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ABSTRACT

Graphene quantum dots (GQDs) have grasped the attenti@sezrchers from
many fields, mainly due to their unique optoelectronic properties. These properties made
GQDs of potential use in various applications, such as photocatalysis, optoelectronics,
bioimaging, solar cells, sensors, and sudackanced Ramarcattering. However, the
dependence of their fluorescence spectra on the excitation wavelength has been the focus
of several recent studies. While some studies attributed their-chubtmophoric
behavior to core and surface states, others related it thffeeently-sized nanodomains
of sp2hybridized carbon in an amorphous matrix.

Herein, colloidal GQDs were directly synthesized via-tewperature catalytic
chemical vapor deposition (CVD). These graphene nanostructures were found to exhibit
well-resolvel multi-emission bands in the visible region. Based on theayX
photoelectron, FIR and Raman spectroscopies, as well as density functional theory
(DFT) calculations, the role of polycyclic aromatic hydrocarbons (PAHS), was identified
as the building blcks of GQDs. Also, the fluorescence spectra of GQDs thin films were
investigated. Moreover, the effect of plasmonic nanomaterials, such as silver nanodisks
(AgNDs), on their fluorescence was investigated. A Polyvinylpyrrolidone (PVP) polymer
is used as aielectric material to prevent the diffusion of the AgNDs patrticles in the
GQDs layer and minimize the quenching effect. Different four concentrations of GQDs
were used (0.2%, 1%, 3% and 5%) to get the optimum conditions of
GQDs/spacer/AgNDs hybrdanomatgal. The 1% weight concentration of GQDs

shows the optimum fluorescence emission of GQDs/spacer/AgbiDposite.
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Chapter 1

Introduction and the scope of the thesis

Graphene Quantum Dots (GQDs) is a new born promising nanomaterial with an average
sizeof 10 nm. The first time GQDs reported was in 2004, when Xu et al. discovered
accidently an unknown fluorescent carbdmsed mateai as a byproduct during single
walled carbon nanotubes purification that produced from soctlistbarge[1]. In
addition to its abundance and low cft GQDs haveaunique properties that distinguish
themfrom grghene. Unlike the black known graphewhich has very low fluorescence

[3], GQDs have strong emitted fluorescence, known as the fluorescent carbon. This
material has different spin, photoetiec, electronic and optical properties due to the
guantum confinement in its particleBl]. GQDs have many applications in
photocatalysi$5], optoelectronic§6], bioimaging[7], solar celld8], sensorand surface

enhanced Raman scatteriSg.

1.1) Graphite, graphene and graphene nanodots

While gaphiteis a crysalline carbon allotropghat has a hexagonal crystal
structure. It is formed of multilayers of hexagonal rings of carbon, while graphene is a

single layer of these hexagonal rings, Figure (110]. Graphene is considered a two
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dimensional material that has metallic properties, such as good electric and heat

conductivity[11].

w o S ""I'I == -’*’N,’

Graphite Graphene

Figure(1.1): Schematic diagram of gitepand graphene structure [10]

Graphene nanodots are tiny parts of the graphene sheet that have a size-20tmm 1
Usually, the edges of these tiny particles are functionalized with oxygen functional
groups such as carboxylic and hydroxyl groupsess they have functionalized with
other functional groups that contain nitrogen, sulfur, chlorine or any other elements,
Figure (1.2)[12]. Although graphene almost does not have fluorescence, GQDs, on the
other hand, have strong fluorescence, which mékes a promisingclass ofmateriak

that has several applicatioff. This fluorescence is a result of the quantum confinement
of the graphene nanoparticlesnergy levelsthus known aggraphene quantum dots
(GQDs). This phenomenon depends mainly on the size of the particle. The smaller the
particle size, the shorter the wavelength of the emitted fluoresegn€mure (1.3)13],

[14].
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shows the quantum confinement of GQDs (2), (b) different sizes of GQDs under UV [13], [14
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1.2) GQDs Photoluminescence

