycapturedAl®*
ions to afford aluminumoxide growtH295, 29€]. In other word, underoxygen gas
flow, AlI®** ions are most likely to anchor at thighly reactive areas aftructural defect
edgegpromoting oxidationto form ALOs NPs.Unlike the aqueoushemicalreduction
of AuCls ionsused forgold particléGO[297] or palladium acetate used fpalladium
NP/GO (/rG0O]J299, which depositshe NPs mostly anchored on the functional groups
of GO orthe rGO plane, the oxygen annealing of*ABO in a vacuum chamber
synthesize the NPs at the edges of defectdOrGO sheets. According tihe above
analysisof XPSandRaman spectradl(OH); molecules formed by filtering the GO
dispersion throughnalumina membrane filtereacted with the activedanglingbonds
sited at the edge of lattice structure defects to remove oxygen functional grbaps. T
oxygen annealingvhich followedoxidized the Al(OH)s; moleculesand the resulting
Al,Os; moleculesaggregatedio form visible NPs at the edge of hal@he aggregation

of Al,O; moleculesenables moref thesp’ carbon domaitio berestored to spearbon
141



during the oxygen annealing process. Therefolecause of the use of a low
temperature treatment during which no extra oxygen functionalities were introduced
by oxygen gas flow, thisxygen annealing method increagbd sp?/sp® carbon ratio

instead of oxidizinghe carbon lattice structure

5.3 Summary

A GO dispersiorprepared frongraphite by Hummés Method wasreassembled into
free-standingpapetlike materialthrough flowdirected filtrationunder vacuumThe
resultant GOpaperkeeps all the functional groups and their native chemistiysin
layeredstructure AlthoughGO paper can bebtained by an easy chemica¢thod it is
still electrially insulating without thermal reduction In addition the structural
integrity of the TrGOpaperobtained in this waijs affected by théhermal treatmergo
thatholes in thdattice structure can be foundtime TrGO sheet plané\s a result, we
improved thedraditionalthermal annealing method by introduciagoxygen gas flow
in the thermal reduction process fabricate OrGO sheetsn which the defective
regionswere recoveredn this method, colloidal suspensions of individG#D sheets
can be produced by exfoliating the graphite oxidDIinwater, namelyHummers
Method, resultingn GO sheets doped with NPs which are tfiemmed intonovelbulk

paperlike compositewvia vacuum filtration through an Anodisc membrane filter

A better understandingf these processdwms beerachievedby imaging GO, TrGO
and OrGO samples with a variety of characterization methods such as SEM, XPS,
Raman and FTIR:
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() The results presented here demonstrate a convenient method for synthesizing
Al>03 NPsonrGO sheets with uniform particle size.

(i) Upon the introduction of Af as seeds anchored on t6® plane by vacuum
filtration through an alumina Anodisc membrane filténe Al.O; molecules
aggregated to form NRs&xd grewon the edges of holes or vacanaeasing thermal
annealing

(i) XPS spectra coimim the reduction efficiency of TrGO and OrGO as well as the
element states @luminiumin GO or rGO plane.

(iv) The Raman anBTIR results reveal dangling bonds or oxygen functional groups of
GO binding to the AT to allow aluminium oxideaggregates angrowth which

lead to a further reduction.
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Chapter 6 Properties of OrGO paper

6.1 Introduction

The study of the electronic propertiesf OrGO paperpromises to open new
opportunities for the manufacture ioflustrial electronic deviseeWe have shown that
GO-based papdike materialcan be synthesizelgy chemical exfoliation of graphite
using an oxidizing agent and then dispersionDh water, down to single sheets
throughultrasonication and centrifugation foll@d by filtration. It may be possible to
implement this process on an industrial scalde challenge of GO paper
implementationis restoringelectrical conductivitywhich is dramatically loweed to

insulation after oxidation of graphite.

Previouselectrical conductivityresearctof graphenénas been intensively carried out
on individual sheets. Thesexperimentalmeasurement§299-301] enable us to
understand thelectrical conductivityproperties of twalimensionalgraphene based
materials. In order to achieve largeale productin of electricdy conductive
graphene based materials to meet industeiqlirementsmore attentiornas recently

focusedon highly disorderedsO paperd67, 77, 131, 253.

As a nonstoichiometric compound3O sheetsconsist of both sphybridized and
sp-hybridized carbon atomssuch ashydroxyl and epoxide functional groups on
either side of théasal plane, andarboxyl and carbonyl groups theedges.The
properties of50 are attributed to the conditions of synthesis and following treatments.

The missing carbon atoms (holeswacanciey in the hexagonal ringbased carbon
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network and thecorrugationof sheets are formed by localhemical structurevhere
the saturated $pondsand theibonded electronegative oxygen atcassvell asther
i d e f exhansethe energy gap in the electron densit$07, resulting in GO
becoming nofrconducting. Therefore, in order to modify these structural and
electronic properties, the recent focus has been on attempemipamceahe electrical
conductivity of chemicallyoxidized GO sheets by variety of chemical and thermal

processd$7, 77, 131, 253.

In this section we explorethe electrical conductivityof TrGO and OrGO papers,
respectively, to understdrhow the reductioprocess affectthe electronigroperties.

