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Abstract

Polymergraphene oxide (GO) nanocomposites are attracting growing attention of scientists and
engineers in widely gpad important applicationsThis work aims to studyhe structure
property relationships ipolymerlGO nanocomposites and understand the adsorpébaviour

of polymer on GO nanosheetsA series of parametes were used toachieve optimum
adsorptionand investigatethe effect of each parameter on gteuctureand propertie®f the
polymer adsobed on GO nanosheetsvarious characterization teclouies were utilized to
characterie the polymer/GOnanomaterials.

In the first chapter, semicrystalline polythylene glycol)s (PEGs) with different
molecular weights were used as model polymers to prepageries of PEG/GO hybrid
nanomaterialsThe effect of mixing time, mixing ratiggolymermolecular weighandwashing
procedure on surface adsorption behaviouPEGon GO nanosheetsere investigatedThe
characterization results confirmed the adsorption of PEG on GO narsshHaetdsorption
amount of PEGvasincreased by 46% after redng the mixing time from 192 h to 72 lit
wasincreasedignificantly by 1700%by increasng the molecular weight from 1k to 100ky
13% by doublingthe mixing ratio of the PEGnd by 73% by applying thesetwo changes
simultaneouslyTheincorporation of GO reduced the crystallinitytbE PEGs as confirmed by
differential scanning calorimetrydSC). Scanning electron microscopy (SEMNd atomic
force microscopy (AFM)magesillustratedthe variedroughness of thpolymeron the surface
of the GO nanosheetsThe additionalwashing procedure reduced the adsorption amount of
polymer to less than 2 wt.%.

In thesecondchapter, thenvestigatiorfocuseson the influence opolymerfunctional
group on the adsorption behavioumpaiymess onto GOnanosheets. Poly(methyl methacrylate)

(PMMA), poly(methyl methacrylateo-methacrylic acid) (PMMA-co-MAA) and



poly(methacrylic acid) (PMAA)with a similar backboneout different functional groupsvere
used as polymer models. Theesence of acid groups MAA enhanced the adsorpti@mount
by 27% and32% for PMMA-co-MAA and PMAA, respeately, compared to that of PMMA.
The water contactangles (CA) were increasedoy 0.5 and 9.4, accordingly PMAA
demonstrated the best adsorption capabdityGO nanosheetélso, the adsorption amounts
were reduced to less than 10 wiitthe use of washed comparechtat washed samples.

GOs with narrow sizalistributionswere producedthrough separating the GO particles
using centrifugal and sonicationmethods This green approachrelied on three different
parameters: sonication duratjarentrifugal force andentrifugalduration. Two graphite flakes
with diff er en2DangCad9pm) wereasedstapreparsthe (GOs Dynamic Light
Scattering (DLSand AFM wereused tocharacterizéhe sizes of the separated GOs. GOs with
various average sizes, such~260, 600, 800, 1000, 1200, 1450, 1600, 1800 &tdam were
successfullyobtained The combination of lovpower sonication, higltentrifugalspeed and
shortcentrifugalduration (eg., 10 secondsyas preferredfor the separationf large size GO
particles A longer sonication time reduced the GO size. This method facilitiageproduction

of narrow sizedistributionof GO particlesfor a range of applications.

The effecs of the GO size on polymer adsorption behaviour and the mechanical
properties were investigated with poly(ethylenedeX (PEO) as the model polymék.broad
and narrow sizalistribution and hree GOs with different particle sizes, namely 1894 nm
(large), medium 1086 nm (medium), and small 360 nm (small) were used. The G@avith
narrowsizedistribution andargest size showed the best PEO gutsam capability where the
PEOadsorption amount ineased up td5% and 4%, respectivelyPEO/GOnanocomposites
werereinforced bythesethree GOs, a broad and narrow size distribuéib0.2 wt.%loading

that were also prepared by solution blending methodOwing to te contribution of GO



especiallylarge GO particles the melting temperature of PE@asincreasedrom 68.6°C up
to 70.6°C. TensileYoungds ahthed BEOIGONnanocompositesvere significantly
improved by179%for the narrow size distribution compared tioe value for théoroad size
distribution, whereas it improved up 87®%6, 200%and 125%by the incorporationGOs of
large, medium and small particle szeespectively. Theelastic modulus determined by
nanoindentation increased by 154%, 2&f6l 14% for the three diffemet sizes of GOSSEM
images showed smoothmorphology forthe samplegontainingthe large GOparticleswhich
overcanethe issueof cracks or cavitiescomparedo other sample<rystallinity wasreduced
by 17% The narrow size distbution andlarge size of GO demonstated the strongest
reinforcement effet in the PEO matrix and greatlymproved the mechanical properties

comparedo a broad size distribution arstnallersize ofGO particles

Manipulatingthe methods and using differguarameters shasd a strong influence on
the interfacial interaction betweethe polymerand GOand hence the properties of the bulk
polymer/GO nanocomposites. This providedetter understanding of the belawi of an
adsorption polymer on G@anosheets and the struetyproperty relations of polymer/GO

nanocomposites.
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Chapter 1: Introduction

1.1 Introduction
Polymers aranacromoleculegonsistingof many repeated units. They plag essential and

ubiquitousrole in everydaylife [1,2]. They have excellent and amazing properties, sisch
light-weight, high toughness, good elongation, easy processing and loy8to8bmparing

to metals and ceramicppolymershave a low strength and stiffness, which are important in
some applications and could be enhanced by adding fillers to the polymer matrix for other
applicationd4].

Various studieshave beencarried out inthis field using different types of filler to
produce and enhance the properties of polymer composites that may be different from the
propeties of their constituent components. These polymer compositesshawaimportant
improvementsn terms oftheir mechanical, electrical and thermal properfteds in addition
to various properties intrinsic of polymers, giving them a wide range of applicd@ofis
Nanoscale fillerssuch as claycarbon nanotube and recently graphé&@ee increasingly
attracted researdhteress [8]. A polymernanocomposités defined as a composwéth two
or more phasethat has reinfaement filler on a nanometre scaleaihleastone dimension.
Mixing these nanofillers with a polymer matrix produced motable enhancement in the
polymer nanocomposite properties compared to their conventional composite counterparts
and the polymer compites [9], wherenanofillers give possible benefits and achieve the
requiredproperties of nanocomposite materials. These include lower loading and component
weight reductions in impact resistance or toughness, wieidhcesthe input energy during
the processing10] and makes important improvements the properties of polymer
nanocomposites, even at a low concentratiomaoiofillers[6,7,11,12]

The fine dispersion and interfacial interaction of trenofillers with the polymer

matrix areconsidered the keys to improving the properties of polymer nanocomposites, where
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it is responsible for trasferring the stress between the nanofiller and polymer mdtBix
Transferringof the stress between tianofillerand thepolymer matrix at the interface is an
important issueanddepends on their compatibility. In additiamderstandinghe processing
method and the relationships between the structures and propertienahtitemposites has

led to an enhancement in the properties and in the ability to prepare specific nanocomposites
for various applicationfl4].

In the last threelecadespolymer nanocomposites have attracted the attention of the
scientific and technologicaligtiplines[8,15,16] Most of the early and some of the recent
efforts have focusedn the understanding of the synthesis and properties of nanocomposites,
such as the physical aspects of colloidal particlg8], and their physical, mechanical and
thermal propertief9,15]. The properties of a polymer nanocompositeandy depend on the
structure and properties of its constituents, but also on their interfacial characteristics between
the nanofiller and the polymer matfik5,17]

In the 1980s polymer nanocomposgeresearch began by exfoliating the layered
silicates, which are referred to aanoclays This showed substantial enhancement in the
mechanical properties of thermoplastic polymg8]. Significant attention was giverio
carbon nanotubes dglers in a polymer matrix, in the followig years[8,12]. Recently,
significant attentionhas been paid to othecarbonbased nanomaterials, inparticulag
graphene nanosheets as reinforcing fillers for polyni@rsGraphene and graphene oxide
have been investigated foisein a wide range of applications, including nanocomposites,
healthcare, biosensing and semicondudtt®s20] The uniqueshapeand high surface area to
volume raios of thesananofillersand exceptional physical properties are the main reasons for
the performance advantage of these nanomat§tiafal,22]

Figure 1-1 summarizes the increasing popularity of graphane carbonnanotube
polymer compositesvhere topical research on nanoctagd silicate polymer compositeas

fallen recently in the Web of Science, as of Decent016. Meanwhile, research interest in
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the former topics has rapidly grown in the nanomaterials. Recently, interest in the carbon
family hasincreasedbecause it has opened new and wigleging ways to creataew

products, properties and nanomaterja& 24)]
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Figure 1-1: The number of publications returned by a Web of Science search using graphene,

carbon nanotube, nanoclay and silicate composites as.topics

In spite of previous publications of polymer nanocomposites, many challenges remain
in the polymer/graphene nanocpasites field. The main aspects of thteuctureproperty
processig relationship of these materials and some details are missinthasedequired for

a full understanding of this area, a problem that needs to be add@ssed

1.1 Project aims and objectives
Polymer nanocomposites are promisingtenals for a wide variety of industrial sectors,

including aerospace, automotive, packaging, healthcare and energy, because the addition of a
small ratio of nanoparticles may provide substantial enhancements to the mechanical, thermal
and barrier propess of thepolymermatrix. One of the main challengéscing the design,
processing and application of polymer nanocomposged understandhe interactions
between the filler and the polymer matrix. Achieving this understanding will lead to the
control of the structure and enable one to reachréwgliiredproperties of nanocomposites.

Therefore, this project aims to investigate the structure and property relationship of polymer
3



graphene nanocomposites, in particular in relation to the interfacial regionamber of
selected polymers and graphene oxide (GO) based nanoparticles were used for processing

nanocomposites.

GO was prepared usi ng §5]mondestifjateahe effdanahme r ¢
GO on the surface adsorption behaviour of a semicrystalline polymer and its mechanical
properties of polymer/GO nanocomposites. Semicrystalline poly(ethylene glycol) (PEG) was
selected as a polymeanodel for initial studies umg several parameters and methods.
Pol ymersé functional groups were then sel ec
adsorption behaviour onto GO nanosheets. SonicaBalrifugatbased methods were
applied to separate one uniform sizelwd GO particle and the effect of particle size of GO
on the adsorption behaviour and mechanical properties of high molecular weight
poly(ethylene oxide) (PEO) were investigated. The principal objectives of this study are

outlined below.

- Prepare GO and pdlgthylene glycol)/GO hybrid hanomaterials and investigate the effect of
mixing time, mixing ratio, washing procedure and the polymer molecular weight on the
surface adsorption behaviour of PEG on GO nanosheets.

- Investigate the effect of functional groups of three polymers that have the similar backbone
but structures withdifferent functional groups on the adsorption behaviour of polymer on
GO nanosheets.

- Develop methods that separate GOs into nanosheets ofiveelgtarticle size using
centrifugal and sonicatiebased green methods.

- Investigate the effect of particle size and size distribution of GO on the polymer adsorption
behaviour onto GO nanosheets, structure and mechanical properties of poly(ethylene oxide)
atthe macroscopicscale.

This project will help advance the understanding of the strupnaeerty relationships of

polymer/graphene nanocomposites, which may lead to better control in these materials.
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Chapter 2: Literature R eview

2.1 Introduction of composites materials

Sincethe early1940s, composites have rapidly developed and widened into areas, such as
understanding the principles of related filler interactions with plodymer matrix. A
composite consists of two or more componéhlsPolymer composites improve some of the
properties of the polymer matrix, such as an increase in stiffness, electrical output and the
temperature of deformation, as well as reducing the cost. These advantages of composites
mean that they hae propertiesthatoffer a wide range of applicatios) for medical solar cells

and transistorstc.[26].

Malkin and otherg27] reported animprovementin the properties of polyamide 6.6
composites simply by melting them with carbon and glass fabrics, and this improvement
dependson the nature of the polymer and the type of material added footimmer, among
others. Addig components to the polymer hakustrated some of the difficulties and
problems involved inndustrialization e.g.the non-uniform dispersion of the constituents and
an adversely change the physical properties of the poly@2@R28] Therefore the
characteristics of the continents, the nature of the interaction between the polymer and the

filler determinghe charateristics of composited.,27].

On the other hand, filler materiailsteractwith the polymeric matrix, which may
improve properties, such as strength and durability. Many types of fillers are used in
accordance with the desired goal, such as carbon blackraphitg.Figure 2-1 showsthe

summary ocompositecomponenfl].
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Figure 2-1: The classification of composites

Currently one of the most popular areas of scientific reseaamnotechnology.
Many technical disciplines have been developed in nanometre scale str{itubesging a
revolution in many fields in terms of design and performance. It shows distinctive properties
in the same materials at thianosizescale, with a high surface to volume and aspect ratio,
which makes nanofillers preferable to be used in polymeric materials compared to the
microscale filler sizgl11]. This filler, which is organic or inorganic, can be amorphous,
semicrystallineor crystalling[29]. The propertie of nanocompositedependon the interfacial

characteristics, morphologies and properties of the components.

Polymer nanocomposites have triggeredirmreasedinterest among scientists and
engineers over the last two decadés8]. It contains nanofillers that exhibit unique
advantages. Thiarger surfacgo-volume ratio is one of the main benefits ftanometer
sized nanoparticles, as compared to micntjgkes [6]. The volume of the interphase of
polymernanocomposites is increasgidmaticallydue to the larger surfag¢e-volume ratio of

thenanofillers[30].



The properties of nanocompositemmot be achieved by thenicrocomposite
counterparts, and offer new opportunities #orvariety of applications[31]. Therefore,
understanding the processing method, the properties of continents, the structures and the

interfacial interactions aimportan in preparingand developing polymearanocomposites

In the early 1990s, the first studies of polymer nanocomposites were reported in the
literature[29,32 34]. Komarneni et al[29] reported the first nanocomposites, where rubber
was reinforced with carbon nanopatrticles. étent years, many studies have investigated the
effect of loading different types of fillers onto the polymer matrix to prepare and enhance the
properties of polymer nanocomposites. At low concentrations, ni@nefiffer a notable
improvement in the properties of the polymer for a wide range of applicd86hsDuring
the last decade, nanocomposites have used clays and carbon nanotubes, most recently a

popularnanofillershas been graphefg].

2.2 Carbon nanofillers

Low-dimensional carbonaceousanofillers present unique and tailorable mechanical,
electrical, thermal and optical properties. td#@ion, they havainique structures, which are

(OD) nanediamonds, (1D) carbon nanotubes and graphene (2D). These have attracted more
attention recently regarding the use of carbon nanomaterials as nanf§ille8§} as shown

in Figure2-2.
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Figure 2-2: The structures of carbonaceonanofillers of (A) graphene, buckyballs and
carbon nanotubes that are derivatives from 3D graphite; (B) the synthesis of graphene oxide.
(Adapted with permission from refl37] and[38]. Copyright 2007 and 2012, Nature and The

Royal Society of Chemistrgublications respectively).

2.3 Graphene and graphene oxidédased carbonnanofillers

2.3.1 Introduction to graphene

Graphene consists of two dimensions of carbon shé#isone atom thickness$n it carbon
atons with spf orbital are bonded andrranged in a honeycomb lattice, as shown in the
transmission electron microscopy (TEM) image-igure2-3. It is derived fromgraphite an
inexpensive souec Graphene has amnusualstructure with unique mechanical, electrical,
physical and chemical propertigg9], with a high electrical conductivity at room temperature
10° S cm'[40,41], a highthermal conductivity ~5000 W m" K™ [42], a large theoretical

specific of surface area 2637 gi*, a high electron mobility 200 000 dw™ s* [74, 75],an
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ultimate tensile strengtbf 1 30 GPa, a high Yo (y48]cubds~ 9T d ul u ¢

optical transmittancg40]. It absorbsonly 2.3% of the light for each graphene/da over a
broad wavelength range, which makes it suitable for specific optoelectronic appli¢dtipns
Graphene is considered a strong, flexible membrane and able to modify in the carbon

backbonesuchas functionakationthe graphene

Figure 2-3: The TEM image of a single layer of graphenddpted with permission from

ref. [44]. Copyright2009, Scienceublications).

These features of graphene have brought specific attention from scientific and
industrial communities[19,39,41,45] aiming to produce newly emerging and novel
nanomaterials. The excellent properties and uniquetsteuof graphenéaveled to a wide
variety of applicationsin areassuch ad.i-ion batterieg46,47], electronic componen{g8],

chemical sensoff@9], storage and conversion enefg9] and catalyst suppofb1].



2.3.2 Introduction to graphene oxide

Nowadays, oxidizinghe graphite oxide (GO) is the most common method used to produce
graphenein large quantitiefrom inexpensive graphit¢52]. Over 60 years ago, the first
preparation of graphite oxide was madeHiymmerset al. [25]. This method depends on
strong oxidation of graphite used potassium permanganate (WMmpOtassium chlorate
(KCIO3) and sodium nitrite (NaN$) in the presence of sulfariacid orconcentratesvith

nitric acid, as shown ifrigure 2-2. Graphite consists of stacks of graphene sheets, whereas
graphite oxide consists of graphene oxide sheets stacked. The latggaghanesheet with
oxygen functional groups. These groups lead to an increase in the interlayer spacing of GO
nanosheetbeween 0.6 and 1.0 nm. This distance depends on the content of functional

groups in the G@anosheetfH3].