Many researcherstudied the fluorescence of GQD® understand itsorigin.
Different strategies were adopted to tune the photoluminescence of GQDsvather
controlling their size[15], [16], doping [17], [18] or functionalization[19], [20].
However, the dependence of their fluorescence band on thatmexcivavelength raised
a serious debate in the literature about the origin of their photolumined@dnice8],
especially that it entradicts the excitatiemdependent emission for conventionally
known quantum dots of binary semiconductors. While some studies attributed this
phenomenon to the wide size distribution of the fabricated[@61s others related it to
the surface states created by functional groups containing oxygen, nitrogeitploar
[30]. Recent reportEl5], [26], [31], [32fven go further by suggesting the heterogeneous
composition of GQDs in which a matrix sp*-hybridized carbon contributing to the
surface states is encapsulatisg’-hybridized nanodomaindn this thesis, a further

research to unravel the reason for this phenomeniowestigated

1.3) Scope and objectives of the thesis

The mainobjective of the thesis is to study the fluorescenceGQIDs and
recognize itorigin. As well as toenhance the photoluminescence of GQDs thin film to

applicable in variouapplications.
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Chapter 2is a literature review that discusses the different methodgmlfiesis olGQDs
chemically and physically and tinestructure. It gives also an overview of GQDs
photoluminescence.

Chapter 3 describes the method thatsused to syntlsze GQDs and the procedure of
GQDs thin film fabrication.

Chapter 4 describes the morphological, optical and compositional charaaiens and
tests forcolloidal GQDs and GQDs thin fils In addition, it discusses the results of the
observations and thdiscussions

Chapter 5 states the conclusions of the thesis anggestions ofthe future work in this

track.
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Chapter 2

Literature review

2.1) GQDs synthesis:

There are various methods to synthesize GQDs that can be categorized into two
main types chemical and physical method&]. While chemical methodsinclude
electrochemical, hydrothermi@bmbustion, microwave/ ultrasonic or other synthesis
protocols The physical method@clude laser ablation/passivatipr@rc dischargeand

plasma treatment

2.1.)) Chemical methods

The electrochemical synthesid GQDs consists mainly of graphene rod as a
working electrodea counter electrodea reference electrode arah electrolyte,Figure
(2.1) [1]. Zhaoet al oxidizedgraphene using Pt wire as a counter electrode, and agueous
solution of NaHPQy as an electrolytf], Chiet al. used Pt mesh as a counter electrode,
and phosphate buffer solution at g0 as an electrolytg8]. Trying to control the size,

Kang et al. produced GQDsin the size range ¥4 nm using alkali- assisted



24

electrochemical method. This group also produced highly crystalline GQDs using pure

water as an electroly{d].

)7 2 / 1P o o4
OH'/ SIIIEEX
EtOH X XIS
! N
A 7
* L
>
. Carbon Quantum Dots

Working electrode

Reference electrode (Carbon rod)

Figure (2.1)fhe electrochemical GQDs synthesis diagram [4]

The hydrothermalcombustionof GQDs synthesis could be a soot comlorsiof
candle orparaffin oil followed byan oxidation sted5], [6]. Nitric acid, sulfuric acid or
mixture of them could be used as oxidants of carbon E§of9]. Simple onestep
techniques were improved througlyrolytic route from ethylenediamind tetraacetic
acid saltsor wet chemical synthesis with a regioh surface from acidic trea@nt
carbon fiberqg9], [10]. In addition, a fluorescence range of GQDs could be controlled
through the hydrothermal method. BliugninesceniGQDs were produced liyanet al.
through cutting graphene sheets thermally, while et al. used controlled sucrose
carbonizationto produe greenluminescentGQDs which are separated from the nen
luminescenbnes using dialysidl 1], [12].

The microwave/utrasonicsynthesis of GQDs is considered to be a microwave

pyrolysis of carbotbased material such a$ycerol, glycol, glucose e t [&]. Zhenget
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al. reported amicrowavehydrothermal synthesigsom graphie oxide, whileKanget al
did it usingultrasonic handling of glucog&3], [14].

There are otér various chemical methods to synthesize GQDs sushpg®rted
synthetic procedurewhich is a well-known method to fabricatenono disperse
nanomaterial§l]. Oxidative condensatiowasalso recognizedol GQDs preparatiarin
this method aryl groups are used as the precyfdjr Hummer method is another
technique to produc GQDs. It consists of two main steps, firsttlie oxidation of
graphite turning it into graphite oxide using strong @ity agents such as KMnGnd
H>SQu. The second step is exfoliation of the graphite oxide layers into graphene oxide by
sonication wih di-methyl formamidefollowed byetching of graphene oxide under high

temperature to get GQDs, Figure (Z29], [17].