We designed shoitime annealing experiments to investigate the efficiency of heat
treatment on GO paper. The results of these experiments provide more details on the
improvement of electricatonductivity of TrGO and OrGO papeby this method

rather tharthe use of dongterm reduction proceds achieve thénighest electrical

conductivityvalue

Water wettability of various graphitic surfaces, for instance, graphite and carbon
nanotubes aeurrently intensely studied. The wettability of graphite is commonly
accepted to be betweeni®6°which is also used to calibrate the force field for
watelii graphite interaction[303-306]. The wettability of the outside surface of
carbon nanotubes obtained from the wetting force measured of an individual carbon

nanotube was 80.[307]. Additionally, water moleculesan betranspored into a

145



singlewalled carbon nanotube at high speed, indicating that carbon nanotubes have a

hydrophilic interior surface with smadliamete{308310.

The environmeral compatibility of the surface of these materiais normally
determined by formation of hybrid materials, coating and composthedh affect the
surface charge and wettabi[iyd2. Even thoughthe surfaceproperties play a key
role in practical applications limited research has been done on rGO surface
properties.Herein, the wettality of TrGO and OrGOpapers isinvestigatedby

measuringhe water contact angte understananore abouf\l.O3/rGO structure

6.2 Results and discussion

6.2.1Electrical conductivity of OrGO

6.2.1.1Electrical conductivityrecoveredoy oxygen annealing

GO paper isnonconductiveand itsresistance values were beyadhd measuring range

of our electrical conductivityequipment.The electrical conductivity of TrGO and
OrGOwas measured ifive places for one sampléve sampledeing takerfor each
material. The resuts show that OrGO has a higher electrical conductivity at &50

m' ‘than that of TrGO at 5908 m'!(Table6-1). In addition, the measuragluesof

TrGO paper are mostly in the rangf 45005500S m'*while OrGO samples have a
narrower range of electrical conductivitymostly between 6500 and 72m'?,
indicating a more uniform structure and a better reduction level of OrGO produced by

oxygen annealingHigure6.1).
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Figure6.1Percentage of thdextrical conductivityin the different ranges f@®rGOandTrGO.

Table6-1 Electrical conductivity (S m) of TrGO and OrGO produced with lot@mperatureamp rate at

2 °C/min under vacuum.

Samples No. TrGO (S nT) OrGO (S nTh)
5480 6690
4830 6270
1 4320 6480
4750 7190
5900 6180
4340 7080
4960 6810
2 4570 7250
5650 7090
5190 6970
4950 6740
5330 6850
3 4480 6980
5120 7150
4880 6570
4820 7050
5260 6820
4 4920 6790
4480 6680
5390 7210
5350 6740
5270 6890
5 4930 6830
5090 7160
4780 6650
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GO containing both gpand sp carbon networks can beonsideredas possessing a
quasitwo-dimensionaktructure where thamorphous sjpregions functionalizing GO
sheets with hydroxyl T hydr oxyl and hydroxyl Tep
interaction§31]]. Paciet al. simulakd the molecular dynamicsf hydrogen bonding
and revealed that theigh tunnel barries between thesp? carbon networks were
formed bydisodered sp bonded structuref312]. Therefore, heat treatment forces
more individual spregionsto be connectetly removing functional groups form a
two-dimensionabraphene plane. According to the anaysi TrGO and OrGO sheets
in Chapter 5the significant increase ithe electrical conductivity ofOrGO can be
presumablattributed to moref the graphitic netwdr of s bonds beingestoredoy
oxygen annealingeduction. Thebetter electrical conductivity results for OrGO paper
are likely associated with the higher %gp® carbon ratio caused bpl.Os NPs
aggregated at the edges of defective regionsheénOrGO gane during oxygen

annealing.

When paper GO isreduced by thermal annealinghe removal of oxygen
functionalities allowsa tighterpacked structurer TrGO sheets Evolving gassuch as
CO and CQ molecules would disturb this packed structarel prevenfrGO sheets
from forming a wellordered structure, as seenSEM images of TrG@aper gection
5.2.1). However, the formation oAl.Os NPscanalleviate this isset The NPspresent

in theinterlayermaintain a larger intersheet spacing and adlogvemission oévolved
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gas molecules out of the stacked>0 shees with a minimal disturbancef the initial

sheet packing order.

As a result, the values and ranges leteical conductivity of OrGO reveal that the
formation ofAl.O3 NPson OrGO sheet plasg@roduce a uniform restacking structure

of rGO sheets witla higher sp/sp’ carbon ratio.

6.2.1.2Shortduration reduction for GO paper

Although electricdy insulating GO paper can be reduced by thermal or oxygen
annealing at 408C for 30 minutes to fabricate electrilgatonductive TrGO or OrGO,

the details of thisconversion from insulating to conducting during the 30 minutes
annealing are still not cleatAs a result, wedesignedshortduration annealing
experiments to fabricate TrGO a@GO toinvestigate theeduction mechanism in

this processUnlike the process described in secti®® and 3.6, the shorduration
annealingwas carried out for only 30 minutes without vacuum. In addifionextra
control and detailthe samples were put in the furnace at the desired temperature and

taken outand examine@very 5 minutes.
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Figure6.2 The electrical conductivity of TrGO and OrGO for a sttorte annealing process.