Figure 2-4 (a) shows the structure of graphene oxide. Graphene oxide is described as
built of pristine aromati c D0dthesly aliphate tegionsl h e s ¢
which contain epoxide, hydroxyl groups and double bonds. This is a theoretical description
[54,55] The Lerf-Klinowski model [56,57] is the most likely GO structure description.
Figure 2-4 (B) illustrates the ketones-iembered lactol rings and tertiary alcohol in GO
nanosheetsvith epoxide and hydroxyl groug$8i 60].The ratio of C, O and H in the GO

nanosheetare 2, 1 and 0.8, respectivé§o,61]

10



Figure 2-4: The structure of GO (A) consisting of aromatic islands separated by aliphatic
regions containing oxygen bonded carbons as described by the&linenivski model.
(Adapted with permission from ref{57]. Copyright1998, ScienceDirects publications).(B)
ketone groups in-Gand 5membered ringlAdaptedwith permission from ref60]. Copyright

2009, Nature publicatiohs

The elastic modulus (E) of GO is in a range between 207 to 470 GPa, whereas it is
between 290 to 430 GRf amorphous G the literaturewhich is the functional groups are
attached amorphously on the GO sheets, whetehse me chani c al par am
modulus and intrinsic strength) decrease moderately with increasing the coverage due to the
disturbance by Spcarbons.Therefore mechanical properties of GOs depend mainly on the
surface coverage and angement (ordered or amorpholi62,63]. The E value of graphene
is higher than GO due to the limitation of thé sprbon strature of GO[63]. Increasing the
functional groups in the GO structure leads to an increase in the ratibtofsgpcarbon[64].

This limitation of sp and the defects in the GO structure turn it into an electrical insulator
[65,66] The conductivity value of GO is-& * 10° S cm® [67], whereas the value of

resistane is ~1*132 q [68].
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GO is considered to behaeghly hydrophilic materiatiue to the high ratio of oxygen in
the interlamellar regions and edge. Therefore, GO has an excellent dispersibility within many
solvents, such as water, methanol and benzene. These solventbe cemmpatibly
accommodatdbetween GO layers withlagh degreelongrange ordef69,70] Additionally,
alkylamines [71], alkylchlorosilanes[72], cationic surfactant§73] and macromolecular
systems, as well as the higholecularweight polymersare able to compatibly accommodate
themselves in G@74]. Controlling the degree of oxidation and exfoliation of GO presents
advantagesto using it as a host materigl4,75] Grgphene oxide is unstable thermally and
insulating electrically. The electrical conductivity of graphene oxidebearestorel with a

partialreduction for some applicatiofs8].

2.3.3 Preparation of graphene

In 2004, Graphene was separatedNloyoselovet al.[76] usingmicromechanicatleavage. It
was the first freestanding singldayer graphene from graphite. Today, there are several

methods for generating graphene from graphite, as fol|58js

2.3.3.1 Direct exfoliation of graphite methods

There are four methods, as follows.

a) The micromechanical cleavage method is the first method which isolated graphene. It is
suitable for fundamental studies, electronic applications angrtwictionof graphene
with high-quality sheets and a large size, with limitation in the quanti@é$

b) The exfoliation and dissolution methorkfer to the separatioof graphene sheets due
to exfoliating graphite to produce #argescale production from the dissolution of
graphite in chlorosulfonic acid, It is naturally hazardous due tdydeosufonic acid

andhas a high cog77].
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c) The direct sonication method prodacgngle and multiplelayers of graphene by
sonication in combine with {hethylpyrrolidone[78] or polyvinylpyrrolidone, as a
solvent[79].

d) The electrochemical exfoliation method is a functionalization of graphite with
imidazolium groups as the ionic liqu{@0] or through dissolution isuperacidg477]
using electrochemical functionalization, whiabsistghe dispersion in aprotic solvents

[80].

2.3.3.2 Exfoliation of graphene oxide

a) Chemical reduction of graphene oxide
The chemical reduction adrapheneoxide sheets produces a stable colloidal dispersion of
GO. A sonication or long stirring methodse appliedafter dispersing the graphene oxide in
the solventsuch asalcotol, water and other solvents. Additionally, GO @doliatein the
polar aprotic solvents themactwith isocyanatd81] and octadecylaming82], which is an
organic compound or surfactaf®li 83]. Appling this method presented poor thermal
stability and low electrical conductivity of GO/polymeranocompositeswhereas the
chemicalreduction of ® led to therestoration ofelectrical conductivity. This method also
shows a limitation in the applications, due to the hazard of chemical reductions and material

costs[81,82,84]

b) Thermal exfoliation and reduction of graphene oxide
Dry graphene oxide was heated under inert gas at a high temperature to prtiuerreah
reduction of graphene oxide (TRGO). TR@&®roduced by heating GO up to 108D for 30
secondg85i 88]. This reductiordegradeshe epoxy and hydroxyl located in the GO structure
and holds the nanosheets of GO together via van der Waals forces. This degradation reduced
the GO mass by about 30%, due to degraded oxygen groups [114], whereas the volume

expanded by betweel00 to 300 itmes, due to exfoliation. Thiproducesa very lowbulk
13



density of thermal reduction of the G@nosheets, due tbe weightlossin form of CO,
[85,86] The electrical conductivity is restored by the thermal reduction, which settles at

between 10 to 20 S c¢hof film and a density of 0.3 g ¢hig5].

An alternative greereduction method of GO reported by Zhou et[88], used a
Awabalyo method of dehydrating the hydroxy
the hydrothermal temperatures. They reported combined advantages, including repair of the

aromatic structures and removal of oxygen functional groups from GO

These methods present a large number of different scales and quantities of single or
multiple layers of graphene. These methods offer a wide range of important nanocomposite

applicationsFigure2-5 summariseshe preparation methods of graphene and graphene oxide.

Exfoliated &
Dissolution

)

Direct
sonication

Mechanical W

Graphene
cleavage J

Electrochemical
exfoliation

Graphite Chemical or

Oxide Thermal rediiction

Figure 2-5: The methods of produce graphene and modified graphene starting from graphite

and graphite oxide (GO).
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2.3.3.3 Functionalisation of graphene

Many materials can bhgsed tdunctionaliz graphene; the three main methods are as follows:

a) Functionalization with small molecules
Small molecules, such as surfactants, deoxyribonucleic acid (DNA), proteins, pyridine,
complex compounds and anticancergdrare the most popular molecules for functionalizing
graphene. This methddadsto the enhancement of various electronic, optical, anddb&ed
properties or solutioprocessing capabilities, arah important purpose of this method is to

improvesoluhblity in various solvent$80,90]

b) Functionalization with nanoscale objects
Nanoobjects, such as nanosheets, faines, nanerods and nanopartes, are used to
functionalizegr aphene, which depends on the mater.

offers potential applications of graphene in electronic and optoelectronic appli¢afipns

c) Functionalization with polymers
Functionalizing graphene with a polymer as finectionalizingmolecule improves graphene
dispersion in variousrganic and inorganic solvents, wh¢®2] reported a nevdesign and
synthesis of the graphene composite using arodicoil conjugated triblock copolymer
(PEG-OPE), as a binding stabilizer, in order to modify the reduced graphene oxide (RGO),
where a notable enhancement in the dispersion of graphene appears in the organic solvents
and water using the amiuterminated polystyren@3].
2.3.4 Applications of graphenebased materials
Graphemr is a fast develoipg field with different applicationglue to its unique structure and
properties. In spite of the characteristics of graphene, it is still linmtedhny applications, as
graphene faces the challenge of inducing and controlling the functionalizing of graphene
sheets For example,it is weakin absorbing lightand his makes graphene unsuitable for

collecting solar light efficiently. Recently, researchers have focused on using graphene as a
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general platform for nanocomposites, which offers many possibilibesenergy and

environmental appliceons[12,94]

2.3.4.1 Functionalized graphene for energy applications
Functionalized nanocomposites have been investigated for many eaktgy applications,

such as:

a) Solar energy conversion: Photovoltaic anghhoto-electrochemicaldevices
The first exploration with pure graphene wadransparent electrode solar c4B%,96], then
in photovoltac and photoelectrochemicdkvices, and as competitive transparent electrodes
[97199]. Furthermore, graphene can be not only a condugiiz#orm but also anactive

element, such as an electron acceptor in photoelectrochemical and photovoltaic[8é}ices

b) Artificial photosynthesis
Graphene has been used in inorganic semicondbes®d photochemical water splitting
applications because it can replace the noble metal cocatalysts, such as platioparticle
[41]. It can alsdbe used as conductive chann@leang et al[100] reported preparing pure
titanium oxide (TiQ)/graphene nanocomposites thrbugacilegel processingas phote
catalysts for generating,HTheir results showed 1#mes higher hydrogen evolution than

TiO..

c) Electrochemicalenergy devicesLithium and lithium -ion batteries
Rechargeable lithium ion batteries (RLBs) and electrochenticuble layer capacitormre
considered to be clean energy devices, being made from graphsee electrodes, as

reported in several publicatiofts01,102]

d) Supercapacitors
Graphene, with its excellent electronic propertisggrovesthe capacitance and the stability
of electrochemicalin the supercapacitor electrodes. For instance, graphene is used as a

negative electrode in an asymmetric supercapacitor tmgamese dioxide (M)
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nanowire/graphene composite as a positive electrode pfdwsdesan energy density of 30.4

Wh kg* and high power density at 7.0 Wh'kgs showrFigure2-6 [103].

Graphene MGC

Current Collector
Ni Foam

Current Collector
Ni Foam

Separator

+

1M Na,SO, Solution
Figure 2-6: The asymmetric supercapacitors using graphene as the negative electrode and a
MnO, nanowiré graphene composite as the positive electr¢gdeaptedwith permission

from ref.[103]. Copyright2010,American Chemical Society publicatigns

e) Fuelcells
Graphenenanocompositefiave produced new alternative metal electrocatalysts that have
been widely applied as electrocatalysts in fuel cells for hydrogen evolution reaction, methanol
oxidization and oxygen evolution reaction. Guo et [d04] fabricated theseveAnanometer
ironi platinum nanoparticle (FePt NP)/grapher@ocompositessing asolutionphaseself-

assembly method, where graphene helps to improve nanopatrticle activity and durability.

2.3.4.2 Functionalized graphene nanocomposite®r environmental applications

Environmental sensing and monitoring of remediation are promisipglications of
functionalizd graphene nanocomposites. This is considered as a platform for preparing the
removal of hazardous species in the environment ad | as an organi smods

sensing inorganic ions. Moreover, graphene and graphanecompositesan be used to
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bring about organic species degradation, to act as environmental gas sensors for bacterial

detection and to detect aremoveheavymetal iong94].

a) Heavy metal ion detection and removal
Wen, et al. [105] developed graphene nanohybrids/sHspecific cytosinaich
oligonucleotide (SSO) nanocomposite detectionemgit is a fuorescence sensor and is very

sensitive to silver ions (Ag+) with a detection limit of 5 nM, as illustratd€ignre2-7.

Graphene Oxide

Ag SSO SSO E No Ag"

Figure 2-7: The fluorescence sensor for Ag+ ion detecti@udapted with permission from

ref. [105]. Copyright201Q The Royal Society of ChemistBublications).

b) Degradation and removal of organic species
Graphenenanocompositeare used to reduce or direetmoval of organic species. These are
considered to be the most serious environmental pollutants. Agf@phene nanocomposite
photocatalyst was prepared by Zhang e}14l6] for the photedegralation of organic dyes in

both visible light and UV: for instance, methyl blue (MB).
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c) Environmental gas sensors for inorganic and organic vapour
Applying graphene to a vapour pollution is a good detection method for various gases, such as
nitrogen dioxideg(NO,), nitric oxide (NO), carbon monoxide (CO), carbon dioxide £C&nd
hydrogen (H) in addition to acetone, benzene and tolugt@®i 111]. Many studies have
improved these sensors. One of the most impogamdieswas by Ji et al[109], who
prepared the toxic organic hydrocarbon vapour detection after the reduction of graphene
oxide. Layerby-layer assembly methodgere used topreparegraphenebnic liquid (G IL)
films, as shown ifFigure2-8. The increase in graphene layer spacing enhances the adsorption

of aromatic ga$109].

graphene G-IL composite
oxide ‘o ‘
reduction 3 layer-by-layer
- 1 assembly
ionic liquid
q b

1, A
quarz Cf.S{ﬁ'th NCHOS

/\
/NQ/N~R X~ 7 . O\
<N balance (QCM)

EMImMBF,: R = C,H,, X = BF, /Nj 5F, .
BMImBF,: R = C,Hg, X = BF, SO; Na

BMImPF: R = C,H,, X = PF, DEMEABF | poly(sodium styrenesulfonate) (PSS)
HMImBF,: R = CgH,,, X = BF,

Figure 2-8: The graphen#nic liquid assembly for organic vapour detection using a quartz
crystal microbalance(Adapted with permission from ref[109]. Copyright2010, Wiley

publications)

d) Bacterial detection and removal
There are interesting inttions betwee graphenebasedcomposite materials and bacteria.
This is associated withnvestigations into bacteria detection and remojil2,113]

Figure 2-9 demonstrates théioselectively detected bacteria at the singlell level by
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antimicrobial peptide/graphene hybrids. The amazing thing is that the graphene narohybrid
based biointerfacesare capableof working as sensors for remote pathogenic haate

monitoring without batteries, which is promising for future applicatjadg].

Figure 2-9: The graphene oxideased hybrids with a&ilver enhancement for detecting
sulfatereducingbacteria (SRB)(Adaptedwith permission from ref{114]. Copyright 2012,

Nature publications).

e) Field effect transistors
The graphene carriers are bipolar and the uniogunel structurewhich was useds a gateo
control the electrical and fieldi76]. Many researchers have investigated the f&ffdct
mobility of graphene (FET) devicd$6,115,116] which are valued more highly than silica
devices. This achievdargescale transistor arraysith uniform electrical propertiegl17],
whereas the operation of the frequency of graphene FET reaches a high of up to 26 GHz by
top gate geometrfd18]. One of the mosimportant applications of graphene is that it can be

used as a singlelectron transistor (SET119].

f) Transparent conductive films
Graphene promises to prepare transparent conductive films (TCFs) because ihiglas a

optical transmittance in a spectrum visible range, high conductivity of electricity and high

20



carrier mobility[120]. Composing anodes with reduced graphene oxide nanosheets exhibits a
specific capacity of up to 54MA h g>. An increase in the storage capadiyrelated to

increases the interlayer spaculigtancebetween th graphene shedg2].

2.4 Polymer/graphene nanocomposites

Recently, the family of carbon has attracted significant attention lass@ nanofillerfor
materials due to the unique properties and various derivatives of graphite, such as carbon
nanotubes and graphene nanoshgtsGraphene is not just a traditional nanofiller with high
mechanical propéies but also has derivative materials with impressive functional properties,
such as fluorescence quenching, electrical (9eounductivity, anisotropic transport, low
permeability, and unique optical transportatid21,122] whereasthese functional groups

and asignificantamount of the sphybridized carbon backbone structure render the graphene
oxide nanosheets with lagh degree of planarity123] and a large surface area to volume
ratio [124]. Polymer graphenenanocompositesdemonstratethe tremendous potential
enhancemenin chemical, electrical, mechanical performance and thermal properties, even
with a small fraction of graphene, which was used in this case to reinforce the polymeric
matrixes [121,125] Graphene and graphene oxide show a wide range of emerging
applications, such as nanocomposites, healthcare, biosensisgraicdnductorgl9,20]

2.4.1 Preparation of polymer/graphene nanocomposites

The morphology of the nanocomposite is the key to improving the properties of
nanocompositesThis depends on the nanocomposite processing approach and graphene
preparation method. Graphite particles are difficult to disperse using a conventional
processing technique due to the high aspect ratio of gragh2heGrapheneneedsto be
produced by specific methods that can achieve effective dispersion in the polymer matrix. The
methods of mparing graphene nanocomposites have been develgadpfwhich with its
advantages and shortcomin@pecific nanocompositesapable of improvinghe properties
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of nanocompositefiave been fabricatedy adopting suitable preparation methods, where
solvent, melt andin-situ polymerizationprocessing methods are the three main ways of

preparing polymer nanocomposites.

In the solutiorbased methods, the suspensions of GO/graphene are mixed by stirring
or shear mixing with the desired polymer. In this method ptiigmercould eitherbe added
to the GO/graphene suspension after dissolving it[126]. In the nelting methods, the
polymer and filler are melted in a dried powder form during mixing under high shear
conditions. The melting methods are compatible with many current industrial practices.
Consequentlythey areoften considered to be more economicahtpeevious approach¢s],
but only a limited numbeof studies have usdbesemethod, due to the thermal instability of

the modified graphen@d?2].

The in situ polymerization metl can produce neat, multiple or solutions of
monomer and a dispersed filler to prepare the polymer comp{k2éf Many studies have
reported using in situ polymerization methods of a variety of polymec$, aspolyethylene
[127], poly(methyl methacrylate)128] and polypyrrogé [129]. This produces a covalent
linkage between the filler and matrix asngwosites. Graphene/graphene oxide can be
covalently bonded, not only with particles such as amide bonding and atom transfer radical
polymerization diazonium sa]83] but also with other materials, such as idigeids [130],

perluorophenylazid¢PFPA)[91] and porphyrirf131].