OXidatiOﬂ OH COOH OH CH

Exfoliation OH OH  COOH

. Graphene Oxide
Graphite

Figure (2.2kcematic digram that shows the two main steps in Hummer method, oxidation and

exfoliation [17].

Chemical vapor deposition meth¢dVD) was also employed for the fabrication
of luminescent GQDs thin films on copdé8], silicon[19] and hexagonal boron nitride

[20] substratesThe fabrication of GQDs by the CVD technique on those substrates
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promises to be scalablelowever,it suffers from the high growth temperature (90T50

3 ) and the low production yield, limiting their application in microelectrof2dgi [23].

2.1.2 Physcal methods

Using laser beam®u et al treated agraphite material suspended iarganic
solvent to produce GQDs. According to the soltgpg the fluorescence emission range
can becontrolled Figure (2.3)24]. Starting from carbon nanomaterial that is dissolved
in a liqguid medim (solvent) such as ethanol, water, acethanest al. developed such a
method, where drops of this suspension was exposed to laser irradiation on a slide of

glass. Figure (2.4) shows a schematic diagram of the device used in this [#bLess

+ HO(CH:CH:0)n H— 125, #E ¥ 5

Figure (2.3Preparation of GQDs using laser beam [24].

A soot of arc discharge can be useadbtainGQDs.Xu et al. reported that nitric
acid could be used to improve the solubility of GQDs that have been collected by this
way through thantrodudion of hydrophilic functional groupf26]. Plasmatreatment isa
known physical method th&t used to synthesize GQDSokuset al. used this method to

produce high fluorescent monolayer graphene. Oxygen plasma was used to get a
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uniformly distributed PL on the flakg27]. Jianget al reported a simple methoa t

prepare and functionalize the GQDs i ttame step in aall-in-one small submerged

arc plasma react¢e8].

Reflector

Metal Cover
Glass Cell

Carbon Suspension

Magnetic Stirrer

Figure (2.45chematic diagram of the device used in laser ablation [25].

2.2  GQDsthin film preparation :

GQDs are prepared inlguid form, whether in a hydrophilic or in a hydrophobic
solution[1]. However, to use GQDs in a device, it should be in a solid form such as thin
film. There are several methods toepare GQDsthin film such as spin coating,

magnetron sputtering, pressure assisted methods and others.
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Spin coating is one the wijeusedmethod to fabricate homogeneous thin film.
A tiny amount of the substance is dropped at the center of the segbstrigh is fixed on
the spin coater. The substrate spins with high speed according to the desired thickness.
The excess fluid squeezes aitthe substrate and the solvent evaparatenediately,
Figure (2.5)[29], [30]. Fardinabost et al. used spin coating to prepare GQDsk WD
film, that could be used as hydrogen detef3dj. Suet al.used the same technique to
modulate the photoluminescencEMo0S, monolayer by coating it with ultrathin layer of
GQDs [32]. Dejan et al fabricated thin film  of poly(3,4
ethylenedioxythiophene):poly(styrerseilifonate) (PEDOTPSS)and GQDs to develop
electrodes thaivere used for ofelectronic devices. A dispersion BEDOT: PSSand
GQDs was spin coated on glass to produce thin films with enhanced stability,

transparency and conductivity propertias].

a) b)
>
.

c) d) |
& L

|

prem— —
— —

Figure (2.55pin coater system. (left) shows schematic diagram of spin coating process steps

(right) kows a photo image of the machine [29], [30]
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Zhu et al reported a new method to synthes@Dsthin film usingmagnetron
sputtering Figure (2.6). GQDs/ZnO comptes film is first prepared by magnetron
sputtering, then hydrochloric acid is used to treat the composite. The GQDs thin film is

produced after the last stephich is dialysid34].

Ar*produced :

by Ar gas
(@ acid treatment
: @) dialysis

Vacuum :
chamber :

Target . .
N N -

' | @ @

........................................... . . ‘

GQDs

Figure (2.6 5chematic diagram of GQDs thin filnyrgtroa sputtering [34].