Figure 6.2 shows the results of the electrical conductivity for TrGO and OrGO
samples. The electrical conductivities of OrGO samplese in the range of
3040~5170S m' tardare apparently higher than that of TrGO papBrging thermal
annealing process to fabricate TrG@mpleselectrical conductivity wasot detected
until 15 minuteshad elapsedindicatingthat the heat treatment could not reduce GO
paper to obtain eléxdcal conductive TrGO paper in a very short time. On the other
hand,the conversion of OrGO from insulating to conducting are carriedvibhin the

first 5 minutes, although only 2 out of 5 sampterild besuccessfully measured.
However, the electricatonductivity of one sample wameasured as high as 3830
m'l. Moreover, the average values of electrical conductivity of OrGO increase

dramatically to 483® m'! in the next 15 minutes. Surprisingly, the highest value of

electrical conductivity detectesas at 5170S m'?, which is close to that of TrGO
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papers prepared by traditional thermal annealing. Compared with OrGO papers, the
electrical conductivity of TrGO papers are gradually improved from 550 to $230
m'!in last 15 minutes of thermal annealing. However, the electrical conductivity of
TrGO paper is still lower than that of OrGO samples, although the electronic
properties ofOrGO showa small fluctuation in the last 10 minut€onsequentlythe

higher eletrical conductivity of OrGO can be attributed to the oxygen gas flow which

is introducedduring thermalannealing to efficiently reduce G@aper leading to the
recovery ofthe electronic property. In another wadthe growth of AlOs NPs
exclusively at tb edges of defective regions tine OrGO plane has increas¢he

sp/sp’ ratio to obtain a better electrical conductivity, which is proved by the

characterizations Chapter 6

Due to numerous oxygdnnctional groups attacheahto the GO planeas well aghe
structural defectsthe electrical conductivityof GO paper isseverely decreadeto
insulating the oxygen functional groupattached to the plammairly influencingthe
electrical conductivityHence, the reduction of GEan beperformed by removing the
oxygenfunctionalties and healingthe structuraldefects otthe basal plan&im et al.
calculated thebinding energybetween graphenglanes and attached oxygen
functional groupdy density functional theorf313. They found thahydroxyl groups
have a lower binding energyat 15.4 kcal/mol and epoxy groupshave a higher
binding energyat 62 kcal/mol Gao et al. further reported that hydroxyl groups

attached to the interidrasal plane hee a lowerbinding energythanhydroxyl groups
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located at the edd@14]. Based on theicalculationsthe hydroxyl groups attached to
the edgesan befully dissociaed from the GOplane aboves50 €. However, the
characterizations of OrGO demonstrate that the fudieexygenatiorof GO can be
successfullyapproachedhrough chemical reaction between Al(QHholeculesand
oxygen functional groups located at the edges, resulting in a higheriogle
conductivity of OrGO. As a result, the aggregation ofAINPs onthe OrGO plane
by oxygen annealing has dramatically improved the electrproperties ofrGO

material without extréghermal energgonsumption

Experimental work on thermal redimt reveal that the oxygen functional groups can
be eliminated ata lower temperature thathe calculatedtemperature useth a
long-term annealing processleong et al. reported a low temperature thermal
annealing at 200 Gcanremovemostoxygen functioalities fromthe GO plane under
low-pressure argon conditions.(550 mTd2§. FTIR results show thagpoxy and
carboxyl groupsappareny decrese while hydroxyl groups completdy disappea
after thermal annealing for 6. lFurthermore, theemaining epoxy and carboxyl
groups can be dramatically eliminated by low temperature thermal annealing up to 10
h with aC/O ratio ofaround 10.Therefore long-duration thermaknnealing of GO
paper can increase its electrical conductivity by remafamost of the oxygen
functional groups. However, the electrical conductivity of skor&tion annealed

OrGO (igure6.2) is close to that offrGO (Figure6.1) produced by traditional
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thermal reduction, indicatinthat the formation of AlOs NPsby shorttime oxygen

annealing approacheseductionlevel similarto thermal annealing.

The electrical conductivity of shedurationannealed TrGO and OrGEbnfirm that
oxygen functional groups attached tve GO plane can be removetl400C without
vacuum in 30 minutes. Although many ofthe functional groups are
thermodynamically stabjéhe aggregation of AD; NPs haghe capability to facilitate
the dissociation of these functionalities freime GO plane by reacting with functional
groupsat the edges undan oxygen conditionThe removal obxygen functionalities

is more likely to occur in the first 5 minutes while no electrical conductivity can be
detected for TrGO sample$herefore the reduction pathway for oxygen annealing
includes two categories a. heat treatment intraditioral thermal reduction and
chemical reaction between AI(OH) and functional groups to remove more
functionalities resulting in the increase of/sp’ ratio. Oxygen annealing has opened
a simple and efficient wato improve the reduction level of GO material based on
traditional thermal annealing without introducing extra Nd@ecursorsto prepare

MO/rGO composites.

6.2.2Wettability of OrGO

GO, TrGO and OrGO were subjected vettability measurements kgsting their
static contact angle with wateAccording to the analysis of their structures, the
hydrophilic GO sheets can be converted to hydrophobic rGO sheetsriyation of
oxygen functional groups with thermal reductidfigure 6.3 shows that the contact
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angle of GO paper i43.8° indicating a hydrophilic property of GO paper produced

by Hummeds Method.

MIYIG — WMJ.0 T UGTYIGED

Base Width = 3.0746mm

Figure6.3 Water ontactangle measurements @O
TrGO paper preparettom thermally reduced GO papeada contact angle 8.3

Also indicatingits hydrophobic propeis. (Figure6.4).

I
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5
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Figure6.4 Water contactingle measurements anGO
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OrGO paper has a different surface wettability from GO and Ti3®.image shown
in Figure6.5, shows a contact angle afound71.5; much less than 9Q°ndicating
good hydrophilic properties

= 71.48 degrees
 Width = 2.3857mm

Figure6.5 Water contacangle measurements @GO

It is interesting to note thdhe contact angleof OrGO papelis smallerthan that of
TrGO paper while its electrical conductivig higher than TrGO. According to
structural analyis, the polar oxygen functional groups attached ah&oGO plane
change the surface wettability frolydrophobic to hydrophilicand decrease the
electrical conductivity from conductive to insulating. Télamination of these polar
groups by thermal reduonh can recover the electronic propestand restore the
surface wettability fromhydrophilic to hydrophobic However, the hydrophilic
properties aswvell as the good electrical conductiviprovides the materialith a

better environmental compatibility dr the fabrication ofelectrodes. Therefore
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hydrophilic and electricl conductive OrGQpaper fabricated by oxygen annealing

may provide a suitable medium faide application in electronic devices.