Solution mixing and in situ polymerization methods offer the saned t& dispersion
of the filler,which is better dispersion than thelting method132]. Many molecules can be
noncovalent wherattached to modifiegraphenefor instance 1-pyrenecarboxyli@acid [90],
dendronizedperylenebisimide4133] and Xpyrenebutyratg134]. Stankovich et al[135]
investigated using organic isocyanate to treat the graphene oxide by carbamate esters or
amides formation, which is commonly usedftimctionalizethe graphene sheets covalently.

Using the carbamate esters lead to a derivatitheo$urface with hydroxyl functional groups
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[136], whereas amide formatigoroduceshydroxyl groupg137] on the surfaces treated with
graphene oxiderigure 2-10 shows the covalent functionalizatioh graphene oxide with an
aminefunctionalized porphyrifil31] and graphene sheets whbrfluorophenylazid¢PFPA)

by photochemial or thermal activatiof©1], respectively. The choice of method depends on
the type of inteaction, properties and application required. Therefore, graphene can offer

many potential applications with these methods.

(A) (B) Graphene + PFPA1

e F
5% H"I/J

® —

7 fluorescence

Figure 2-10: (A) Graphenéporphyrin hybrids produced by amine covalent bondindy.
Mater. (Adapted with permission from ref[131]. Copyright 2009,Wiley publication3 and
(B) functionalization of pristine graphene with PERAdaptedwith permission from ref.

[91]. Copyright 2010American Chemical Societyublications).

2.4.2 Interfacial interaction

The strong interfacial bonding is very necessary dahancingthe properties of the
nanocomposites, such as the mechanical properties. This requisé®ng interfacial
interaction between the reinforcement fillers and plaédymer matrix. The mosteffective
factor in this strong interfacial interaction is the efifee dispersal of thdiller with the

matrix. However, the matrix will yield, if the interfacial interaction is stronger than the
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matrix, whereas dbonding may be initiated between the polymer and filler along the
interface due to the weak interfacial amdction. This leads to aggreghteanofillersin

solvents due to strong electrostatic interactions and van der Waals forces between the
nanofiller layers andmatrix. This aggregain leadsto a reduction in the mechanical
properties of thgolymermatrix. Van der Waals forcess considered very important at the
nanoscale, even though it is a weak force because of the large surface area per unit mass of
the nanomaterialgl]. The reductionin the aspect ratio of the nanofiller small size of fillers

presentanother important reason for reducing the reinforcement d#ti88].

On the other hand, a hydrophotbacki nvgana ro
physical bondghat act on a polymer with nefanctionalized graphengl39]. Therefore,
graphenalispersesvith different types of solvents. This depends on the exfoliation procedure
with the aid of asurfactant:for instance,water with sodium dodecylbenzene sulfonate
(SDBS), surfactants as dimethylformamide (DMF), cyclohexanone as organic solvents,
chloroform, acetone and isopropanol as low boiling solvida8]. For better dispersion, the
concentrations of surfactants must be below the critical micelle concentration in case of
graphene and carbon nanotulpg4l], where the low concentration sfirfactanieadsto an

enhancement of the dispersion qudlit$2,143]

The graphenesheets stack together several hundredsaobnetresthick by van der
Waals forces in graphite. These forces prevent the stack of graphene sheets interacting with
the polymerleadingto limited performance, which is a similar phenomensmf the clay.
The dispersion of nanoparticlesthe solventould be improved using an acoustic solution or
functionalization, whereas the latter coaftect the properties of some nanoparticles, such as
carbon nanotubgd.44]. The use of strong acids or ultrasonication rslagrtenthe length or
unzipthe particleg145]. The significant reduction of the transfer of loads between the shorter
carbon nanotubes and polynaan result fronpresent a reduction in the aspectaaf the

nanofillers[4]. The amount of GO dispersion in polymers governs the interfaatehction
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[146], due to hydrogen bonding, van der Waals attractions and/ecovatent electrostatic
interactions between the polymer and filler in the nanocomposites, where the properties of the
polymer naocomposites depend on the structure, properties and interfacial characteristics of
its constituentd147]. The interfacial adhesion betwe#ime nanoparticleand the polymer

matix determines the stress transfer, which can reduce the cooperating segment mobility of
the adsorbed polymer onto the nanoparft8]. Many types of methods have been used to

bring about reactions of polymers with nanofillers.

2.4.3 Properties of polymer/graphene nanocomposites

The types of nanofillers or components usedehan important effect, improving the strength
of interfacial interaction and composite homogeneity. THead to improvements inthe
properties of the polymer nanocomposi{éd49]. Significant attention has been given to
polymer/graphenenanocompositeg12]. A considerable amount of literature hagen

published on polymer/graphene nanocomposites.

The first preparation and analysis of polymer/grapheaaocompositeemerged
during 2006,when Stankovich, with cavorkers[150] applied different methodsush as via
molecularlevel dispersion of individual items, complete exfoliation of graphite and
chemically modified graphene sheets with the polymer, which led tedactionin the
graphene with polystyrene, They succeeded in enhancing the electricattipomf the
polymer using graphene. The electrical conductivity of this composite gradually improved
from ~0.1 S rit at 1 vol.% to ~1 S at 2.5 vol.% within an increase in graphene sheet
loading to above 0.5 vol.%, as shownFigure2-11. The exceptional physical and potential
properties of graphene, which is usedhasofillers showed great promise for becoming an

inexpensive productvailableon a largescale[150].
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Figure 2-11: The electrical conductivity of the polystyregeaphene composites as a function
of the filler volume fraction(Adapted with permission from ref[150]. Copyright 2006,

Nature pultations).

In 2008, Ramanathan et a94] reported animprovementin glass transition
temperatures and the thermmeechanical properties of functiomsd graphene/polymer
nanocomposites, where the glass transition temperature was increased %y @f0
poly(acrylonitrile) with a 1.0 wt.% loading ratio of functionalized graphene, whenelgsa
0.05 wt.% ratio ofunctionalizing graphemincreases the ags transition temperature to %D
of poly(methyl methacrylate). Functionalized graphene/poly(methyl methacrylate)i (FGS
PMMA) provides an improvement of 1 wt.% and 33% for 0.01 wt.% of the thermos
mechanical property and the elastic modulus, respectivetgpared to singtevalled carbon
nanotubes/poly(methyl methacrylate) (SWIN'MMA) and expanded graphite/poly(methyl
methacrylate) (EGPMMA) composites. Functionalizing graphene sheets with various
polymers provided good interactions between the polymergaaphene sheets. The high
surface area and the oxygen functionalities of graphene allow for very good idispath

better, more intimate interaction with pofaslymers such as PMMA.
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This leads to thecreation ofa percolated domain of strong integsk interaction
between the graphene and polymer that introducéise dramaticimproving in the thermal
and mechanical properties even at low loadings, such as 0.05 &ag.%hown in
Figure 2-12. Additionally, othercomposites illustrated an extraordinary difference in the
interfacial  interaction between the nanofiler and the polymer matrix.
Figure 2-12 summarizes the enhancement in the Young modulus, glass transition, ultimate
strength and thermal degradation of (FBSIMA) instead of (SWNTPMMA) composites

and (EG PMMA) [94].

18- mem PMMA
' SWNT-PMMA
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Figure 2-12: The property improvements glass transition temperature and Thermomechanical

properties(Adapted with permission from ref94]. Copyright 2006Nature publications)

In 2010,Huatingand ceauthorg151] reportedan environmentallyfriendly technique
to functionalize the graphene sheets and prepared polystyrene/absorbed graphene
nanocomposites. Grapheimmprovesthe thermal stability of polystyrene, which starts to
degrade from between 270 and 4ZDto a higher tempature range, from 350 to 45C.
Also, theglass transitioiemperature of polystyrene increased from°@0b 109°C after the
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incorporation of the graphene. The reason is that graphene can impose a strong interfacial
interaction with gpolymerthat lead to restrictions on mobilizing of the macromolecules of

polystyrene with homogeneous heating, as showiguare2-13, respectively.
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Figure 2-13: (A) TGA and (B) DSC curves of (a) PS and (b) PS/grapmammcomposites
sand.(Adapted with permission from ref151]. Copyright2010,American Chemical Society

Publications).

Zhao et al[149] reported the effect of the loading ratios of graphene on the tensile
strength of the polymer nanocomposites. The tessiagth was enhanced by 150%, 42 MPa
with a 1.8 vol. % loading ratio of graphene in the nanocomposites, whereas adding a lower
loading of 0.6 vol. % graphene led to @mhancemenh the modulus up to 73%. The strong
interfacial interaction between grapteewith the polymer matrix and good homogeneity of
the compositegnprovedthe mechanical properties of thely(vinyl alcohol) matrix with the
lower loading of graphene, whereas increasing the loading ratio of graphene also decreased
the value of the elayation at break from 220% to 98%, accordingly. This could be attributed
to restricting the movement of the polymer chains by the large aspect ratio of graphene, and

interaction with the polymer matrix. Therefore, adding further graphene to the matrix is
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asumed tore-stackthe graphene sheets, via van der Waals forces. This could reduce the
effective enhancement of the mechanical properties during the tensile testing by the slippage

of stackedyraphene sheets, as showirigure2-14.
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Figure 2-14: The typical stresstrain plots of the nanocomposites with various graphene

loadings.(Adapted with permission from ref[149]. Copyright 2010, American Chemical

Society Publications).

In 2012, Potts[12] developedprocessedo investigate the structure and property
relationships of graphene/polymer nanocomposié$erent reduction degrees of graphene
were prepared from graphite oxide. Graphene w&persedinto various elastomers and
thermoplastic polymers using a developed solution and melting dispersion méingit.
electrical and thermal conductivity were revealed for the solution treated samples compared to
the milled samples. This resulted from ttiéference in morphology due to the different
preparation procedures. The incorporation of redugpeghene oxide (RGO) significantly
increased electrical conductivity, where more pathways for conduction, provided by the
segregated filler networks in thelstion treated samples, compared to the milled samples
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a solution methodgraphenealso exhibited a better enhancement in electrical and thermal
conductivity of natural rubber (NR) ashown in Figure 2-15 (A), in addition to the

mechanicapropertiesas shown irFigure2-15 (B).
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Figure 2-15. (A) The electrical conductivityand (B) hermal conductivities of solution
treated and milled RGO/NR nanocomposites as a function of RGO lodédihapted with

permission from refl12]. Copyright2012, The University of Texas at Austin)

Several reports reveal that polymer/graphenanocomposites improve matrix
properties suclas strength, stiffnessand electrical and thermal conductivity atedatively
low ratio of graphene loadind 52]. Thesecharacteristicsnake grapheneery promising for
potential applications over a wide range of areas, such as solajl&8]stransistor4154],
memory devices[155], batteries[156], the environment[157], supercapacitord158],
catalysts[159], medicine[160] and transparent conducting electrodésl]. Synthesis
methods, important features and some applications of graphene are demonstrated in

Figure2-16[145].
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Figure 2-16. Scheme illustrating various conventional preparation methods of graphene
sheets, important featuresnd current and prospective applications of graphekeapted

with permission from ref145]. Copyright2012, Elsevier publications)

2.5 Adsorption of polymers onto nanoparticle surfaces

The surface energy of a solichaterial usually appearsas heterogeneous distribution.
Therefore, if the gas, vapr or liquid molecules are near enough to the surface they may
interact and becomeonded Physical adsorption involves relatively weak forces, such as van
der Waal's forces, which result frotine weak solid-gas interaction. Therefore, the adsorbed
molecules are ndboundedto a specific location on thsurfacebut may diffuse along the
surface of the adsorbent material. Physical adsorption is easily reversed, due to weak binding,

whereaschemical adsation is difficult to reverse, as froducesa chemical bond between
31



the adsorbent and the adsorptive, whiatludesthe share of electrons between it, and it may

be regarded as the formation of a surface comp{iL6g].

The interactions between the surfactant and the solid surface as the adsorption of a
surfactant has been extensively studied in simulations and theoretical, in addition to several
experimental investigations, such as atomrcdamicroscopy (AFM]163,164] ellipsometry
[165], neutron reflectiof166] and quartz crystal microbalance (QCN)67], as well as
adsorbed aggregate thickness on different substrates. The adsorption energy of homogeneous
surfaces depends on the availability of different adsorption sites because it is a function of the
spatial location[168]. Moreover, the density and proximity of adsorbed species are

considered important to the intermolecular interact[@69].

Understanding the structure and surface chemistry of the mateiapa@tant for
good design and efficienttilization of the properties of polymer nanocomposites. Several
factors, such as surface chemistry,igostrength and solution pH influence the process of
surfactant adsorption onto the solid/liquid interface and the morphology of the aggregates on
the substrate surfaces. Thefsetors influence adsorption processing on the nanofillers
surfaces[170]. The properties of the adsorbed layer are determined by intermolecular
surfactanisurfactant interactions, as well as electrostatic hydrophobic aspects, the surfactant,
the solvent and van der \Ala interactions between the mater{dlg1)]. Therefore, exploiting

the popertiesare important issug446,147]

2.6 Adsorption of polymer onto graphene oxide nanosheets

2.6.1 Poly(ethylene glycol) and poly(ethylene oxide)
The general formula gidy(ethyleneglycols) (PEG) isH-(O-CH,-CH,),-OH, where n is the

number of repeat units. It is a solid or liquid polymer, beaagpicrystallingpolar, and highly

hydrophilic nature, with water retention and lubrication properties. The molecular weights for
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PEG above 20000 g mtdre called poly(ethylene oxide) (PEQL72]. Their chemical
properties are nearly the same, bue tothe chain length effect shodifferent physical

properties (e.g. viscosity).

PEG has good solubility in both organic and aqueous mediech involves hgh
flexibility and hydration. Furthermore, it appears to have no immunogenicity, toxicity, or
antigenicity. These properties make PEG an important polymer of various applications, such
as pharmaceutical, biomedicfl73] and polymer electrolytd174]. Moreover, PEG is
considered to be aommercial polymer in some applications, such aslymerdrug
conjugateg175i 179], batteries,supercapacitorand fuel cell applicationfl80,181] Each
molecular weight of PEG has a different applica{ib®2]. The low ionic conductivity of the
conventional PEO solid polymer electrolytes is thempaioblem forPEO. This is relatetb
the relatively wealinterfacial interaction as also presented a waakhanical properties.

2.6.2 Effect of graphene oxide on adsorption behaviour of poly(ethylene glycol)

The incorporation of a nanoscale filler may enhance the properties of polymer materials, such
as their mechanical, electrical, thermal and/or magnetic properties, without losing optical
transparency183]. The interfacial polymer constitutes a significant volume fraction of the
nanocomposites. Therefore, to achieve this goal, understanding the unique structure of
nanacomposites and the interfacial interaction between the nanofiller and polymers is

considered of paramount importance, as they govern the property of the nanocojb@8kite

The adsorption mechanism of PEG was reported to be a systematic adsorb onto
flocculate silica particles by Rubio and KitchendB4], where the hydrogen bonding
mechanism involved ether oxygen and isolated surface hydroxyls, such as silanol groups of
the PEO molecule. This insidered to be thmechanisnof the principal adsorption sites
for PEO [185], whereasthe degree ofmanofiller dispersion in polymers influences the

interfacial interaction$146], including hydrogen bonding, van der Waals attractions and/or
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electrostatic interaction beeen the polymer and filler in the nanocomposites. The interfacial

interaction between the polymer and filler further determine the stress triddsdpr

Other factors, such as tlsarfacechemistry of thenanofiller, ionic strength, pH and
polymer matrix properties, also affect the interfacial interaction and adsopptioess on the
nanofillers surface§170]. Therefore, exploitingthese propertieof the polymer chains
adsorbed on the nanofiller surface and quantitative evaluation of the interphasefzone
nanofiller arise as important issyég6,147] The unique properties of a GO sheet werel use
to improve the material properties, such as thermal storage, aseecapgritor and in
adsorptiorof PEG. In 2014Qi et al.[186] used GO for the solid/liquid phase change process
and enhanced the heat storage densiBEf&basedshapestabilized nanopatrticles, as well as
their thermal energy storage. Other researchers have used ethylene glycol to reduce the

graphene oxid@olypyrrole composite for the supercapacitor applicgtl&T].

BarroseBujans and coeworkers [188] investigated poly(ethylene oxide) (PEO)
adsorption onto GO anceduced graphene oxide (RGO) using the calorimetry diffraction
scanning (DSC), employing eombinationof diffraction and spectroscopic methods. The
study observed that the total amount of PEO intercalated between the interlayer space of GO
was 20 wt.%, whreas the amount of adsorbed PEO on the surface ofaB@sheetw/as less
than 1 wt.%. This is a consequence of topological constraints and hydrogen botetdtioat
the complete suppression of tleeystallization phenomena during the restriction of the
mobility movement of the PEO chains. The same gi{@dp also reported the effect of GO
oxidation degree and thermal exfoliation of RGO on the uptake of PEO. The amounts of PEO
intercalated in GO was increased from 9 wt.d/27 wt. % by increasing the G&xidation
degree, which reached 0.38 as a maximum ratio of O/C. A large endotherm presented at 333
K for the neat PEO, with a small feature at 255 K, corresponding to the regions of crystalline
melting transition, whereasdlglass transition of amorphous PEO was at 218 K. Clear glass

transition presented at 209 K and the melting transition showed at 304 K of the PEO. In the
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PEO/Graphene nanocomposites, the glass and melting transition temperatures were found to
be lower tharthe values of neat PEO. The shifting of the glass and melting transitions was
related to thedditionalconformational flexibility of the PEO applied by grapheHewever,

in both these studieg4,188] PEO was unable teither crystallizeor display a glass or
melting transition with GO and RGO because the PEO chains were intercalated between the

nanosheets.