Pressurassisted method is a filtration technique at high pressueposit a
substance on a substragonget al.reported asimplenovel method to prepagFaphene
oxide quantum dots thin filnby pressurassisted methoébr use in reverse osmosis
applications. An agueous suspension of graphene oxide quantum dots $§6@®QD
phenylenediamindMPD) was filtered at 2 baby a deaeend filtration machine to

produce a thin film on polysulfone(PSf) substratesigure (2.7)[35].


http://www.sciencedirect.com/science/article/pii/S0008622315001943#!
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Pressure
1

1 1
~ l l l GOQD incorporated PA layer
GOQD+MPD Tast s rettes s e neees
. v
’ .- tar o em e . - 5 4

- -

PSf

Figure (2.7%chematic diagram that describes the presmieel method [35].

2.3} GQDs properties and applications

GQDs hae various benign properties, such as inertness, high stability, light
bleaching resistivity and the ability to tune its hydrophobicity and hydrophilicity. In
addition, it is environmentll friendly and could be synthesized from low cost materials.
However, no doubt that the main property of GQDs is its strong fluorescence, and the
ability to control the intensity of this fluorescence and adjust its emission [[2Blgd his
featue makes GQDs a strong competitor with the regular inorganic semiconductors and
pushes its applications mainly towards energy, electronics and catalysis fields. Many
researches in miscellaneous fields try to get beroéfithese properties in different
applcations such as solar cells, Figure (2.8[3J], [38], photo electre catalysts[39],
photereduction and oxidatiofd0], light emtting diodes [41]i [43], electronic devices,
Figure (2.8 B)[44] and others. Add tdhe aforementioned properties, the GQDs is
biocompatible and has low cytotoxicitgnaking them ofunlimited u® in biotechnology
field. Beside using it in bioimaging, Figure (2.B)5]i[53], they can beusedin drug

delivery systera[54]i [56] arti-microbial agenf57] and gene nanocarrigg8], [59].



31

Spiro-OMeTAD

Memory Glass
device

ook
/ Bottom
Top electrode
electrode

Figure (2.8Different GQDs based devices, Asemismal SEM image of planer perovskite

solar cell (left), and its schematic diagram (right) [38], B) graphene quantum dots flash memaol
schematic diagram (left) and its image (right) [44].

Intensity/10°

Figure (2.9 omparison of GQMsver) in vivo to that of theestablished CdSe/ZnS
guantum dots (upper) [53].
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2.4) GQDs composition and structure

The exact composition of GQDs depends mainly on the synthesis method
However, GQDsn general consist cd few layers of graphenieavingfunctional groups
on the edges. These functional groups varymogn oxygerbased, nitrogedbased or
other functional groups. The interaction between the graphene core and these groups has
an essential effect otneir PL [60]. Due to the gaphene core of GQDshey show a
crystalline pattern, unlike carbon nanodathich areamorphous carbonaceous material.
Lin et al.reported that GQDs crystals haaeaverage latticepacing 0f0.24 nm,which

corresponds to (100) spacing of single graph#ois61].

2.5 GQDsfluorescence

2.5.1) Fluorescence phenomena

Luminescence is the light emission occurs by any substaadrzsorbs
electromagnetic radiation. Themission happens when the excited electrons (which
absorked the electromagnetic radiation) return tiee ground states and release the
differenceof energy in form of photonwith wavelength_, according to PlancEinstein

relation

o a Eq. (2.1)

where h is Planck's constafitis the frequency of the emitted light and c is the

speed of light in space.
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The emission spectra always have longer or equal wavelength to the absorbed one. This
property is known as Stokes' shift, where the ex@ledtrons may lasenergy during this
process. Excitation and emission of the fluorescence process are usually demonstrated by
a schematic diagraiknown asJablonskidiagram, Figure (2.10B6]. Fluorescence is a

type of luminescence, in whidhe excited state ia single state, and the lifetime, which

is the average time between the excitation and the relaxation, ranges between 0.5 and 20

ns[62].
A Intersystem
S1 A | Internal Crossing
Y Conversion
> hva T1
g hvr
& | Absorption Fluorescence \_'_th
3 Phosphorescence
S0 Y Y
0

Figure (2.10Jablonski diagram illustrates the absorption and the emission processes in case
of fluorescence and phosphorescence, where SO and S1 are the ground and excited states

respetively [62].