It is well known that AIOs is hydrophilic by nature due tdts numeroushydroxyl

( OH grypups[315. During oxygen annealing, GO is coated withf@asned Al 053
NPs byelectrostatic attractionThe heterocoagulation of GBGheetsand AbOs; NPs
improve the hydrophilic propertyf the compositd816. Although the elimination of
oxygen functional groups by heat treatment and aggregatigmOt NPs onthe GO
plane weaken the hydrophilic property, tA&Os/rGO composites still exhibit the
hydrophilic property with &ontact angle odround71.5° Tadanagaet al. prepared a
superhydrophilic AOsfilm based compositéy thermal annealingit 500 € [317].
The water contact angleof t h e ay $nmalker than 5°indicating the natural
hydrophilic property ofAl.Oz;cannotbe converted to hydrophobic by heat treatment.
Bang et al. reported a similar wettability conversion processpoty-4-vinylphenol
(PVP) and PVP/AIO; dielectrics[315. PVP hasa strong hydrophiliproperty due to
its structure consisting ahany hydroxyl groupsHowever, these functional groups
can be removetly acondensation process enlarge the water contact angle of the

PV P tol7Crwhile thePVP/ALO; composite has a water contact angl2%t

6.3 Summary

OrGO has a higher electrical conductivity at 720" ! with a narrower range of the
electrical conductivity mostly between 6500 and 7%5@' !, which can be attributed
toa more uniform structure and a better reduction leaeked by oxygen annealing
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The formation of Al:Os NPs on the rGO planecan form a wellordered stacked
structureof OrGO paper due tthe NPsenlarging thantersheet spaowhich, in turn,
facilitatesthe emission ofevolved gas moleculekiring heat treatmenBhort-duration
annealingwas investigaed to elucidate the reduction mechanismSimilar to the
electrical conductivity results of TrGO and OrGO, stoutation anneale®rGO still
hasa higher edctrical conductivity a6170 S m'%, which is close to that of TrGO
papers prepared by traditional thermal annealifige analysisof the annealing
mechanismindicates thatthe increase in the sp&s® carbon ratio caused by the
formation ofAl,Os NPs at tle edges of defective regions in Or@@necreatesits
excellentelectrical conductivity In summary, oxgen annealindias two functions
heat treatment for tradition therntaductionand chemicateactionbetween Al(OH)
and functional groups to removeome functionalities resulting in the increase of

sp/sp ratio.

The wettability measurementsvealedthat thermal annealing and oxygen annealing
methods can be used to fabricate rGO witturzable wettability which gives rGO
based materialgreat potenal in practicalapplicationsThecontact angle of GO paper
was measuredt43.8° indicating a hydrophilic propertfter thermal reduction, the
resultant TrGQpaper has a hydrophobic property with a contaxfle 0f88.3°due to

the elimination of oxygen functional groups during the heat treatment. However, OrGO
paperhas a different surface wettabiliisom TrGO due to its uniqual,Os NPIrGO

structure. Theontact anglef OrGO sheets is measuraund71.5; much lessthan
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90° indicating a good hydrophilic propertyThe analysisfurther reveals that

hydrophilic Al,Os NP decorated on rGO plasémprovethe hydrophilic propertyf

rGO papemvhile itselectronic property changes from insulating to conducting.
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Chapter 7 Application of OrGO paper for LIBs

7.1Introduction

LIBs have been in high demarfdr mobile electronic devices arlre orhybrid
electric vehiclesor manyyears[31832(. Anode and cathode materidlave agreat
influenceon theenergy denigy andelectrochemicaperformanceof LIBs due to their
chemical and physical propertj@é3 321, 327.Consequently a lot of effort has
been made over the yeats improve the properties oélectrode materialg316-320,
323. As a carbonaceous allotrgpeGO sheetsare superior for energgtorage
applicatiors due to their chemicactivity, high surface area, broad electrochemical
window and extreme electrical conductivif$24-326). These excellent properties
allow rGO sheets a betteeversitbe chargeand discharggerformance with higher

specific capacitghan that oturrent electrode materiadsichas graphite and LiCoO

The carbon atoms ia graphene plane can capture€ ons in aLiCs formation to
achieve @heoretical energgapacityof 372 mA h §* for onesideabsorptionand744
mA h d? for bothside absorptiofil 70, 322, 327]. However, grapheneanosheetare
easily aggregatd to formpaperlike materials due to theitarge surface areand
interlayer adhesionby Van der Waalsforce, which decreasethe crossplane
diffusivity of Li* ions althoughthe inplane diffusivity is high [166, 319. This
diffusivity mechansm limits the electrochemical performanaspecially at high

currentdensity[319, 324, 325, 328-33(.
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MOs such asSnQ [331]and CgO4 [171]are used for LIBs asnade materialsiue to
their high theoretical capagit However, theulverizationandcapacity decay of tise
MO electrodescaused bydramatic changes in specific volumduring the cycling
processeshave affected their electrochemical performance. Therefore, MO/rGO
compositeswith high electrical conductivity anélexibility, such as SngrGO [31,
176], TiO/rGO[209 and CaO4/rGO [332 have beemccepted as electrode materials
to improve the cycle perforrmeeand specific energy capacit@omparedwith other
carbonaceous materiaiscluding graphite[333 334 and carbon nanotubd835,
rGO sheets are abte effectivelyrestrict the volume change MOs andmaintainthe
overall high electrical conductivity during the chargand dischar@ cycles.
Unfortunately, due to a weak connection between rGO slwedMOs, the active
NPs still tend toaggregad during the cydng procesg31, 85, 176, 204, 336, 337],
which decreasgtheirreversible capacithy 205 0 % aciycleg3d, 178 837. As

a result, the prepaftah of rGO based composites having bdilgh electrical

conductivity andyood electrochemical performanisestill a great challengeday.