Consequentlythe authord169] investigated using highesolution inelastic neutron
spectroscopy (INS)o provide insights into confined and adsorbed PEQym@phite oxide
nanosheetwith various degrees of reductiomfhe amounts of intercalated PEO in the
samples were 27, 21, 2, and 28.% of PEO/GO, PEO/partial reduced GQR(GO),
PEO/RGO, and PEO/grapie (G), respectively. Theoxygen/carbon (O/C) ratio was
calculated as follows: GO (0.40), gRO (0.30), RGO (0.13) and G (0.13) of these samples.

In the PEO/G nanocomposites, the PEO exhibits a glass transition and melting peak at 304 K
and 209 K, respectely, for these samples only, which gives lower values ohdaPEO, as

shown inFigure2-17.
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Figure 2-17. Temperaturanodulated differential scanning calorimetry (ADSC)
measurements for PEO/GO, PEO/GR, and PEO/G. (Adaptedith permission from ref.

[169]. Copyright 2012 American Chemical Society Publications
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The same groufil89] went on to investigate the effect of the chain sizes of adsorbed
ethylene glycol (EG) onto Gnhanosheetausing a high-resolution INS technique. The
structure and dynamics of confined polymer in GO interlayers were notably changed due to
the d¢rong geometric restrictions of EG and PEO by the GO nanosheets. Restricting the
polymer ledto a significantreductionin the vibrational motions of polymer chains by GO. In
all of these investigations yarroseBujans group$74,169,188,189]clearevidenceof the
disappearance and complete suppression of the glass and melting transition of the PEO phase
on both the GO and RGO nanosheets of PEO/GO, pi=G0O, PEO/RGO, small PEG chain
PEG/QD and large PEO chain PEO/GO sizes is seen, despite the use of different preparation
methods, mechanisms and technics. All these st(id#&$69,188,189have shown that the
PEG and PEO are strongly restricted between the GO orm@0&sheetbut are adsorbed on

graphene.

The findings above atch the results of other studies that have focused on adsorption of
PEO. The PEO can bstrongly restricted througy hydrogen bondingy the layers of
montmorillonite [190], fluoromicabased clay{191], hematite, alumina surfadd92] and
smectiteclay [193]. These materials exhibited no glass or melting transitions in the PEO
phase.Yuangand Sheri193] demonstratethat the high molecular weight PEO wadsorbed
as monolayer coverage, which was formed as train sediments predominantly on the surface of
the smectiteclay. However,PEGsare consistently adsorbeato silica[194] and oxides such
as SiQ, MoO, and W05 because they contain a strong Bronsted acid site on the surface that

tends to interact with the ether oxygen &@[185], as well as grapherf&69].
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2.7 Effect of polymer functional groups on adsorption polymer behaviour

2.7.1 Poly(methyl methacrylate)
Poly (methyl methacrylate) (PMMA) has been widely applied in many industrial and

important applications, such asrdal fillers, tooth structuresnd bio-applicationsbecause it

is amorphous, thermoplastic and inexpengl@5,196] In addition, it has excellent chemical,
physical, biological, and mechanical properties. PMMA has drawn considerable interest
because of a desire to develop materials for appicatin polymeibased memory devices
[196]. The high C/O ratio graphene surface is more compatible witRNHEA [197]. Meng

et al.,2014[198] reported a grear improvement in fracture toughness and solvent absorption
resistance when investigating the interface effect on structure and properties of
PMMA/graphene nanocomposites.

2.7.2 Effect of polymer functional group on adsorption behaviour of polymer on

graphene xide

Stable and fine homogeneous dispersion is the key event needed to produce good interfacial
interactions between the polymers amahofillersto enhance thgolymer nanocomposite
propertieg199]. Therefore, most of thavestigationfocused orincreasingthe homogeneity

of the nanoparticlesby functionalizing them, such as with silica and graphi@@®]. This
provided asignificantimprovement in thability of the nanoparticles compatibility to interact
with polymers.This functionalization of nanoparticles could change their properties. This
offersa variety of possile ways of applying nanopatrticles, suah medica[201], electrical
[202], optical [203] and mechanical204]. For instance, Sui, et d200] investigatedthe
modification ofhairy silica nanoparticledHSN9 with different functional groups as additives

to polydphaolefin (PAO), which, when using functionalizinglSNs, can form a stable
homogeneousolution and has good amwiear and friction reduction properties, in order to be
dispersed in PAO. FunctionalizingSNswith NH illustrated the best fricticneduction and
antrwear properties, where the npolar end groups increased the compatibility between the

HSNs and PAO.
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The singlegraphene sheetendto undergo agglomeration due to strong A and
Van der Waals interactions because graphene has no functionpkdn the structure, which
means it has lower compatibility with thelar polymers[205]. This leadsto a significant
influence on the final nanocomposite properties. To overcome this problem, increasing the
compatibility of the graphene with host polymer isrequired [206], where the fine
homogeneous dispersion between the polymer and graphene enhgince the
polymer/Graphene nanocomposite properties. Therefiifferent functionalization methods
were applied teexpand te current use of graphene and offer a new number of potential
applications of graphergased materialf207]. This depends on the methods and materials
used, such as noncovalent, covalent, hybridization with nanoparticles and substitutional

doping[207].

In the covalent functional modificatiosignificantprogress was made when attaching
small organic moleculesnto agraphenesurface. This exhibited better interaction than the
noncovalent functionalize group, which involves weaker and lower force interaction between
the graphene surface and molecul@89]. Bai et al[208] reported functionalizing the
graphene sheets with naovakent functionalization to prepare sulfonated polyaniline
functionalized graphene composites. This composite presented a stable, good electrocatalytic
activity and high conductivity. Jiang and-aathors[204] investigated functionalizing silica
nanoparticles with -&minopropyltriethoxysilango prepare silicdunctionalized GO, then
mixed this with epoxy to prepare the composites using a solution method. They reported a
good interfacial interaction between the fillers and the matrix, sutife@steractionbetween
hydroxyl and amino grouphis interaction enhanced the mechanical properties due to the
good dispersion of silicdunctionalized GO into the epoxy, where the tensile strength and

modulus improved to 29.2% and 22.0%, respectively, compared to pure[8p6ky

38



2.8 Effect of the size of graphene parti@ds

A good compatibility and the homogeneous dispersion of nanofiller with the polymer matrix
have been reported as important factors in achieving efficient reinforcement in the final
polymer nanocomposited26,210] The incorporation of graphene can oftersignificant
enhancement of nanocomposite properties from the keukn ata low loading ratid183].

The effective length scalef the nanoparticles like GO nanosheets can vary from several
hundred nanometers[146] to several microns[211] in the polymergraphenéased
nanomaterials. Thiglaysan important role in the interfacial adhesion &aasference ahe

load stress from the polymer matrix to the nanoparticles. Poor staeséerwas relatedto

the not particularly strong interfacateraction between the fillers and the polymer matrix

[146,152,212]

Despite the | ower Y o0 u npgodide some aduahtage foroaf G(
stronger interface with the matrix due ttee presenceof the functional groups compared to
the presentof graphene or graphite particlggl3]. Furthermore, both experimefl4] and
theory [152,212,215,216]d e monst rate the interface (the
important interaction between thelldr and polymer matrix when considering the
reinforcement mechanisms of the nanocomposites. Datailsare missing and required for
understandinghe effect ofatomicscale mechanismson stresstransferby the interfacial
interaction at polymegtaphene nanocomposit¢s52]. Therefore, the aspect ratio of the
nanofiller is considered to be another important factor that stromglyences the
reinforcement of the mechanical propertafspolymer nanocompositefgl,138] However,
controlling thefiller size is required to achiev@gh-performanceinterface interaction and
better transfer of the stress between the filler and polymer matrix of the polymer

nanocomposit§l52,211,212,214216]

Recently, both theoretical[152,212] and experimental studief211,217] have

examined this important issue in thmderstandingof how the filler sizecontrols the
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mechanical respors For example, the interfacial stress transfer of-digsitypolyethylene

graphene nanocompositess theoreticallynvestigatedoy Weerasinghe et dl152] using a

multiscale atomistito-continuum approach. They developed a modified stagamodel of

short nanofillers and illustrated the stress concentration at the ends of fillers, providing a

dependence ofiller size. This was obviously determined from atomistic simulations in the

correct accounting of stress without any ad hwdellingassumptions. They quantifigbe

atomiclevel stress profiles in graphene fillers using two parameters to quantify the end stress

concentration and one for tisbearlag parameter, which is reliable for fillers with10 nm

dimensions. Their model developed a sHagrmodel of hierathical multiscale models of
short filler 2Dfiller-basednanocomposites for solutiggrocessed 2D materials. Additionally,

the elastic moduli increased with an increase in the radius of graphene particles in the

composites, as shown igure2-18.

Figure 2-18 Elastic moduli ofhigh-densitypoly(ethylene oxideyjjraphene nanocomposites

computed from molecular statics and molecular dynamics (MD) simulations of tensile

straini

(Adapted with permission from re [152]. Copyright 2017, American Chemical Society

publicationg.
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The samenodelof nanocomposites wasvestigatedby the same grouf212], using
moleculardynamics simulations. They reinforced the hagnsity polyethyleneby using
different nanocarbon fillers, such as fullerenes and graphene. This composite introduced a
clear stiffness with reinforcement by systematically varying the nubogl, size and
concentration of the fillers. A strongly sigependentesponsibilitywas induced from the
two-dimensional graphene flakes, in contrast with the filler, where the flaikie,a radius
rangeof 2-4 nm (thus approaching typical experimerftake sizes between ~@.1 pum),
provided significant enhancement in stiffness. Increasing the flake sizes of graphene displays
strong fillersize dependence for stiffness enhancement in nanocomposites, where they find
substantialenhancement in the module$ the composites, with a typical flake size in the
range of 310 pum for optimal reinforcement of mechanical properties of nanocomposites. This
improvementcould beextended with strongovalentbonding, such as hydrogen bonding,
between filler and matrixwhich could be provided by functional groups of GO to create
strongeondi ng of the compositeb6s constituents
properties. They induced further control at the atescale, providing insights into avenues
for the improvement of the mechanical properties of polymer/Grapbesed

nanocomposites.

Anagnostopoulos et aJ211] observed the means ofeasurementf stress ransfer
mechanism at theubmicronlevel from a polymer substrate tonancinclusion affected by
different phenomena appearingh the vicinity of flake edges. An epoased
photoresist/poly(methyl methacrylate) with a monolayer graphene flake was nteasure
through detailed Raman line mapping near the edges, at steps as small as 100 nm. The
procedures fopreparingthe samples caused exfoliation and the presence of compression,
which led to interaction between the flake and matrix. Interaction affectdrédss sransfer
mechanism andan reach a distancef 2 em away from the edges

in the expected classical shdag prediction of both the interfacial shestress distributions
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along the flake and the corresponding axial stressi). The transfelength of graphene

flake for the stress transfer from each sidedadeconsists of twaegions:the shear elastic

due to shealag type, and doping effects. Thatter providesa poor stress transfer. The
estimatedength for theeffectiveload transfer from each end of the graphene flak®lis € m.
Additionally, they reported the measurement of a 0.4 MPa maximum value of interfacial shear

stress of the large flakes, due to flake slippage.

May et al. studied the effect of graphene size on the reinforcement effect in
graphene/PVA systenj217]. Two graphenesvith different average sizes (633 nm and 2 um)
were separated from an aqueous graphite flake suspension, using sonication and centrifugal
with polyvinyl alcohol (PVA) as adispersionstabilizer. Graphite was dispersedpialyvinyl
alcohol (PVA)/H,0 and centrifuged for 45 min at 1000 rpm and sonicated for 100 h; it was
then filtered through a 0.45 mm pore size to remove any aggredgdtesvards it was
sonicated for 4 h inhe bath after re-dispersalin PVA/H,O. The sediment of graphene was
sonicated for an hour and then centrifuged at 500 rpm for 45 minuteseafispersalwith
the fresh PVA/HO, to separate the largsized flakes. The separate graphene was mixed with
the polymerto prepare the samples, which is also a centrifuge at 1000 rpm for 45 min. The
dimensions of the separated flakes were of length 1.1width 0.56 um and thickness(l.
nm, as determinedby TEM. The obtained graphene presented edge dedetésminedby
TEM during the separation. The results showed thiatosizegraphene (2 um) had a strong
reinforcement effect, raising the modulus and strength of samples by onewiramas

nanosizegraphene (633 nm) demonstrated a very low reinforcement effect.

Khan et al.[218] reported the exfoliation of graphite in the solvent ofmidthyt
pyrrolidone (NMP) using 500 and 4000 rpm, centrifuging speed with low and milérpow
and sonication for long periods of up to 460 h. The concentration of graphene could reach up
to 1.2 mg mL. Increasing the sonication duration reduced the graphene size. Long sonication

duration (up to 460 h) was employed and the graphene preseptddgioal defects in the
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sheet and at edges. In addition, the defects mostly presented at edges rather than on the basa
planes, as the power of the sonication was gradually increased. TEM was used to examine
dimensions of the exfoliated graphene sheetamhile, after sonicating for 100 h alma#t
graphene sheets containedhe dispersions had a layer number <10, while for over 90% of

the graphene sheets, the layer number was less than 5. This graphene dispersion can be
reasonably employed fdhe preparationof graphenenanocompositdéilms with high-profile

electrical and mechanical propert[@48].

Yue et al[219] prepared5O and separated them into two different average sizes with
a centrifuge, and investigated the effect of GO size ometpalation of cdular responses to
six cell types (e. g. Mouse BALBfonocytemacrophage Atomic force microscopy (AFM)
was used to characterize the size of the separated GOs. The average size of the resultant GOs
wasgenerally in the range of 350 nm to 2 um in theral dimension, whereas the average
heights were between 3.9 and 4.05 nm. It was found thamntbesize GO exhibited a

stronger response from the cells in comparison todnesizedsO.

All these studies showed a strong interfacial adhesion betweelarge graphene

flakes with the matrix, providing the best nanocomposite properties due to reinforcement.

2.9 Summary of literature review

Graphenébased nanocomposites are one robst interesting materials today. Many
researchers have been investigating the af graphene as the filler in based nanocomposite
materials for different applications. It has been found that graphmrevesthe properties of

the polymematrix, depending on the application that is required. To achieve this, it is very
necessary tonderstand the interaction between the graphene and the polymer. In addition to
investigatingthe influence of this interaction on the structure of the nanomatehas,in

turn, affectghe required properties. In spiteva&rioustheoretical and experimental studies in
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the literature, the interfacial interactions between the filler and polymer matrix are yet to be
well understood. Understanding the effects of GO on the structure and adsorption behaviour
of polymer in polymer/Grapne nanocomposites and reaching a consensus has been difficult
[74,169,188,189,193)ecause various factors can critically affect the structure and properties
of the polymersadsorbedonto the GO nanosheetSifferent approaches have been used
various studies in an attemptuaderstand the structure and property relationships of polymer
graphene nanocomposites, which could lead to the control of the structuseadiebne to

reach theequiredproperties of nanocomposites.

According to pevious studie$74,169,188,189Hiscussed in Section 2.6.2, the PEG
and PEO are strongly restricted between the GO or R&f0sheetbut are adsorbed onto the
graphene. The finding atches hie results of other studies that focus on the adsorption of PEO
on to other nanoparticles. The PEO carstiengly restricted through hydrogen bonding
layers of montmorillonite [190], fluoromicabased clay[191], smectiteclay [193], or a
hematite and alumina surfafE92]. To understand the adsorption behaviour of PEG in terms
of interfacial interaction with graphene derivatives, developed protocols with different
parameters are needed, saddifferent mixing tmes, washingroceduresmixing ratios of
materials and the molecular weigltPEG, in order to improve the adsorption behaviour of
polymers onto GO nanosheets. These significant factors have not been systematically
addressedbefore but could offer an immved understanding of the polymer adsorption
behaviour and reduce this knowledge gap. A number of selected parameters, methods,
polymers and prepared graphene oxide (GO) based nanoparticles were used for processing
nanocomposites, where poly(ethylene glydPEG), which is a semicrystalline polymer with
different molecular weights, was selected as a polymadel for initial studies to prepare
PEG/GO hybrid nanomaterials and investigate the influence of these parameters on the

surface adsorption behaviooir PEG on GO nanosheets, as explained in detail in Chapter 3.
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Another important factor that cousdffectthe interfacial interactions between polymer
and filler is the functional groups, which are responditnienore homogenous dispersion and
strong inteaction between the filler and polymer matriwhich is dependent on this
compatibility[199]. According to the review in Sectidh7.2,most of theinvestigations have
focused on functionalizing the graphemenofillers to improvehe homogeneity of théller
dispersion[200]. Therefore, polymers functional groups were selected to study the effect of
functional group on their adsorption behaviour onto GO nanosheets that have been not
addressed before. The effect of functional groups of three polymers that have a similar
backbone but structures with different functional growpese selected as polymer models to
investigate the influence of this factor on the adsorption behaviour of polymer on GO

nanosheets, as clarified in details in Chapter 4.

Most of the previous studigg20i 224], as reviewed in Section 2.8, have focused on
the dispersion of GOs and the interfacial interaction between GOs and the polymer matrix.
These studieslid not consideother parameters that could stronglfyect the properties of
nanocomposites. In fact,démarrow and wide distribution of filler size, particle size and the
effective length scale of the fillers can play an important role, strongly influencing the
reinforcement of the mechanical properties polymer nanocomposites. Recently, this
significant subject hasattracted theoretical investigation [152,212] whereasonly one
important experimental investigation hfmcusedon theeffective length scale of graphene
particles, while anothej217] has investigated the effect of tworpele sizes of GO on
mechanical properties. Hence, the size of graphene particle should be considered, as a way of
achieving ahigh-profile interface interaction and effective stress tranfiféR,212,21#4216],
as reviewed irSection 2.8. The influence of graphene/GO particle size on polymer adsorption
behaviourand the mechanical properties of polymer/GO nanocomposites have not yet been
fully understood. Te formation of a strong interfacial interaction between GOs and the

polymer matrix still needs to be investigated as an urgent issue for a full understritieg
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particle size effect on the interfacial interaction between filler and polymer matrix, and how

this affects the properties of the polymer/GO nanocompd2i?&s.

Therefore Sonicationcentrifugal based methods were applied to separate one uniform
size of the GO particle and the effect of partgitee of GO on the adsorption behaviour and
mechanical properties of high molecular weight poly(ethylene oxide) (PEO) were
investigated. The principal objectives of this study are outlined bdlbe.objectives of this
study are to investigate the influenafethe particlesize and particle size dispersion of GO on
the adsorption behaviour and the mechanical properties of PE@ABGcomposites, as

presentedn Chapters 5 and 6.

Graphene oxide nanosheets stffer a significant opportunity to investigateeth
structure and properties of theercalatecpolymer. There are different and important factors,
that have notbeen addressedefore, which could have direct effect on the interfacial
interactions, structure and properties of polymer/Graphene nanosibegp@nd thus offer an
understanding of the polymer adsorption behaviour and enhance other properties, such as
mechanical ones. Therefore, protocols with different parameters are still needed to help us to
understandhis relationshipandto controlthe structure, in order to attain beti@roperties in

polymer/Graphene nanocomposites.
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Chapter 3: Preparation and characterization of poly(ethylene glycoh

adsorbed graphene oxide nanosheets

3.1 Introduction

This section introduces the issues ofinderstanding the umiie structure ofpolymer
nanocompositesn terms ofthe adsorption and interfacial interaction between the nanofiller
andthe polymersmatrix and howtheyeffect on theadsorption bleaviour ofa polymer on GO
nanosheets These relationshig are affected by severafactors such as lte degree of
nanofiller dispersion in polymergl46], hydrogen bondinghe natureof the polymer matrix

and thesurfacechemistry ofthe nanofiller. All theseand a number ofother factors could
influence the interfacial interactiormsdthe adsorption process on nanofiller surfagEg0].
Therefore explaing the propertieof the polymer chains adsorbed on the nanofiller surface
and guantitative evaluation of the interphase zone of nandditise as important matters
[146,147] Graphene and G0Gffer a remarkabl@ewopportunity to understand the adsorption
behaviour of polymers that could openup a wide range of applicationsncluding
nanocomposites, healthcare, biosensing and semicondyd®0] In the kst decde
various studiehavefocused orunderstanding the surface adsorption of the polyonethe
fillers to understandhe surface of the nanocowgites, which is an importaaspect of the

materials, whichmust be understood.

According to peviousstudies[74,169,188,189were discussed in section 2.6.Bet
PEG and PEO ardrengly restricted between the GO or R@a&nosheetbut are adsorbed on
the graphene. The findingatthesresults of other studies that focusedtba adsorption of
PEOon to othemanopartibes The PEO can bstrongly restricted through hydrogen bonding
by layers of montmorillonite [190], fluoromicabased clay191], smectiteclay [193], or a

hematiteandalumina surfac§l92].
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Protocols with different parameterare neededsuch as different mixing times,
washingproceduresmixing ratios of materials anthe molecular weighof PEG to improve
the adsorption behaviour of polynsemto GO nanosheetShesesignificant factors have not
been systematicallyaddressedbefore but could offer animproved understanding othe

polymeradsorption behaviour and reduce this knowlegae

The semicrystalline polymer PEGwith various moleculaweights were selected as
themodelpolymerin this chapterto investigate the effect of GO on the adsorphbehaviour
of thepolymer GO was firstly preparedhenmixed with the PEGsing different parameters
as mention aboveThe adsorption amount and properties of PEG/GO nanohybrids were
intensively investigated using various characterization techniques, suche dSourier
transfom infra-red (FT-IR) spectroscopy, »ay diffraction (XRD), thermogravimetric
analysis (TGA), differential scanning calorimetry (DSC), optical light microscopy (OLM),

scanning electron microscopy (SEM) and atomic force microscopy (AFM).

3.2 Experimental section

3.2.1 Materials
Graphite powder (020 Om), . psodiumsigrdateu(NaNg er ma r

hydrogen peroxide, sulfuric acid §80,) (analyticalgrade 99%), hydrochloric acid (HCI,

35%) and poly(ethylene glycol)s with different molecular weights (MiM@0, 10000 and

100000 were purchased from Sigkrich Company, UK. It is noted that PEGIS(O-CH,-

CHy),-OH of higher molecular weights should be termed as PRETZ]. For simplicity, PEG

is used for both PEGs and PEOs in this work.

3.2.2 Synthesis andourification of graphene oxide

Graphite oxide wasynthesized r om gr aphite powder by[25 modi

The resulting graphite oxide was washed five tinves HCI and distilled water at 1:4 ratio
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to remove the metal ion82]. Additional severalvashingswith distilled water only were
applied to raise the pH to 5.4. The graphite oxide was dispersed in distilled water for 24 hours
using a magnetic stirrer then sonicated in a sonication bath (fiiahdy 230 V, 50 Hz for 30
minutes) to exfoliate graphene oxide into single nanosheets. After that, GO was centrifuged at
6000 rpm for 30 min to remove the unexfoliated graphite oxide. The resulting GO suspension
was lyophilized in a Labconco FreeZone Weop freeze dryer and stored in powder form in

a desiccator before uss shown irFigure3-1.
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GO Solution GO Powder Polymer/GO hybrids

and nanocomposites

Figure 3-1: Synthesis and purification of graphene oxide and samples using modified
Hummer 6s met hod.

3.2.3 Surface adsorption ofpoly(ethylene glycol) onto graphene oxide

Various formulations and methods were used to prepare PEG/GO nanohybrid including
different mixing times, molecular weightsaterial ratios and washiqgocedures. Firstly,

the PEG was dissolved in distilled water with a concertation oM\l %. TheGO was
dispersed with @oncentratiorof 0.1 wt/vol % in distilled water. Both PEG solution and GO
suspension were mixed together at room temperature using a magnetic stirrer to prepare the

samples as shown ifable 3-1. Samples were dried for 15 hours at°@under 0.1MPa
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pressure in a vacuum oven until the weight mass of samples became constant. PEG samples
without GO were prepared in parallel atols. The samples were kept idesiccatounder

vacuum.

Codes were created to help identify the samples. Letters N, v amdhe codes of
Table 3-1 refer to nanomaterials of PEG/GO, mixing hour amdshing time. Unless
otherwise stated, the molecular weight of the polymer was 10K, the mixing ratio of PEG:GO
was 3:1 and the washing time was 2. For example, N72h means the mixing hour was 72
hours,and N100k1.524h means the molecular weight of PEG was 100K, the mixing ratio of

PEG:GO was 1.5 and the mixing time was 24 hours.

Table 3-1: The preparation methods and sample denotations of PEG/GO hybrid

nanomaterials.

Sample ID Polymer Mixing Ratio Mixing Washing

Molecular Weight PEG GO Time/h  Number
N1h 10K 3 1 1 2
N3h 10K 3 1 3 2
N6h 10K 3 1 6 2
N12h 10K 3 1 12 2
N24h 10K 3 1 24 2
N72h 10K 3 1 72 2
N144h 10K 3 1 144 2
N192h 10K 3 1 192 2
N1k-1.524h 1K 15 1 24 2
N10k-1.524h 10K 15 1 24 2
N100k-1.524h 100K 15 1 24 2
N-1.5192h 10K 15 1 192 2
N-1.5192h-0w 10K 15 1 192 0
N192hO0w 10K 3 1 192 0
N72h-0w 10K 3 1 72 0
N24h-0w 10K 3 1 24 0

50



3.2.4 Characterization

Fourier transform infrared spectroscopy (FTIspPectroscopy is aanalytical methodhat
provides the facility to directly monitor the vibrations of the functional growpigh ambient
temperature operatiofilnfraredd efers to anyelectremagneticradiation falling in the region

from 0.7 mm to 1000 mm, whereas, the most attractive for chemical analysis are located in
the region between 2.5 mm and 25 mm (4000 to 408) cRTIR is the preferrechethod of
infrared spectroscopwhich is a technique used to obtain an infrared spectrum of emission or
absorption of a liquid, solid or gas. An FTIR spectrometer simultaneously collects high
spectralresolution data over a wide spectral ranghis technique lets thugh a beam
containing many different wavelengths of light at once, and measures the total beam intensity.
Then the beam is modified to contain a different combination of wavelengths, giving a
second data point. This process is repeated many times. Aftisrveacomputer takes all this

data and works backwards to infer how much light there is at each waveléftgth. IR
radiation is passed through a sample, some radigipassd through (is transmitted) and

some absorbed by the sample. The resultingasiginthe detector is a spectrum representing a
mol ecul ar o6fingerprintdé of the sampl e. The
different chemical structures (molecules) produce different spectral fingergimorganic
chemicals consistf@ relatively few similar parts, combined in different ways, by comparing
how other molecules containing the same types of parts are known to react. These parts of
organic molecules are called functional groups. Functional groups are specific atont, ions,
groups of atoms having consistent properties. A functional group makes up part of a larger
molecule. For exampleOH, the hydroxyl group that characterizes alcohols, is an oxygen
with a hydrogen attache@ifferent functional groups produce bond alptimms at different
locations and intensities on the IR spectrum. Recognizing where the absorptions generated by
the common functional groups ocand there aréble listsof the locations and intensities of

absorptions prodws by typical functional groups could help to identify or recognize the
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specific functional groups [226]. FTIR spectroscopy with aesolution of 1 cm® was
peformed using aPerkin ElImerSpectrum 100 with the attenuated total reflectance in the
wavenumber region of 4000 to 400 ¢riThe samples were directly test usaienuated total
reflection (ATR) which is used a property of total internal reflection résgl in an
evanescent wave. A beam of infrared light is passed through the ATR crystal in such a way
that it reflects at least once off the internal surface in contact with the sample. This reflection
forms the evanescent wave which extends into the sample is a sampling technique
conjunction withFTIR spectroscopythat enables samples to lsanneddirectly without

further preparatiom adifferentstae, such assolid or liquid[227].

The atomic and molecular structure of a crystal was determinedray ¥chnique
that now acommon technique to identify the study of crystal structures and spacing between
lattice planes (hkl Miller indices). This interplanar spacing (dhkl) is the distance between
parallel planes of atoms or ions, where theaX diffractometers consist of thlaebasic
elements: an Xay tube (cathode), an-day detector and a sample holder. Ara¢y tube is
generated these-Mys that is filtered to produce monochromatic radiation, collimated to
concentrate and directed toward the sample. The interaction ohditent rays with the

sample produces constructive interference (and a diffracted ray) when conditions satisfy

Bragg's Law.
€ _ ¢Qi Qe — (3-2)
Wheren meansa posi ti ve i nt ewpelengtohtide ineidenhneaven Shet h e

waves are scattered from lattice planes separated by the interplanar distdhee path
difference between two waves undergoing interferencevisegn by 2 d dis thel , w h
scattering angleXRD samples are acceptable in many forms, depending on the availability of
the material and the type of analysis to be perfornibd.sampleshose weregrepared and

explained in section 3.2.3 whedirectly tested by the Xay diffraction thatwas achieved
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using aSTOE STADIP (CulP)with an irradiation wavelength of 0.154 nm. Measurements
were taken from 2 10 ( 2d) wi t h a s claninhat AQQkV armpl 85nd. o f
Interlayer distances of PEG/ GO hgbmanocompositesdéeaco hybrid nanocomposiths Were

obtained by using equation-(3

Thermogravimetric analysis (TGA) techniquemeasurd the change olsamplemass
as a function otime or temperature, under a controlled environment with respegaso
atmosphere, flow rate, crucible typadheating rateetc. A TGA consists ahe furnaceand
a sample panwhichis supported by a precision balance. That pan is heated or cooled during
the experimenby the furnaceDuring the heating hie mass of tk sample is monitored under
asample purge gase controlthe sample environment. This gas may be inert or a reactive gas
that flows over the sample and exits through an exh@28]. Therefore, he prepared
sampls were performed directly usingn a Perkin Elmer Pyris 1 TGA. The samples were
heated from 25 to 600 °C withramprate of 10 °Gmin™* under nitrogen gas at a flow rate of

20 mimin’™.

Thermogravimeic analysis (TGA) result was used to determine the amount of PEG
in the PEG/GO sampl&.he adsorbed amourdf PEO in the PEO/GO nanohybrid materials
was determined from samplesidue analysis at 550 ’Qvheras the free water amoun
determined at 108C, was removed from the results (curve) for GO, PEO and all samples
which means all the samples was recalibrated befaleilaing the adsorption amountEor
instance, the GO curved shifted to up by 13.5% after removing the amount of water that
evaporatd at 100°C, see the appendix of chapter 3 figure 23 his calculation method was
applied in all sections in this studfhe equation belowvas derivative andapplied to

calculate the adsorbed amount of PEG in the samples.

- — (3-2)
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3 Ag p AU (3-3)

Where Sx and y are the weight percentage of the mass decompositiorofdtie sample

polymer and GQrespectively

Differential Scanning Calorimetry (DSC) is a thermahalysis techniquethat
measuredthe difference in the amount of heat required to increase the temperature of a
sample and referenc@hat is measured as a function of temperatlites referenceand
sample, bothare maintained at nearly the same temperature throughout the experiment.
Generally, theDSC temperature program for is designém analysisthe sample holder
temperaturdghatincreases linearly as a function of tinvehere a welddefined heat capacity
over the range of temperatures must requiraeférence samplér scanned, whereas the
changes in the samples, which is a known mass, heat capacity are tracked as changes in the
heat flow during heated or coole@his allows the detection of transitions suahglass
transitions melts temperaturecuring and phase changes during the experimerifale DSC
experimentsverecarried outdirectly on aPerkin EImerDSC6 with two consecutive heating
cycles from 30 °C to 90 °C. Each cydensistedof a heating scaand cooling scan, where
the temperature of heating scans was from 30 °C to 90 °C and cooling scan was from 90 °C to
30 °C with a ramp rate at 10 18in™* under the flow of nitrogen gas as th@w rate of 20 ml

min™. The heat capacity changing in thew®t heatig cycle was used for analysis.

Optical light microscopy{OLM) is often referred to as light microscope, is a type of
microscope that uses a visible light and a system of lensesagmify images of small
samples, where most tifie OLM are compoud microscopes, whichonsist of twdensesat
least The image produced by the objective Iéinatis then magnified again by the eyepiece
lens, which acts as a simple magnifying gla3se samples were prepared by dispersing the
GO in distilled water using a&tirrer for 24 h and a sonication bath for 30 minutes.etv f

drops of GOsuspensionveredropped on a glassubstrateandthen was left in thair to dry
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for overnight at room temperature. The PEG was melted on the GO usiracthaenvoven at
80 °C for an hour. This sample represented th&24-0w, which showed 3@t.%. Therefore,
this ratio was divided for two to consider thdsorptionof PEG on one side of GOhe

sampls were examinedusing a Nikon Eclipse LV150 microscope ander to reveal PEG

crystallinestructureon the GO nanosheets,

Scanning electron microscopy (SEM) is basically a topographic technique, ahere
focused electron beastansover the surface of the sampledathe reflectedelectronswere
collectedwith a detectoto create an imagef the surface of the samplBy doing this in a
raster pattern across the surface an image is formed, pixel by Pheklectrons were
generated and focused by the column called the primary electrons. These elections i
beam interact with the sample, producing various sighdley generate backscattered
electrons, secondary electrorejger electrons,cathodeluminescencand Xray photons,
where the backscattered electrons amalysedto provide information abouthe surface
topography and compositioAll the samplesn this studywere placed on an aluminium stub
after coating the samples using a gold sputter coater (EmS¢&p@0A)andwere conducted

on an inspect F scanning at voltage 5 BEMwas pursuethy FEI Company

The atomic force microscope (AFM) is one kind of scanning probe microscopes
(SPM) that was designed to measure local propertiesjni&tance friction, height and
magnetism. The SPM rastecans theprobe scansver a small area of the sample for
achiewng anacquirel image. AFMoperats by measuringhe force between a probe and the
sample. The probe is a sharp tip, tall pyramids between@m withanendradius of 15
40 nm.The AFM samples were preparbg dropping me or twodropsof the sampleghat
suspensiofeforeplaced on a freshly cleaved mica surfatke samplavas leftin the fresh
air to dry for overnight. ThiAtomic force microscopy images were taken by using a Veeco
Dimension 3100 atomic foe microscopewith an Olympus AC160TS probe with tapping

modeat 0.5 Hz.
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3.3 Results and Discussion

3.3.1 Characterization of graphene oxide
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Figure 3-2: (A) FTIR spectra, (B) XRD traces, and (C) TGA curves of (a) GO and (b)

0

graphite.