Herein we report the lithium storage capability of OrGO based nanocomposite as well
as traditiondyy prepared TrGO.The cycle performance and capability of OrGO
indicate that oxygen annealing not only recevbe electrical conductivity of GO but
also improve the energystoragecapability by fabrication of AD; attached hybrid
materials In this research, higher Hitum ion storage capacity was proved to be

possible by controlling layered structures of TrGO paper.
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7.2 Results and discussion

7.2.1Charge and discharge performance of OrGCelectrodes

Figure7.1 shows thefirst four charge and discharge profiles 8GO versusLi*/Li
ata current density of 10 mA thetween 3.0 and 0.01 Vlhe firstdischarge process
of TrGO differs from the secahin showing acapacityof around 0.6V, indicating a
solid electrolyte interface (SElxyer formedon theTrGO electrode surfacand the
reaction of Lfions with the attachedxygen functionaties [334, 335, 33§ . Thefirst
charge and discharge capacit@sTrGO electrode wereneasured at 95and 1137
mAh d?, respectively which are highethan that ofgraphite and graphene sheet
electrodeq 170 322, 327]. The highrewersible capacityof TrGO can be probably
attributed to itdarge surface areand stacked sheets providingmerousactive sites
including edgesand nanoporesanchoringLi® ions [339. Furthermore, as highly
disordered carbomaterial, TrGOelectrodes exhibit a broad electrochemical window
(0.05'3.0 V) which allows higherLi* ion capacity valies than that of graphite
[340-343 and greater hysteresis between charge and discharge voltagespecific
capacity ofthe TrGO electrode has been reduced to 86%h g ! in thefourth cycle

indicating astable cyclic performanadue toan SEllayer formed in the first cycle.
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Figure7.1 Firstfour chargeanddischarge profiles 6frGO electrodat the current density of 10A ¢ *
Thereversibleinsertionand extractiorof Li*ionsin the OrGO electrodaghrough the
surfacewasmeasuredo compare thelectrochemical performancé rGO papemwith
and without A}Oz NPs Figure7.2 shows thdfirst four charge and discharge profiles
of OrGO versusLi*/Li at a current density of 10 mA ‘ghetween 3.0 and 0.01 V.
Unlike the behaviour ofraphenebased anode materials TrGO , thevoltage plateau
of the first discharge cunaround 0.60.9 Vis not observefiL 70, 328 344, indicating
that the formation of AlDs; NPs probably suppressdbe SEI layel{345. However,
the potential of thefour discharge cuns&decreaes dramaticdly and then form a
plateau eound 1.2/ 1.3 V, which canbe attributed to th&i* ions readhg with the
Al,O; NPs The first charge and discharge capacities OrGO electrodes were
measured at 1328hd B64 mAh g?, respectively which are highethan that offTrGO.

The higherreversibleand stablecapacityof OrGO can be probably attributed to the
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ion conductiveAl O3 NPs facilitatingLi* ion diffusion. Furthermore, thiewer degree
of hysteresis between charge adidcharge voltagef OrGO electrode represents

higher electrical conductivity and less disordered structure than that of TrGO

electrods[345.
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Figure7.2 First four chargeanddischarge profiles adbrGO electrodat the current density of I10A ¢ *

The cyclic voltammograms (CV) @rGO sheets are shown Figure7.3. Theresults
of the CV curves match well with the charge and discharge pradle®©rGO
electrods, exhibiting thereversible insertiomndextracton of Li* ions. Compared to
Li*/Li, the insertion process begins at a velyw potentialaround0 V, while the
extraction process begins in the rang®.@& 0.3 V. Comparing theséour cycles, the

reduction currenof the first cycleis close tahe subsequermlycles without an obvious
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irreversible cathodic peakvhich can be attributed tthe formation of AlOs NPs

probably suppressy the SEI layeandtheLi” ions readhg with the ALOs NPs
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Figure7.3 Cyclic voltammograms (CV) ddrGO paper
The rate capabilityesults showrin Figure 7.4 and Figure7.5 indicate that OrGO
paper is an excellent electrode material for LIBs. Tdwersible spcific capacy of
OrGO electrode measured at therent densit of 10, 20, 40 and 8MA ¢ ‘are 1319
939 789 and 762mAh d?, respectively while thereversible specific capayitof
TrGO electrods are 952 761, 559 and448 mAh d?, respectively. Furthermor¢he
OrGO electrode still had a higherreversible specific capaygitof 909 mAh ¢ *than
that ofthe TrGO electrodseven for the last 5 cyclegith acurrent densyt back to 10
mA ¢ ! The reversible capagitof OrGO electrodeis alsodramaticaly higher than

that of formelly reportedgraphene shee{837, 346. As discussed above, the bette
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rate capabilityperformanceof OrGOelectrods can be attributed to tirdarge surface

area andess disordered structure as wellthe formation ofion conductiveAl,O3

NPswhich probably suppressése SEI layer. This in turfacilitatesLi™ ion diffusion,

shortens theelectronic and ionic transpodistance and improgethe chargeand

discharggperformance at higburrent density.
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Figure 7.4 Rate capabilit and cycing performance ofOorGO and TrGOelectrodesat current densities
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7.2.2Cycling performance of OrGO electrode

The cycling performance @rGO and TrGO electrodegas then investigateétigure
7.6 showsthe cycling performancef theseelectrodes and theioalombicefficiency
(CE) at a current density &0 mA g'* for 30 cycles The cycling performanceesults
of OrGO electrodgexhibit a specificcapacityof 797 mAh ¢'* after 30 cycles, which
is higherthan ttat of TrGO electrodeas well as the formbrreported gaphene sheets
[166, 346). Althoughthe TrGO electrods aso had astablecycling performance with
a specific capacity maintagd at 766mAh ¢ after 30 cyclesjts CE was slightly
lowerthan that of OrG(lectrods. The average CE @drGO electrodes foBO cycles
was 99608%, indicatinga superiorreversibility of the Li" ion insertioriextraction
process The higherCE probably can battributed to the surfacemodification by

Al;0Os; NPsand electrolyte
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Figure7.6 Cycling performance and C& OrGO and TrG@lectrodes at a current density of 80 mAfgr
30 cycles.

The high stability of thecharge and dischargg/cles can be attributed to thétrathin

nature of OrGO and TrGO sheets. Wet al. reported thatdoublewalled silicon
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nanotube DWSINTs) have lover cycling stability owing to the elimination othe
constraining effectausedy the thicker tube side wall847]. Moreover, thaultrathin
DWSIiNTsas well adeingthin and stable SEI also alloawn excellent high power rate
capability die to theLi* ions beng rapidly insertednto/extracted from the electrode

surface through the thin SEI layer.

7.3 Summary

The electrochemical performance of OrGO and TrGO papers fabricated as electrode

materials for LIBswas investigated in this chapter.

() Chargeand discharge performance.
OrGO electrodsexhibit a high specificharge and dischargapacityat 1328and
1364 mAh g*, which are highewalues than that 6frGO electrods at 952 and
1137mAh d ?, respectivelyWhile an SEl layerwasformedon TrGOelectrode at
apotential around.6 V, the discharge curgdor four cyclesof OrGO electrode
show apotential plateau sound 1.2°1.3 V, which can be attributed tothe
formation of AbOs NPsthat probably supprestie SEI layemandthe Li* ions
reacing with the ALOs NPs Furthermorethe higher electrical conductivity and
less disordered structuogé OrGO electrodemakethe hysteresis voltagkeetween
charge and dischargeirveslower than that of TrGQelectrods.

(i) Cyclic voltammograms
The investigation of CV performance for OrGO electids. Li*/Li reveal that
theinsertionof Li* ions begins at a verjow potential ofaround0 V while the
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(iii)

(iv)

extraction process begins in the rang@.@ 0.3 V. The closed CV curvesithout
an obviousrreversible cathodic peakdicatethatthe formationof an SEI layer
on the electrode surfatesuppressed bl .03 NPs

Rate capability

OrGO electrode haan excellentate capabilityat acurrent densit of 10, 20, 40,
80 andmA ¢' ! Thereversible capadés of OrGO electrode(1319 939 789 and
762 mAh ¢! at10, 20, 40and80 mA d ! respectively)are dramaticaly higher
than that of TrGO electrods as well aghe formely reportedgraphene sheets
This can be attributed to thmn conductive Al,O; NPs facilitating Li* ion
diffusion.

Cycling performance

OrGO and TrGOelectrodesvere then measured farycling performanceand
relative CE at a current density 80 mA ¢'* for 30 cycles OrGO electrodes
exhibited thehigh and stable specific capacitiesaround 800mA h g'* for 30
cycles. Moreoverthe average CE 0OrGO electrodesat 99.608% for 30 cycledl
washigher than that of TrGO electragléndicatinga superiorreversibility of the
Li* ion insertiorlextraction procesSimilar research oDWSIiNTsillustrates that
the high stability of thecharge and dischargeyclesis probably relatedo the

ultrathinnatureof OrGO and TrGO sheets.
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In conclusion, the ion conductiva&l O3 NPs formed on OrGO plane improve the

chargeand discharge performanceate capability and cycling performance of OrGO

electrodsin LIBs.
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Chapter 8 Conclusion

This thesis describes an innovative oxygen annealing method for the fabrication of

Al,O; NP/rGO composites and investigates the mechanism@EAPs &6 di st ri but
and aggregation on the GO plariehe electrical conductivity and wettability of OrGO

paperhave also been investigated, whiclvésy pertinent tdahe fabrication of OrGO

electrodsin LIBs.

The literature review provides a guide to current researctitietproperties, synthesis
and funcionalization of GO and rGO. Theesearch on the structure of GO and rGO
reveals that they exhibit a unique tdomensional structure with attached oxygen
functional groups which can be removed to improve electrical cdndyc
electrochemical performance, chieal activity and wettabilitylnvestigations into the
propertiesof GO and rGQenable us to understand the structural difference between
GO and rGO sheetsvhichis useful in understanding the formation and removal of
oxygenfunctional groupsattachedn the GO plane. Furthermore, the recent progress
in the functionalization of rGO sheessich asMO NP/rGO composites for energy
storage applications is also reviewddcusing on thechemical oxidation, thermal
reduction and MO NPs functionalization. However, there is a long way to go before
the fabrication of rGO sheets can meet the requirements of industrial applications. In
furtherance of this goalye present ouresearch work on an innovative OrGO material

with excellent electronic properties for energy storage application.
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Firstly, the innovative exfoliation process using high speed centrifugation and probe
ultrasonication to reduce the number of GO layers haessfully produae
monolayer GO sheets, which provides the opportunity to determine the structure and

distribution of AbOs NPs on individual single layers of the OrGO plane.