Figure 3-2 shows the FTIRXRD and TGA results of the GO nanosheets, which were
preparedby oxidizing the graphite using a modified Hummers mettj@8], followed by
exfoliation, in contrast to the control sample graphiteFigure 3-2 (A), GO nanosheets
showednew characteristic peaks at 3214, 1738, 1621, 1365, 1222, 1055 and 980 cm

wavenumberscorresponding to @ (free water) stretching, carbonyl C=0O stretching,
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aromatic ring C=C skeletal vibrationsC-H bending, GOH str et chi ng, ep

stretching and € stretching functional groups, respectivi$,229]

In Figure 3-2 (B), A sharp Xray diffraction peak of graphite was present¢@ d =
26.4° corresponding to the (002) peak withiaterlayer spacingf 0.33,nm in agreement
with the literature valu¢l88,229] wher eas this (002) peak sh
strong oxidation of graphite to synthesi©g indicating annterlayer spacingf 0.79 nm
which, in line with other studief5,229] Figure 3-2 (C) shows the thermal degradation of
GO that constituted 3Wt.% of the total dry mass between 150250 °C, due to the
degradation of epoxide, hydroxyl, carbonyl and carboxyl functional grf2g®j. The peak
degradation temperature of the GO was located af@2% shown irFigure3-2 (C). These

characterization results confirmed that the Dosheeta/ere successfully prepared.

3.3.2 The effect of mixing times
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Figure 3-3: (A) FTIR spectra, (B) XRD traces, (C) TGA curves and (D) the PEG absorption

amount on GO nanosheets and GO interlayer spacing for various mixing times of (a) 10k

PEG, (b) GO, (c) 192h, (d) 144h, (e) 72h, (f) 24h, (g) 12h, (h) 6h, (i) 3h and (j) 1h.

A selies of PEG/GO hybrid nanomaterials with different mixing times were prepared to

investigate the effect of mixing time on the adsorption behaviour of the PEG onto GO

nanosheetd:igure3-3 shows the series of samples that were prefdayedixing the 10k PEG

with GO using 3:1 as thetio for eight different mixing times in the range from 1 h to 192 h,

with two wash proceduresn Figure 3-3 (A), the FTIR spectra of the PEG showed the

functional group peaks, which we@H stretching at 2896m*, C-H bending at 1464 and

1343 cm*, Ci OH or GO stretching at 1222 ¢mC-O-C stretching at 1092m* andi CHyi

CH,i stretching at 933863 cm'( f o r

a

P

ure PEOO J1261230]i c a |

con

The FTIR spectra of PEG/GO nanomaterials illustrated the wlustacterization

peaks of the adsorbed PEG and GO. The strong absorption peaks from PEG were presented at

1738 cnt, 1365 cnt, 1222 cnt and 1073 cmi of C=0, COOH, @O and GO-C,

respectively, This shifting of the functional group suggested absorpti&tEGF onto GO

nanosheets, such as theHCpeaks presented small shitting and vibration at 2872. cm

Hydrogen bonding is considered the major factor in the interaction betineerGO
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nanosheets and PEG, where thglrogen bonded to improvement in the PE&dJsorption
behaviour [126]. The intermolecular hydrogen bonding betweenetiiergroup such as i

C sites of PEG chain interact with polar functional groups, such as COOFD&hdf GO

[231], for instance the FTIR peak of the PEO presented tBeCCstretch group at 1106 ¢m

to 1055 crit asformation of hydrogen bonds interaction in agreement with literd282).

These absorption peaks confirmed the adsorption of the PEG onto the GO nanosheets, which
clearly presented irall hybrid nanomaterialsexcept the N1h sample. The N1h sample
presented without the peaks at 2872, 1222 and 883 cni’ of the PEG as well as at a 1073

cm* peak, which was related to PEO. These peaks occurred again in the hybrid nanomaterials
with stronger intensy with an increase in the mixing time from 3h to 144 h samples (N3h to

N144h).

The absorption peaks of PEG exhibited higher increase in the intensity with increasing
mixing time, from 3 h to 72 h. This suggesiatproving in the PEG amount in the hybsd
whereas the absorption pealkgensity decreased after increasing the mixing time from 72 h
to 192 h. The 192 h was the longest mixing time in this study. That showed the reduction of
the number of absorption peaks and the peak intensity of absdpfi®rin this sample. That
indicated a reduction in the adsorption polymer of these samples, whereas N1h samples

demonstrated low absorptipeaksof PEG, due the lower mixing time.

Figure 3-3 (B) shows the diffraction peaks of PEG, However, the reflection of (120)
and (032) appeared at 2d = 19.1A and 2d =
[233. The (002) GO peakRofGhto 7.5, &d, 6ir6ccmandZ7d, = 11
corresponding tohie interlayer spacing that increased from 0.79 nm of GO to 1.17, 1.21, 1.29,
1.34 and 1.9 nm of N1h,N3h N6h, N12hN24h, N72h N144h and N192h, respectively.
Increasing the ratio of polymer between the G&hosheetshifted the GO diffraction peak
and increased the distance of GO interlayer spacing. N192h exhibited the lower interlayer

spacingcompared to other samples in agreement with FTIR results, which showed a reduction
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the intensity of the characteristic peaks of PEG. The interlayer spacing increased by 0.55 nm
with an increased mixing ratio from 1 h to 144 h, whereas it decreased bgrd.@8th an

increased mixing ratio from 144 h to 192 h.

Figure3-3 (C) shows the thermal degradation behaviour of PEG, GO and their hybrid
nanomatdals. The PEG was thermally stable in thageof 30 °C to 170°C. Between 200
°C to 400°C, the mass of PEG lost #8t.% then up to 99wt.% at 550°C due to the
degradtion of the PEG backbone. The mass of hybrid nanomaterials was significantly
reduced by 39wt.% between 15@50 °C, which was related to the degradation of the
oxygenated functional groups of the GO. Moreover, between 220 °C, the samples lost
19 wt.% of its mass attributable to the degradation of the polymer in hybrids. The total loss of
the hybrid mass was 6t.% at 550°C due to the presence of GO. Between the -2&20°C,
the thermal behaviourof hybrid nanomaterials was improved by the contributidnthe
hydrogen bonding between the polymer and GO. The thermal behaviour showed significant

improvements up to 52.3% at 58D due to the GO content.

The peak degradation temperaturg) (Was at 223C and 309°C of GO and PEG,
respectively. Thesedlvalues were shifted in the hybrids and each hybrid presenteddgwo T
values.First, the Td of the hybrids shifted from 22% to between 224 229°C, which was
related to thedegradation othe functional group of GO, whereas the secopdniproved
notably flom 309°C of PEG to a range between 37378°C. The incorporation of the GO
led to this enhancing the qTvalues, as shown ifigure 3-3 (C) and improved the nen
oxidative thermal stability of hybrids compared to thermal behavieatPEG in agreement

with the literaturd234].

Figure 3-3 (D) illustrates the absorptiommountsof PEG compared to the interlayer
spacing distance of the GO nanosheets of the nanohylwvldsh were calculated frotdRD

spectra and TGAresults respectively, as a function of the increased mixing time. The
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absorptionamount of PEGncreased slightly from 2fio 23(+ 0.0015 wt.% with an ncrease
in the mixing time from 1 h to 144 and was reduced to 18.% of the 192 h mixing time.
The results showed an increase in the interlayer space oha&OGsheetshat due to the
increase of the intercalated polymer in the samples. The reducegtaissamount at 192 h

suggestedhatthe PEG intercalated via weak physical bonds, which could be removed by the

long mixing time

3.3.3 The effect of molecular weights
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Figure 3-4. (A) FTIR spectra, (B) XRD traces, (C) TGA curves and (D) PEGs absorption

amounts and GO interlayer spacings of (a) 100k PEG, (b) N1@R4h, (c)10k PEG, (d)

N10k-1.5-24h, (e) 1k PEG and (f) Nk.5-24h hybrids.
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Figure3-4 shows the effect of polymer molecular weight on the adsorption behaviour of PEG
onto the GO nanosheets. Three different molecular weights, i.e. 1k, 10k and 100k, of PEG
were usedor preparing three PEG/GO hybrids, N116-24h, N10k1.5-24h and N100K..5
24h.Figure 3-4 (A) shows the FTIR spectra of the PEGs and hybrids.-N3®24h showed

the same peaks of GO functional groups, with only small features of 1k PEG, whereas N10k
1.524h and N100K..5-24h presented the main functional group peaksotti PEGs and GO

with clear changes in the peak positions and intensity. Fonirestéhe-C-H bending shifted

from 1339 to 1365 cthand 1241 to 1222 cm whereas the El stretching shifted from 2890

to 2970 cnit of the N100k1.5-24h.

The hydrogen bonding between theHGr G Oi C groups of PEO chains and COOH
or 1 OH of GOnanosheetked to these shifts of peaks. The absorption peaks of PEG presented
intensely in the hybrids suasC-H stretching at 2872 ¢y C-O at 1738 cn, -C-H bending
at 1365 crit, C-OH stretching at 1222 ch The most interesting aspect of these peaks
vibration intensity was a considerable increase in molecular weight from 1k to 100k of the
N10k-1.524h, which probably means a higher polymer molecular weight shows a higher

absorption ratio of the polymer ihd hybrid4189].

In Figure 3-4 (B), the XRD traces ofthe hybrids shifted the diffraction peaks
compared to that of GO he (002) peak ofGO shifted from Z = 11.°t0 9.6, 7.3 and ?
corresponding to the increase in the interlayer spatorg 0.79 nm to 0.93, 1.21 and 1.26
nm for N1k1.524h, N10k1.524h and N100kl1.524h nanohybrids, respectively. These
shifts impliedthe intercalation of the PEG ratio into the GO nanoshé&serally, it was
observed that the hybrids, which contained higher molecular weights, showeghex
intensity of the (002) pealand largerinterlayer spacingcomparedwith other nanohybrids
containing lower molecularveight PEGs.XRD peak intensity of samplesiggested a higher
degree of order and concentration within the stacks as a function of the polymer molecular

weight[189,235] This is in agreement with the FTIR results discussed alidwe hydrogen
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bonding between the functional groups of GO and PEG helped the intercalation of the PEG in
between GO nanosheefhe interlayer spacing showadubstantial increase of 47% for the
confined 100k PEG between the @@nosheetsompared to GOand a 33% foanincrease

in the PEG molecular weight from, 1k to 100k.

The TGA curves inFigure 3-4 (C) showed more mass loss for the hybrids that
contained 10k and 100k PEG compared to the-NBKR4h with 1K PEG. The loss of mass
was 31.7wt.%, 38.3wt.% and 26.2wt.% between 150 250°C, whereas the total mass losses
were 38.9wt.%, 41.1wt.% and 42.7wt.% at 550°C for N1k-1.5-24h-2w, N10k1.5-24h-2w
and N100k-1.5-24h2w, respectively. This former was related to thegradation ofthe
oxygenated functional groups of GO. The latter correlated tdegeadation othe PEG. The
ratio of degradation the mass samplesréased by 9.7% when increasing the molecular
weight from 1k to 100k. This finding supports the increase of the interlayer spacing due to the

increasingmnolecular weight of PEG.

Each hybrid also presented two values of the peak degradation temperatate, whi
exhibited higher than the GO and PEG values. The first Td of the GO shifted frof@ &23
224, 228 and 230C, whereas the glof the PEGs shifted from 274, 309 and 3Tlto 355,

365 and 380°C of 1k, 10k, 100k, N1Ki.5-24h, N10k1.5-24h and N100k1.5-24h,
respectively. Theld of the hybrids exhibited a clear enhancement of the values, where the
first T4 degradation was presented in the range 1260 °C due to releasing the oxygen
functional groups of GO, which are associated with increasing the @ahéehaviour of the
samples. The second of thg Values related to the degradation of PEGs, which showed an
improvement in the valuedue tothe contribution of GO in the hybrids in comparison with

neat PEGs.

Figure3-4 (D) shows the PEG absorption amount between the GO nanosheets and the

interlayer spacing between the GO nanoshedigsh were calculated from TGA curvesd
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XRD traces, respectively, as fanction of increasing PEG molecular weight. The PEG
absorption amount exhibited a significant increase fromt.% to 16 wt.% then to 18wt.%

when the PEG molecular weight was increased from 1k to 10k then 100k fet.524&h-

2w, N10k1.5-24h2w and N100k-1.524h-2w, respectively. These results showed a notable
increase by 1700% of the absorption of the PEG ratio, even when reducing the PEG mixing
ratio from 3 to 1.5 in these hybrids in agreements with the XRD results ritigated
increasing the GO interlayer spacing from 0.79 nm of the GO to 0.93 nm, 1.21 nm and 1.26
nm of the N1k1.524h-2w, N10k1.524h2w andN100k-1.5-24h2w, respectively as shown

in Figure3-4 (D). This increase in the interlayer spacing was directly related to the increases
in the absorption ratio of PEG between the G&hosheetsn the samples. Similar to an
increase, the molecular weights shdvwae majordifferencein the absorption ratio of PEG in

the hybrids.

Generally, the abovecharacterizationresults demonstrated that an increase in
molecular weight of PEGroughta higher absorptiommountof the PEG between GO
nanosheets, where the frereergy in the polymer chain significantly increased with the longer
polymer chain to achieve a perfectly (higher freenergy) planar conformatioi89,236]
Meanwhile, the GO surface had an abundance of oxygen functional groups, whitédresul
from the highoxidizing of graphite[189]. Thechemically reactive sitesn the GO, withfree
energy in the PEG chain, led to strong hydrogen bond interdotityveen the polymer and
GO nanosheets. The hydrogen bond is considered the main factor in absorbing the polymer
chains between the G@anosheetfl89]. This increased the absorption polymers between the
GO nanosheets. Similar conclusions were reached in a study by Nelson and C[Z3y)pve
who found that increasing the molecular weight of PEO led to an increase in the
hydrodynamic thickness of the adsorption layerP&O on Laponite clayThe molecular

weight is presented as an important factor for improving the PEG absdsphamiour
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3.3.4 The effect of mixing ratio of polymer to graphene oxide and wash procedure
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Figure 3-5: (A) FTIR spectra, (B) XRD traces, (BecondDSC heating scan and (E¢cond
DSC cooling scan, (E) TGA curves and (F) PEG absorption amounts and GO interlayer
spacings of the (a) 10k PEG compared with the (H).3N192h, (c) N1.5192h0w, (d)

N192h0w (e) N72R0w and (f) N24HOw.
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In this part, methods were applied tlextractedfromt he f i r st two secti o
results showed that the long mixing time and reducing the mixing ratio decreased the PEG
adsorption. This increased very significantly molecular weight. Therefore, the methods started
by applying: no further washing geedure, increasing the mixing ratio of the PEG:GO from
1.5:1 to 3:1 and decreasitige mixing time twice from 192 h to 72and24 h, asshown in

Table3-1.

In Figure 3-5 (A), the most functional groups of the GO and PEG presented in the
FTIR spectra of the hybrids, were those, such &$, G=0, C=C and €4 of GO with a clear
reductionin the intensityof someadsorption peaks of PEG compared with the neat PEGs.
Those, in turnwere related to the interaction betweether groups of PEG andxygen
functional group of GOnanosheetghat presented fronthe formation of intermolecular
hydrogen bondbetween the polar functional groups, such as COOH @i groups on the
GO with GH or -O- groups of PEO. For instance, the peaks at 2898€@-H, 1345 cni of
C-OH , 1073 cniof C-O-C, 940 cni of C-O and 833 cm of C-H, which were related to
PEG, clearly confirmed the strong adsorption of PEO after applying no further washing
procedure. This corresponded to an increase in the adsorption PEéntcatign in the
N192h0w. Applying no further washingrocedure of the samples was an important factor
that increased the peaks intensity that related tm@easean the concentration of the PEG
onto GO nanosheets. The washing procedure was assogititdateaking the weak physical
bond that attached the PEG on the surface of the GO nanosheets. Therefore, no further
washing procedure helped to keep the absorption PEG on thea@@3heetsurface of N

1.5192h0w compared to the 14.5-192h.

Increasingthe mixing ratio of PEG from 1 to 3 showed an additional increatiee
peak intensity thatvasclear in the €GH and C=0 and @ functional groups, whereas the O
H functional groups were seen to reduce the intensity peaks of the {@tWO@bmpared to the

N-1.5192h0w. All the above parameters, which were no future washing procedure and 3:1
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mixing ratio mixing time, were applied to further samples with the additional factor that
involved reducing the mixing time twice from 192 to #&n 24 h. Applingthesefactors
together showed a notable increase in the intensity of functional group psaésialythe
N72h-Ow. The N72ROw presented the highest intensity of the adsorption PEG peaks, which
combined to present interestingly new adsorption peaks of PE@8f 1279 and 1241 ¢

which was exhibited for the first time and only with these hybrids compared to other hybrids.

Figure 3-5 (B) shows the shifting of the (002) peaksGO from 11.1° to 7.3 of N-
1.5192h.Applying no further washing procedure wassociatedvith another important shift
of the XRD peak from 7.3to 6.5 corresponding to aimcreasethe interlayer distance from
0.79 nm of GO to 1.2 nihen1.35 nm of the NL.5-192h and the no washing sampled |§-
192h0w, respectively. This interlayer space distance was considered the biggest of the GO in
the curret study compared to the other samples. The shifting of the XRD and increase in the
GO interlayer space confirmed thnerease in the confined PEG between the GO nanosheets.
Applying no washing procedure meant that the attached polymer on th@a@@sheets

surfaces and showed a significant shift in theystallinepeak of the hybrids.

After reducing the mixing time from 192h to 72en to24h, the XRD peak of
nanohybrids shifted from 12.bf GO to 6.8 corresponding to an increase in the interlayer
spaceof 0.79 to 1.33 nm that showed increasing the amount ratio of confined polymer
between the GO nanosheets, whemasnterestingpeak appeared between®°14£24° for the
first time in this study, which was represented by attaching the PEG on thea@Bhets
surface of the N192Bw. This peak of PEG confirmed the adsorbed PEG on the GO
nanosheets, whereas the intercalated PEG peak between thanG§éheetsvas amorphous
due the strong governed of the GO nanosheets. This amorphous PEG produced annncrease i
the interlayer spacing of GO nanosheets, as discussed above, whereas the adsorption PEG
peak presented a clearer, wider and higher intensity when reducing the mixing time to 72 h of

the N72kh0w compared with N192Bw and N24F0w.
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Increasing the PEG ming ratio and reducing the mixing time were associatid
the increase of bothatios of the confined polymer between the GO nanosheets and the
adsorbed PEG on the Gmanosheetsurface, the latter of which presented the peaks of
semicrystallinePEG for washing samples only. The polymer was strongly restricted between
the GO nanosheet8ppling no further washing procedure, the increase in the mixing ratio of
PEG and reduction the mixing time showed notable improvement in adsorption behaviour,
where the iterlayer spacingncreased by 56 nm compared to GO, whereas it increased by

0.15 nm of éhybrid without washing procedure.

Figure 3-5 (C) and (D) showed the second heating and second cooling cycles of the
PEG and hybrids. Iigure3-5 (C), the 10k PEG curve exhibited a sharp melting peak at 62
°C. In the hybrids, the crystalline peak of PE@sappeared in akamples from both the
effect of the mixing time and polymer molecular weight sections as shown in FAgute
(seeappendix of chapter)3 Because the long mixing time and washing procedvese
associated with removing the adsorbed polymer from then@ibsheesurface in these
hybrids, whereas the 2@yers GO strongly geometric restricted the remind PEG as
amorphous[189]. Therefore, most of the polymers are confined between the@d@®0Osheets
as absorbed polymers, in agreement with Wang ef{280], who reported that XRD
crystalline peaks were presented in the PEG/GO hybrids with ratio of PEGs more than 60
wt.% adsorption ratid230]. Also, it matched the finding of the BarreBojans, and co
authors[74,169,188,189]which that showedio signof melting peaks for the PEO/GO and

PEO/RGO hybrid nanomaterials.

Abroad médting peak at 52.7C was present after increasing the PEG:GO mixing ratio
from 1.5:1 to 3:1 and applying no washing procedure, where this melting peak confirmed the
adsorption of PEG on the G@anosheetsurface of the N192Bw. Reducing the mixing time
from 192 h to 72 h presented a sharp and significant melting peak aC5#.he N72R0w,

which was the biggest melting enthalpy compared to other hybrids. The DSC result ef N72h
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Ow confirmed the FTIR and XRD results, which showed the higher intensatkspaf the
adsorbed PEG in this sample. However, further reducing the mixing time to 24 h exhibited
shifting of the melting peak area to 8D, which presented a broad DSC peak of the N24h
Ow. The DSC results of no washing hybrids confirmed the XRD resufieh showed the
crystalline peaks of the adsorption PEG. Generally, the melting transition peaks of the hybrids
were shifted toward lower values comparing with PEG 10k. The decreasing in the melting
peak (T, of the sampleswere related to thecontributon of the high amount of GO
nanosheetthat showed more heterogeneous nucleation sites in the hjsiels Moreover,

the adsorption PEO is considered as fragfase attached and repulsive interfaces that

enhanced the chain mobility and reducgdI26].

The chain motions of the PEG were restricted due to the stronger interactions with the
2D GO nanosheets withtagherspecific surface area than thgeraction between polymer
particles. Thided to a reduction in the melting temperatures of the hybrids. A decrease in the
Tm value was reported in the nanocomposites with an increase the graphefé4ra60]
However, applying the increased mixing ratio of the PEG, no further washing procedure and
reduced mixing time presented the meltingigeof the PEG for the first time in the hybrids
and showed an important enhancing of the melting temperature from 52.7°@ dthe

nanohybrids.

Table 3-2 summarizeghe melting peak temperatureT , mel ti ngm,ent ha
crystalline peak temperaturéf , cr yst al | J amecrystailibith. aHe percentageH
of crystallinity (X)) of the PEO as bulk or in nanohybrids were calculated from the following

equation 8-1) [238]:

Xe= @fm) / (17T &) gH 3-4)
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wheremH, (Tr), @ Hm (T°n) andw are the specific heat enthalpy moglting of the hybrids,
the 100% crystalline of PEO (205 3)(224] andthe mass fraction of GO in composites

respectively

Table 3-2: The DSC heating and cooling scan temperatures summary of PEGs and the hybrid

nanocomposites.
Samples Temperature’C | PEG 10k N192hOw  N72h-Ow N24h-0w
Tm 62.2 52.7 58.5 60
pH,J gt 141 6.5 15.6 9.2
Te 42.9 22.8 36.7 42.3
pHJIg! 138 0.019 0.94 0.08
Crystallinity ( X¢) % 69 12 20 14

In Figure 3-5 (E), the TGA results showed the adsorption amount of the PEG on the
GO nanosheets. The results confirmed thast of the PEGw/ereconfined between the GO
nanosheets of the samples from N1h td.B192hOw because these hybrids presented
without any sign of the XRD and DSC peaks of the adsorption PEG with no washed hybrids.
The adsorption amount d?EG exhibited a significant increasrom 16wt.% of N-1.5192h
to 23 wt.% of N-1.5192h0w without applying washing procedure, whereas increasing the
PEG mixing ratio to GO from 1.5:1 to 3:1 dF192hOw showed another increase fré8
wt.% to 26wt.% compared to the M.5192h0w that presnted of the XRD and DSC melting
peaks of the adsorbing polymer of this sample, wheeeN192k0Ow presented both of the
absorbed polymers between the GO nanosheets and adsorbed them on the GO nanosheets

surface at the same time.

Moreover, the mixing timeavas reduced from 192 h to 72 h, then to 24 h without
washing procedure. Polymer adsorption amounts presented a significanteemdratrfcom 23

wt.% to 38wt.%, while reducing the mixing times from 192 h to 27 h, whereas it was reduced
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again to 32wt.% whenreducing the mixing time to 24 h of the N19@w, N72hOw and
N24h-Ow, respectively. The best adsorption polymer ratios and higher intensity peaks
exhibited N72ROw with 72 h mixing time, which wathe optimum mixing time, in congged

to the other hybridsThe N72ROw strongly agreed with the FTIR, XRD and DSC results of

this sample, given above.

The peak of degradation temperaturg) (i Figure3-5 (E) showed a thermal stability
of the samples within theange30 °C to 130°C. The firstT4 of hybrids shifted from 223C of
GO to 225°C of all the three washing hybrids, whereashtfted t0230 °C or nonwashed
hybrids. While, the secondyBignificantly improved from 309 to 35% and 363°C, where
all three used no washing hybridshen releasing the oxygen functional groups into the
graphene oxide nanosheets indicated for decreasing the mass ratio in the samples in the first
section, thesamples showed an improvement in thermal stability behaviour due to an increase

in the residual carbon of the samples in the rangé5BIPC by the contribution of GO.

The no further washing procedure results observed two main important findings.
Firstly, the rapid PEG adsorption reached 24 h mixing time. Secondly, the PEG adsorption
was cosiderably enhanced by up to%>ompared to the samples tagrewashed anahot
washed at the same 72 h mixing time, mixing ratio and molecular weight. The PE@dttach
to the GOnanosheetsurface with physical bonds. This weak physical interaction was easily
lost evenwith a weakexternal effect, as clearly presented when applying the long mixing
time 192 h or the washing procedure or both. For examples, usinghiedtimty mixing time
192 h andwashing procedure showed a reduction the adsorption amount of the PEG to 18

wt.% of the N192samplesand vice versa.

The attached PEG interacted with the GO nanosheets in two main positions confined
between the GO nanosheatsd adsorbed on the GO nanosheets surface. For instatce, N

192h0w presented 28t.% as the total ratio of the PEG in this sample, obtained by TGA
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results. This samples presented without any sign of the semicrystalline PEG peaks in the
diffraction behaviour, glass and melting transition, whereas the XRD peaks were shifted by
the confined PEG between the GO nanosheets. This ficdiniymed that all PEG ratios in

this sample were confined between the GO nanosheets.

In comparison, applying no furthevashing procedure, increasing only the mixing
ratio of PEG to GO from 1.5:1 to 3:1 and reducing the mixing time shifted of the diffraction
peak of GO and significant crystalline peaks of PEG in XRD traces. This finding presented
two XRD peaks; the first as related to GO and was shifted by the confined PEG between the
GO nanosheets and the second peak related to the adsorption PEG on the GO surface,
whereas the melting peaks also corresponded to absorbing the PEG on the GO nanosheets
surface. This findingonfirmed the two type of attachment of the PEG in tbasnple Firstly,
the confined PEG between the GO nanosheets showed the shifted XRD peaks of the GO and
represented the main ratio of PEG. Secondly, the adsorbed PEG on the GO nanosheets
showed the cistalline and melting peaks. According to these findings, the PEG in the washed
samples was confined between the GO nanosheets, whereas the other samples presented twc

attaching types of PEG.

Generally, PEG was successfully adsorbed on then@t@sheesuiface in the non
washed hybrids, where tlaelsorptioramount was improved 4% without further washing
procedure, 13% through increasing the mixing ratio of the PEG, 46% through reducing the

mixing time for 192 h to 72 h arB%for applying all thesparametersogether.
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Figure 3-6: Optical light microscopy (. M) images of (A) PEG 10k and (B) N7Zlw.

The effect of GO on the PEG crystallibehaviour is an important issue that was
further investigated by preparing the transpayesample similar toN72h-Ow hybrids as
shown inFigure 3-6. Nucleation and crystal growth is the tstage of the crystal formation
that influences by the nanofillers. These nanofillers are effective nucleating agents on the
linear growth rate and the crystallization rate of polymer in ma#88]. The significant
influence of the interface interaction of Ganosheetsould restrict the PE@rystallization,
in agreement with the literatuf@40]. Tong et al. [240] reported that the PEG spherulite

growth ratewas slower during therystallizationof polymers on the surface of GO nanosheet.

The OLM images clearly indicate that the neat REgstallite size was not showed
large difference than PEG on GO nanosheets as shokigure 3-6. This could relate to the
weak interaction between the PEG and GO using melting methods, whereas these results
different from the DSC results, which showed a reduction & nielting temperature peak
from 62 °C to 58 °C and crystallinityof N72h-Ow, compared to neat PE@ similar
phenomenorwith GO/polyurethane composites was reported by Cai ¢228], where the
crystal size of polyurethane was smaller, with the incorporation gfwh@re he growing of

crystallizing on the nucleation agents led to changes the polymer properties, such as thermal,
73



mechanical, optical and physical, through the incorporation of inorganic {Ré@s241] The

load transferring efficiency from the semicrystalline polymer to the fdlgpendedon the

interfacialinteraction between the filler amdatrix propertie$242].
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Flgure 3-7: SEM images of th&acturesurface of (A and B) GO sheet, (C and D) 10k PEG,

(E and F) N192h, (G and H) N192nv, (I and J) N724dw and(K and L) N24R0w.

Figure 3-7 shows SEM images of the fracture surfaces of GO, 10k RE®G2h
N192h0w, N72h-Ow and N24hOw, respectively. The images illustrate the changing of the

fracturesurface of nanohybrids compdrt the GO and PEGigure3-7 (A and B) presented
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a smooth surface with many small cracks on neat PEG, wheigeae 3-7 (C and D) clearly
showed the flakymorphology surface of5O. The fracture surface of N192h presented
differently to both PEG and GO, where the fracture surface observedagebdghaviour in
Figure3-7 (E), whereas the magnified imagehkigure 3-7 (F) showed similar behaviour, as
of the GOnanosheetsvere covered by thin layer of PEG because lbng mixing time and

washing procedure removed most of the adsorption PEG from the G@esurfa

However,in Figure 3-7 (G and H),the flaky fracture surface wasrned into densely
packed sheets ofhe N192hOw surface because the polymer eced most of the GO
nanosheesurface. Moreover, the adsorbed PEG was clearly observed on thar@®6heets
surface of N72f0w as shown irFigure 3-7 (I and J). N24FOw showed much shrinkage on
the surface due to the absorption of the PEG on the covering GO nanosheets. The PEG
presented clearly on the G@nosheetas an attachment particle of PEG. The SEM image
clearly showed the N24bw presenting mr@ polymer compared td4192hin agreement with
TGA results. TheSEM image strongly supported and agreed with the above results that
presented the best adsorption amount of PEG on GO nanosheets6B8nd the sharp DSC

melting peaks at 58 Z of N72h-Ow, compared to other hybrids.
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Figure 3-8: 2D and 3D AFM images of the (A, C) G@anosheetand (B, D) N1920w.

In Figure 3-8, the 2D and 3D AFM imagesharacterisedhe morphology and
thickness of GO and N192w. Figure3-8 (A) shows the single sheets of GO with an average
thickness of 0.77 nm, which was close to XRD results. The AFM image showed different
shape and size of G@anosheetthat were between 1840 nm to 150 nmFigure 3-8 (B),
the surface roughness &f1920w with a wrinkle structure is revealedhe thickness
increasesrom 0.77 nm of GO to 1.58 nm of thL92h-Ow due to adsorbed PEG onto the GO
nanosheetswhere he thickness of adsorbed PEG was 0.405 nm on each side of the GO
nanosheefThe 3D AFM imagealso revealed thdhe surface of the G@anosheets smooth,

as shown irFigure 3-8 (C), whereas the rough structure withinkle structurepresentedvith
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the absence of beads the hybrid surface proving that PEG was adsorbed the GO
nanosheets, as shown kigure 3-8 (D). These AFM images presented other clear evidence

and support the results above, showing succeadfidrptiorof PEG on the GO nanosheets.

3.4 Conclusions

The adsorptionbehaviour of the polymer onto GO nanosheets is very important for
understanding the interfacial interaction effect of G@&nosheetn the structures and
properties of nanohybrids. A serial of hybridss prepared using methods with different
parameters, sucls mixing time, polymer molecular weight, mixing ratend washing
procedure. The FTIR results confirmed the successful preparation of GO and the absorption
of PEG on GO nanosheets. The XRD peak of GO shifted due to the intercalation of PEGs
between GOnanosheis and presented the XRD peaks of absorption PEG tfvashed
hybrids. The nbwashed hybrids only presented a melting temperature of PEG. The thermal

behaviour of the hybrids was improved due to the incorporation of GO nanosheets.

The absorption PEG awed rapidly, whereas the long mixing time such as 192 h
shows a negative role on the absorption polymer behaviour. The higher molecular weight
significant improved the absorption amount from @B8% to 18 wt.%. All the washed
samples have only confinedtércalated polymers between the GO nanosheets, indicating the
long mixing time and two washing procedure were associated with removing the adsorbed

polymer from the GO surface dueweakVan der Waals and hydrogen interaction.

Increasing the polymer mixg ratio essentiallymprovedthe absorptioramountof
PEG, whichincreasedfrom 16 wt.% to 26 wt.%. Without future washingprocedure the
adsorption polymer amountas enhanced from 16vt.% to 23 wt.%. Reducing the mixing
time was another important factéor improving the adsorbed polymer. Applying these
parameters at the same time succeédedhieving the adsorbing polymer and increasing the
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adsorption amount up to 38t.%. This investigationshowed significant factors that can
influence the interfacial interaction between the polymer and GO and how this could be
improved. Theoptical microscopy image confirmed the retio of the crystallitesize of the

PEG, where GO restricted the ®EEhain The &M images showed the N720w presenting

better adsorption behaviour of PEG compared to other samples. The AFM images presented
strong evidence of 0.405 nm of the PEG adsorbed on each side of the GO nafid®heet.
absorption amount was increased by up @0% when increasing the PEG molecular weight

from 1k to 100k.