Secondly, @etter understanding has been achieved by imaging GO, TrGO ar@ OrG
samples with a variety of characterization methods such as optical microscopy, SEM,
TEM, HRTEM and AFM.The monolayer structure of G@oduced by the innovative
exfoliation process has been confirmed.
samples shova singlelayer structure in SEM images while the darker areas indicate
multi-layer features. The SAED pattern of TEM images shows the very obvious 12
diffraction spots with equivalent relative intensities between the inner and outer
hexagons indicating éhsinglelayer structure. In HRTEM images, the uniform single
dark line at the edges of unfolded monolayers of OrGO further confirms the
singlelayer structure. Moreover, the height profile of AFM images provides evidence
of the singlelayer structure of @50 sheetsThe structure and formation of wrinkles

in GO, TrGO and OrGO planes has also been analyzed. The wrinkles were introduced
due to the thermal expansion coefficient difference between substrate and graphene
shees during the annealing proceslike the uniform thickness of wrinkles at the
edges of folded bilayer structures, the wrinkles in a monolayer rGO sample vary in
width. Additionally, the monolayer, bilayer and overlapped malter structure have

been investigated in detail to establiskimple system for distinguishing singkeyer
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sheetsMoreover,the distribution and structure of &); NPs synthesized in OrGO
have been characterized with HRTEM and AFM. The diameter of NPs is less than 10
nm with a typical high interparticle distancel®tween 6680 nm, which is confirmed

by HRTEM. The NPs are located at the edges of holes produced during the annealing
process. Furthermore, from height profiles of AFM images we have determined that
the height of NPs is less than 2 nm. Morphology amalysms established a
fundamental understanding of the monolayer structure of GO, TrGO and OrGO
samples whichra the basic units in GO pap@ur innovative method for producing a

singlelayer GO dispersion allows a better formation process of GO paper.

Thirdly, we have improved the traditional thermal annealing method by introducing
oxygen gas flow in the thermal reduction process to fabricate OrGO sheets, enabling
the removal of oxygerfunctionalgroups andecovery of defective region®Vith this
method, colloidal suspensiom®nsisting ofindividual GO sheets cayield Al,0; NPs
decorated rGO papéry vacuum filtration through an Anodisc membrane filt¢jpon

the introduction of A" as seeds anchoring on the GO plane by a vacuum filtration
through & alumina Anodisc membrane filter, the;@ molecules aggregated to form
NPs and grew on the edges of holes or vacancies during thermal annealing. XPS
spectra confirm the reduction efficiency of TrGO and OrGO as well as the element
states of aluminium iGO or rGO planes. The Raman and FTIR results reveal
dangling bonds or oxygen functional groups of GO binding to tHé gxbmoting

aluminium oxide aggregates and growth which leads to further reduction.
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Fourthly, as regardslectronic propertiesOrGO hasa higher electrical conductivity at
7250 S m* with a narrower range of electrical conductivity mostly between 6500 and
7250 S ', which can be attributed to a more uniform structure and a better reduction
level caused by oxygen annealing. The formatibAleOs; NPs on the rGO plane can
form a wellordered stacked structure of OrGO paper duthéoNPs enlarging the
intersheet space which facilitates the emission of evolved géecutes during heat
treatment. A shortduration annealing procedure wakesigred to elucidate the
reduction mechanismf oxygen annealingSimilar to previous electrical conductivity
results for TrGO and OrGO, shattiration annealed OrGO still had a higher electrical
conductivity at 5170 Shh, which is close to that of TrGOapers prepared by
traditional thermal annealing. Analysis of the annealing mechanism indicated that the
increase of the $fsp’ carbon ratio caused by the formation 0§@d NPs at the edges

of defective regions in the OrGO plane allows its excellent ridattconductivity.
Therefore oxygen annealing has two functions: heat treatment for traditional thermal
reduction and chemical reaction between Al(@BNd functional groups to remove

more functionalities resulting in  an increase of tiésgpratio.

Fifthly, wettability measurements revealed that appropriate thermal and oxygen
annealing methods can be used to fabricate rGO with a tunable wettability. This
allows rGO based materials great potential in practical applications. The contact angle
of GO pagr was measured at 43.8¢ indicating a hydrophilic property. After thermal

reduction, the resultant TrGO paper had a hydrophobic property with a contact angle
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of 88.3°due to the elimination of oxygen functional groups during the heat treatment.
However, @GO paper had a different surface wettability from TrGO due to its unique
Al;O3 NP/rGO structure. The contact angle of OrGO sheets was measured at around
71.5; much less than 907 indicating a good hydrophilic profye Analysis of the
production mechanis revealed that hydrophilic AD; NP decorated on rGO plane
improve the hydrophilic property of rGO paper while its electronic properties change

from insulating to conducting.