Overall the PEG was successfully adsorbed on the ma@osheesurface and the
adsorptioramount was improved B46% through reducing the mixing time for 192 h to 72 h,
by 44%without a further washing procedurday 13% through increasg the mixing ratio of

the PEGand 734 for applying all thesparametersogether.
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Chapter 4: Effect of the polymer functional group on the adsorption

behaviour of polymer/grapheneoxide nanosheets

4.1 Introduction

According tothe previous chapter,arious parameterstronglyaffectedthe surfaceadsorption
behaviour of the polymerand dherimportantfactors that could bringa better understanding
including the functional groupsof the polymer matrix, whichsignificantly affect the
compatibility of the nanofiller with the polymer matrix, and the properties of
polymerfgrapheneoxide nanocomposite$204]. A stable and homogeneous dispersisn
required of thenanofiller in the polmer matrixto produce good interfacial interactions
which is dependent on this compatibiljy99]. According to the review in section 2.7r8pst
of the investigations have beefocused on functionalizing the graphenanofillers to

improvethe homogeneity of thidler dispersiorf200].

This work aims to investigate the effect of functional groups of polyroergheir
adsorption behaviour onto GO nanosheets. Polymers with similar baskbahéiaving
different functional side groups were used as the polymer models, namely poly(methyl
methacrylate) (PMMA), poly(methyl methacrylate-methacrylic acid) (PMMAco-MAA),
and poly (methacrylic acid) (PMAA)The possessingnethod was optimiseftom the third
chapter by considering the best parameter and re@tsvas firstly prepared and then mixed
with these polymers separatein orderto prepare the polymer/GO hybrids. The resulting
samples wereharacterisetyy various techniquesuch a$-TIR, XRD, TGA, DSC SEM and

adrop shape analyser (contact angle measurer(@A})
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4.2 Experimental section

4.2.1 Materials
NaturalGr aphi t e p omy,dP&MA (CsO.Hgh 035000 Mw) PMMA-co-MAA [-

CH2C(CH3)(COLCHg)-]m[-CH2C(CHs)(COH)-]n (34000 Mw) PMAA (C4HeO2)n (100006
15000 Mw)and N,Ndimethylformamide (DMF, 98.8% w/w) were purchased from Sigma
Aldrich company, UK.Other materials weréghe same asisedin the previouschapterin

section3.2.1

[ CHy | CHs | CHs|

H
T T~ -
0 0 [ \TC
H

CHy H0” N0 | |HO™ ™0

mL -n - -n
) (8) ©
Figure 4-1: The repeat unit of (APMMA, (B) PMMA-co-MAA and (C) PMAA.

4.2.2 Synthesis andourification of graphene oxide

Thiswasdescribedn the previouschapterin section3.2.2

4.2.3 Surface adsorption of polymers ontggraphene oxidenanosheets

Three polymers, PMMA, PMMAG-MAA and PMAA with different functional groups were
mixed with the GO nanosheets. Firstly, the pody was dissolved in DME&t a concentration

of 4.2wt/vol %, whereas the GO was dispersed in DMF witloacentratiorof 0.1 wt/vol %.
Secondly, it was stirred for 72 h by a magnetic stirrer at room temperature then centrifuged
for 20 min at 8793)-force to remove the excesolvent Two samples were prepared from
each polymer, which onwas further washedith DMF and the othewasnot washed. The
hybrids were dried for 15 hours at 40 under 0.IMPapressure in a vacuum oven until the

weight of samples dcrame constant. The same method was applied to alpréqEare
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polymer/GO hybrid samples. The preparation methodssantple denotations of hybridse

summarizedn Table4-1.

Table 4-1: The preparation methods and sample denotations of hybrids.

SamplesiD Mixing Ratio Mixing G-force / Further
P:GO Time Time g/ min Washing
PMMA/GO -w 3:1 72 h 8793/ 20 Yes
PMMA -co-MAA/GO -w

PMAA/GO -w

PMMA/GO 3:1 72 h 8793/ 20 No

PMMA -co-MAA/GO
PMAA/GO

4.2.4 Characterization
Contact angle measurement is one of the most sensitive techniques used to analyse the outer

layer of polymer surfaces [251]. The more hydrophilic material surface has a low contact
angle [229,252].The contact angle is formed by the intersection of @paidisolid interface

and theliquid-vapaur interface of a liquid drop resting on a flat, horizontal solid surfébe.
Young of the contact angldefinesthe relationship between the surface tension of the liquid
and that of the solid as well as the interfacial tension between the phaseshé&nagtting

processeweredescribedby hi s r el ati onshi p infdreulafgZ48lung con

wWeE+ —— (4-1)

where ,, F] and[ meanthesur f ace t ensi oliqud andtheoifiterfaciAle s o

tension respectivelyThe prepared samples was placed directly to measure the contact angle
using adrop shape analysdcontact angle)which is a model type DSAD (KRUSS,
Germany) at 21 + 08C and a rel ati ve humi distilegwatef 509
droplets on the membrane surface were captured after reaclimgsi@ntvalue. The data

were recorded ten times every 3 seconds aftew#terdrop was placed upon the membrane
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surface. The average value of these ten measurements was reGilgEadharacerization

procedureswere explained ithe previouschapterin section3.2.4

4.3 Results anddiscussion
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Figure 4-2: The characterization of graphite and GO: (A) FTIR spectra, (B) XRD traces and

(C) TGA curves of (a) GO and (lgyaphite (D) AFM image of GO.

Figure 4-2 (A) shows the FTIR speetrof GO nanosheetgompared with graphite. New
functional groupgpresented of GO due txidizingt he gr aphi te usi ng mc
method[25]. GO illustrated new functional groups peaks on the graphene oxide, which were

at 3172, 126, 1621, 1378, 1222, 1042 and 970 cmavenumbers, corresponding toHD
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stretching (free water), COOH stretching, C=C stretchin@ §retching, €H bending, CO-

C stretching and © cni* stretching functional groups, respectivédp,244]. In Figure4-2

(B), The XRD pattern corresponding to graphite um provided strong peaks at the (002), (100)
(101), (102), (004) and (103) peakshich represent perpendicular the of natural graphite
hexagonal planes with-@xis) direction and impurity ratio, that matched the literature results
[245,246] The (002) peak of natur al graphite
corresponding tanterlayer spacings @ .33 nm and 0.87 nm of graphite and GO respectively,

in agreement with the literatur@25,244] The interlayer spacingncreased due to the

attachment of the functional groups the GO nanosheets.

TGA results inFigure 4-2 (C) showsthe thermal degradation of GO compared to
graphite, where the GO lose about 23% of the total dry mass betwe@2d80 due to the
degradationof the epoxide and hydroxyl, carbonghd carboxyl group$244]. The GO
presented the derivative weight peak af@and 217°C, which corresponded tolassof O-

H group and oxygen functional groups during the main degradation of the mass, respectively
[19,229] The AFM image shows the morphology and thickness of GO nanosheets. The
lateral size of the G@anosheetwas ketween~200 nmto 1660 nm to the average thickness
was 0.88 nm, which was close to XRD results. The @Dosheetavere successfully

prepared, as confirmed by characterization results above.
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Figure 4-3: FTIR spectra of polymer/GO hybrids:(A) polymers (a) GO, (b) PMMA, (c)
PMMA-co-MAA, (d) PMAA), (B) washed samples ((e) PMMA/G®, (f) PMMA-co-
MAA/GO-w, (g) PMAA/GOw)) and (C) noawvashed samples ((h) PMMA/GO, (i) PMMA

co-MAA/GO and (j) PMAA/GO).

Figure 4-3 (A) shows the FTIR spectra of the polymers and GO nanosheets. The
bonds CH, COOH, C=C, EH, C-O-H, C-O-C, GO and-C-H of 3000- 2948, 17221668-
1384, 1377, 12501146, 957and 663 cm' wavenumbers respectively presented of the
PMMA and PMMA-co-MAA polymers. PMMAco-MAA in curve c illustrated the same
FTIR spectra behaviour of PMMA in curve b. that was related to the former consists of

PMMA and few amount of MAA unit as a 1:0.016 weight ratio of PMMA:MAA units,
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whereas the most characterization peakPMAA illustrated at different peak positions
compared to the other two polymers. For instance, the bords ©OH, C=C and ©&O

presented at 3420, 2930, 1638 and 1089 incurve d

Figure4-3 (B) shows FTIR spectra of the hybrid nhanomaterials, which prepared from
mixing polymers with GO. These samples were washed to remove the excess polymer. The
hybrid nanomaterialdlustrated characterization pks that related to both GO and polymers,
where the general behaviour of the washed samples is similar to GO behaviour, for instance, a
broad peak of the ® and C=0 bonds appeared in the washed hybrid nhanomaterials, which
are related to the GO, whereas fiolymer presented adsorption peaks of polymers onto GO
nanosheets, where the most of thedeorptiorpeaks significantly shifted from 30062920,

2948 to 2848, 1668 to 1642 and 1438 to 1377' ahall washed hybrichanomaterials
compared to neat patyers in Figure 4-3 (A). This shifting in the adsorption peaks of
polymers was related to physical interaction between polymers and GO nanosheets, in
addition to the strong bond peaks of absorption polymers that presented at 2920, 1730, 1642,
1377 and 1052 cthin the hybrid nanomaterials, which other confirmed of the successful
adsorption of the polymers onto GO nanosheets. These peaks displayedotige str
intermolecular interactions (hydrogen bonding) betwedh @ COOH of methacrylate group

of PMMA and with polar functional groups, such as C=0 &H of GO, forinstancethe
peaks at 2848, 1642 and 1377 tminterestingly, the vibration intensity wasotably
increasingof the polymers contained addition functional groups, which were PMMA
MAA/GO-w and PMAA/GOw, compared with PMMA/G@Qv of the curve (g), (f) and (e),
respectively. PMAA/GGwv demonstrated theidghest intensity of theadsorptionpeaks of

PMAA than other two polymers.

Another important finding that thedsorptionpeaks of polymers significantly reduced
in vibration intensity compared with peaks of neat polymefgare4-3 (A). Thatsupposes

the washing procedure influenced the intensity peaks of the adsorption polymer onto the GO
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nanosheetdt suggested remove of the masisorptiorpolymeas from GO nanosheets during

the washing procedure, but a clear sign of adsorption polymers still onto GO nanosheets.

Therefore, further samples were prepared without washing procedure to investigate
that effect on the adsorption amounts of polymer onra@osheetas shownin Figure 4-3
(C). The FTIR spectra of hybrid nanomaterials exhibited stemsgprptionpeaks of polymer
on GO nanosheets. Thatdl tosignificant increase ithe vibration of the most bond peaks
compared to the washed samples-igure 4-3 (B). The PMMAco-MAA/GO exhibited the
higher intensity of adsorption bond peaks compared with PMMA/GO expekt ibnd,

whereas the PMAA/GO presented with@iH bond peak, which is related to GO.

In addition, GH bond shifted from 2930 to 2949 and 1377 to 1437 cfiPMAA/GO
compared with PMAA. The PMMA/GO and PMMgéo-MAA/GO illustrated the same
behaviour of their washed samples with increasing of the vibration of bonds, whereas
PMMA/GO presentedhe highesintensity vibration of the adsorption peaks at 2949, 1730,
1437, 1237 and 1140 cithan other samples. That indicatedtrongphysical interaction
between GO and PMMA, fonstancethe stretching vibration of the=®© bond of carboxylic
acid groups in the range of 1730 tmind other bindings of ©, G-O-C and GOH vibrations
were recognized after adsorption on GO nanosheets. This pélaé& spectrumfor PMAA
was much stronger than those in spectra PMMA/GO and PMBRAA/GO. This
indicated better absorbance of PMAA onto the Dosheetsompared to other samplas

both cases washing and not washed hybrids.

Interestingly, the €H group presented in all washed hybrid nanomaterials, whereas in
the not washed samples, it waignificantly reduced with functional polymer, where it clear
presented of PMMA/GO curve (hyvhereas it reduced of PMMKMAA/GO curve (i) and
totally disappeared of PMAA/GO (j). The similar phenomena were presented with vibration

intensity of the bond peaks afisorptionpolymers, where it was increased of polymer with
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theadditioral functional goup. For instance, PMMA&0O-MAA showed thehigherintensity of

than PMMA even with dow ratio of MAA group of the former, whereas the PMAA with

MAA group showed the best vibration of the adsorption bond peaks on GO nanosheets among
all samples in both cas. Generally, these characterization results confirmed the successful
adsorption of the polymers onto the GO nanosheets. The PMAA/GO hybrid showetar

of functional groups and the highest intensity of functional peaks, veuiggested a higher

degreeof order and concentration within the stacks as bond&dWAA onto GO nanosheets
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Figure 4-4: XRD traces of polymer/GO hybrids:(A) polymers ((a) GO, (b) PMMA, (c)

PMMA-co-MAA, (d) PMAA), (B) washed samples (e) PMMA/G®W, (f) PMMA-co-

MAA/GO-w, (g) PMAA/GOw) and (C) norwashed samples (h) PMMA/GO, (i) PMMéo-

MAA/GO and (j) PMAA/GO)
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Figure 4-4 (A) shows the XRD traces of GO and polymers. The PMMA presented
amorphous behaviours between®9.@5°, whereas PMMAco-MAA and PMAA exhibited
crystalline peaks at 1% and 15.8, respectivel. Figure 4-4 (B) illustrates the hybrid
nanocomposites that were washed with DMF after mixed GO and polymers. Each washed
sample presented two XR[2aks. The first peak was related to (002) GO, which shifted from
10.1°to 7.5, 7.2 and 7.4 corresponding tincreasingn the interlayer spadeom 0.87 nm of
the GO to 1.10, 1.15 and 1.12 nm of PMMA/GQPMMA-co-MAA/GO-w and PMAA/GO
w respectively, whreas the significant secomdde was linked to adsorbed polymers on the
surface of GO nanosheets. The later peaks reduced frod® 9to 15- 24° for all samples.

The shifting in the interlayer space of G@nosheetdepended on the increase in the antou

of the confined polymer between the GO nanosheets. That means the intercalated polymers
between the G@anosheetted toincreaing the distance between GO nanosheets, whereas
reduced the area of adsorption peaks of polymers was related to the waskedupe. It
removed the most of the polymer from GO nanosheets in agreement with FTIR finding in

Figure4-3 (B).

Appling no further washing proceduoa the samples showedsmnificantlyimprove
in the XRD result as shown iigure4-4 (C), where the hybritlanomaterialslso presented
two different XRD peaks for each sample, whereas the interlayers space shifted to higher
value due to increase in the amount of the confipglggmer between GO nanosheets. The
crystalline peak, which related to (002) GO, shifted fron? #©57.3, 7.2 to 7° and 7.4 to
7.2 corresponding to the increase in the interlayer space from 1.10 to 1.13, 1.15 to 1.18 and
1.12 to 1.15 nm of the PMMA/GOthe PMMAco-MAA/GO and the PMAA/GO
respectively, compared to washed hybrid nanomaterialSigare 4-4 (B). The confined
polymer amounts between tl nanosheetwere the main factor involved in this shifting of
the crystalline peak of GO to different position. The area of the second crystalline peak

increased from 15- 24° to 13 - 25° as well as aincreasen the intensity of the peaks. This
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was another interesting finding that resulted from an increase in the physical attaohthent

polymer on the surface of GO nanosheets.

The interlayer space of GO, distance area of adsorption polymers and intensity of
peaks increased among the sampleoth washed and not washed procedure. That suggested
the differentamount of absorption polymer between @@nhosheetand adsorption polymer
on the surface of GO nanosheets. Therefore, the PMMMNAA/GO showed the biggest
interlayer space, which means thghest amount of the confined polymer between GO
nanosheets. Even at thmv amount of additional functional groups of MAA in the PMMA
co-MAA, that presented a significant shift in the peak position of both absorbed and adsorbed
polymer compared with PMMI&SO. It showed more physical interaction witte functional
groups of GO, whereas the MAA unit of PMAA showed the most physical bond attaching of
PMAA to the surface of GO nanosheets, where dhy PMAA/GO exhibited ahigher
crystalline peak of adsorbé@MAA at 17.8. This confirmed the best attachment of adsorbed
PMAA on the surface of G@anosheets agreement with strong adsorption peaks of C=0,

C-H and GO-H of PMAA/GO, which presented in the FTIR spectra curve (frigure 4-3

©).

Interestingly, the hybrid nanomaterials, which contained polymers with functional
groups, exhibited théetter absorption and adsorptipplymer amount compared with the
sample contained PMMA. The amount of adsorbed polymer was influenced by the washed
procedure, where no future washing increased the interlayer bp&c€3 nm of functional
polymers and improved the peaks arethefadsabedpolymer by 45%, as well as the peaks
intensity compared to the washed hybrid nanomaterials. That means the washing procedure
reduced the amount of both confined and adsorbed polymers onto thea@Sheetsn
strongagreement with the FTIR findingsweh showed a reduction in the peaks vibration of

thebonds inFigure4-3 (B).
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Figure 4-5: TGA curvesof polymer/GO hybrids: (A) neat materials, (B) washed samples, (C)
nonwashed samples, thiesertsare derivative thermogravimetric {jTcurves andD) The
polymer adsorption amount and GO interlayer spacing of (a) GO, (b) PMMA, (c) RMMA
MAA, (d) PMAA, (€) PMMA/GOw, (f) PMMA-co-MAA/GO-w, (g) PMAA/GOw, (h)

PMMA/GO, (i) PMMA-co-MAA/GO and (j) PMAA/GO.

In Figure 4-5 (A), the thermal degradatioof the polymers presented two segments
degradation. The first and second degradasegmentof the polymers were between 150
250°C and 300- 470°C with two temperature values of peak degradatiqj), (Where the first
and second Jwere 189, 214, 227C and 394, 438 and 44€, which were related to the
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