Lastly, the electrochemical performance of OrGO and TrGO papers fabricated as
electrode materials for LIBs was investigated. In the charge and discharge phases,
OrGO electrodes exhibited a high specific charge and discharge capacity at 1328 and
1364 mAh §*, which were higher than that of TrGO electrodes at 952 and 1137 mAh
g, respetively. Whereas for TrGO ettrodes an SEI layer formed atpotential
around 0.6V, the discharge curves for four cycles using OrGO electrodes show a
potential plateau around 123 V, which can be attributed to the formation of@l

NPs which probablguppressethe SEI layer and the Lions reacting with the ADs

NPs. Furthermore, the higher electrical conductivity and less disordered structure of
OrGO electrodes make its hysteresis voltage between charge and discharge curves
lower than that of TrGCQelectrodes. Also, according to cyclic voltammograms,
investigation of CV performance of OrGO electrodes revealed that the insertioh of Li
ions begins at a very low potential around 0 V vs/Liiwhile the extraction process

begins in the range of 0.2.3 V. The closed CV curves are without an obvious
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irreversible cathodic peak indicating that the formation of the SEI layer on the
electrode surface is suppressed byQAINPs. Regarding rate capability, OrGO
electrodes had an excellent rate capability atirment density of 10, 20, 40, 80 and

mA g L. The reversible capacities of OrGO electrodes (1319, 939, 789 and 762 mAh
g'! at 10, 20, 40 and 80 mA i respectively) were dramatically higher than that of
TrGO electrodes as well as formerly reported graphgheets. This can be attributed

to the ion conductive ADs; NPs facilitating LT ion diffusion. OrGO and TrGO
electrodes were then measured for cycling performance and relative CE at a current
density of 80 mA Y for 30 cycles. OrGO electrode exhibiteigh and stable specific
capacities at around 800 mAh*dor 30 cycles. Moreover, the average CE of OrGO
electrodes at 99.608% for 30 cycles was higher than that of TrGO electrodes,
indicating a superior reversibility of the'Lion insertion/extraction process. The high
stability of the charge and discharge cycles is probably related to the ultrathin nature
of OrGO and TrGO sheet&s a result, the ion conductive 83 NPs formed on
OrGO planes improves the charge and dischag#ormance, rate capability and

cycling performance of OrGO electrodes in LIBs.
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Chapter 9 Future work

The reduction of GO for mass production and application has been discussed in the
thesis. However, complete reduction is still difficult to achieve due to thieeti
understanding of the chemistry and structure of GO and rG@refore future
research on the preparation of rGO should focus on the further investigation of the
reduction mechanism and controllable functionalization of rGO for specific
applications A well-designed reduction method is needed to remove mosheof
oxygen functional groups and recover the defective regions. For the functionalization

of rGO, other specific filter membrasean be used for rGO based nanocomposites.

The excellentlectrotiemical performanceof OrGO has beerfrequently noted but

more work in the future is requirddr a better understanding @irGO electrode for

full applicationin LIBs. Therefore the next step is to find a cathode material to
fabricate full LIBs. Energystorage is in high demand and amongst the possible
options, Ltion batteries have been the dominating energy storage device for
light-weight applications in terms of energy density but lacks power density and cycle
life. The future project is to investiggaand develop improved materials to address the
above limitations of Lion batteries. LiFeP&s a promising positive electrode owing

to its safe and low cost raw materials and high energy density. Various annealing
temperatures have been examined withePQ prepared using a classical gl wet

chemical method. The development of a safer electrolyte using a polymer based on
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polyvinylidene fluoride cepolymer is also being investigated as a replacement for

current liquid electrolyte.
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Appendix

Table Al Electrical conductivity (S/m) of TrGO and OrGO produced by a short time annealing without

vacuum

5min 10min 15min 20min 25min 30min
0 0 0 860 1140 1040
0 0 0 950 1020 1230

TrGO (S

) ( 0 0 0 550 1050 850
0 0 520 650 930 760
0 0 720 830 1190 890
0 4190 4340 4830 4450 4670
0 4470 4230 4650 4730 4340

OrGO (S

) 0 3650 4460 5170 4810 4460

3820 4360 4630 4670 4530 4350
3040 4210 4180 4980 4620 4930

Bandgap of TrGO and OrGO

The bandgapof TrGO and OrGO was determined bycalculating the UV-Vis

absorption spectra{gure AlandFigure A2) using the equation

|1 060G O

wher e u, h,,age tAhe aamlbscer pti on coef ficien

frequency, proportionality coefficient, and band gap energy, resphctias well as n

is equal to 2 for an allowed indirect transition or 1/2 for an allowed direct transition.
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UVi Vis results indicate that the TrG@s a bigger indirect band gap of 1.91(Eigure

A 1) which is 0.23eV higher thanthat of OrGO {.68eV, Figure A2). These results

suggest that theeat treatment campenthebandgamf GO. Moreover, the growth of

Al;0Os NPs on rGO planeby oxygen annealing leads goreduced barghp of OrGO,

which can be attributed to thiacreagd sp carbon networksn OrGO plan280].

Joung et al. showa bandgap variation af5O, which isprepared byammonia and
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hydrazine hydrateesdudion, from 1.43eV to 0.21 eV with spfraction increagdfrom

55 to 80%

PL of TrGO and OrGO

Figure A3 Photoluminescence emission spectrum of the luminescent rGO (excitation at 400 nm) exhibiting
hypersensitive red emission at 599 nm (TrGO) and 603 nm (OrGO).

Another interesting finding is the Riehaviorof OrGO. Figure A3 shows that OrGO
sample excited witd00 nmxenonlight hasa broad and strong PL peedénteredat 603
nmandTrGO sampleexhibits a weak emission at 599 nm. This slight redshifte PL
peak positionprobably due to the variation®f oxidation density[34§. The PL
intensity of OrGO is dramaticallyhigher than that of TrGQndicaing the oxygen
annealing facilitating the emission process comparing to the fiathl thermal

annealing 78, 349.

XRD spectraof TrGO and OrGO
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