2.5.2 Quantum confinement in GQDs

As thedimensions of1 substance go towards naswale and become comparable
to thede Broglie wavelengtlof the electron wavefunction, some of dBaracteristics
change such as optical and electric properBgsdecreasing the size of the particle, the
energy levelscan beconverted into discrete bands instead of continuous bands. This

phenomenon is known agiantum confinement, and it obeys particle in a box physics
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[63]. The wavefunction and the energy states of the particle in a box problem depend on

the box dimensions, and given by the following equdifdj:

l.IJ . ,é @ (b, ,E “ d) . ,(‘C_\“ d
[ ——— OE++— OE+— OE+—
VU U V] v v
2 ° € Eq. (2.2
o oo 8 E 9. (2.2)
s 0 0 0

where L is the length of the box and m is the mass of the pattidd?lanck’s
constantAs the size of the particle decreases, the band gap energy increasekatitime re
between the size of the particle and the energy of the band gap is controlled by the

equation(2.3)[65] :

S L
°© % v

o 080 Eq. (23)
a ™ 7 i

where O is theband gap energy of the bulk material, h is Plank's constant, R is the
radius of the nanoparticlé, andd& are the Hective masses of the electron and the
holg respectively] is the permitivity of the free spacand r is the Bohradius[66].
Graphengwhich is a black substance with metallic properteags as a semonductor

when its size becomes within few nanometers. It shows quantum confinement by
absorbing light and entibg radiation inthe visible spectrarange. The color of the

emitted spectra depends on the size of the GQDs. The size of the GQDs is mby the o
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factor that affects the confinement; the edges, the functional groups and the shape of the

particles are also effectiy67].

2.5.3 The origin of GQDs fluorescence:

When the electron absorbs light, it transfers to the excited energy(gtate
conduction band) leaving a hole in the ground enestgte (the valence band). After
some time, known as lifetime’)( the electron releases back to the ground energy state
recombining with the hole, known as recombination process. There are three main types
of recombination, radiative, tregssisted an@luger recombination, Figure (2.1[B8].

Radiative recombination, also known as b#émtband recombination, is a
recombination process in which the electron returns to the valencediaatly and
recombines with the hole with emission of a pho@®]. Trap assisted recombination,
also known as ShockldgeadHall (SRH) recombination, is a two steps recombination
process in which the electron moves from the conduction band to an energy level within
the band gap (trap) by releasing a photon or a phonon. Then, the electron rethens to t
valence band and recombines with the hodéeasing another photon or phongi®].

Auger recombinatiormechanismis a procesghat involves three carriersiwhen the
electron returns to the valence band and recombines with the holegethg exleased is
given to a third carrier tich is an electron in the conduction band instead of releasing
the energy in form of photon or phonon. This third carrier is excited to higher energy
states in the conduction band, then it thermalizes back t@dhduction band edge

throughcollisions with the lattic¢71].
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Ec

E
Ey

band-to-band  trap-assisted Auger
recombination recombination recombination

Figure (2.11Yypes of recombination [68].

It has been revealed that the fluorescence in GQDs istalube radiative
recombination of the electremole pairs in itsp? domain[60]. However, the mechanism
of the fluorescence has not been revealed yet. Various characterization of GQDs
attempted to investigate the PL and interpret ksmanism. Besides the direct tests such
as UWVi s, PL, FTI R, XPSé etc., there are
Solventdependent and pHlependent PL showed that the acidity or basicity degree of
the medium affestthe PL by protonation or deprotatiion the surface states (the
functional groups]11]. In addition, by studying the quenching process, PL mechanism
could be better understodal].

So far, there is no definitmechanism for the PL origin in GQDdowever, thee
are somefew possibilities such asthe surface defect states, or the edge states (the
emissive taps). Nevertheless, somesearcherattributed that to the heterogeneityspf
andsp’ hybridizationin GQDs cluster$60]. Ritter et al. reported that the edge type of
GQDs (zigzag or armchair) has an obvious effect on the GQDs Riask of zigzag

edge dominance, the band gapdmees narrower tharthatin the case of armchaiedge
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dominance, where the zigzadges contain triplet carbene, while the armebdges
contain singlet carbyn@3]. The defect states, resulted from the surface functionalization
have a main rule in GQDs PL. The oxygéased functional groups, such as carboxyl,
epoxy and carbonyl groups, enhance the-raatative recombination and reduce the
GQDs fluorescence. However, the reduction of these functional groups produces
hydroxyl groups and decreases the surface defestsling in PL enhancement by
enrichment of - conjugated systeijir4].

On the other hand, in case of GQDs with ideal core of graphene and minimum
surface defects, the cofe conjugated system is assumed to be the origin of GQDs PL.
Both the theoretical calculationsnd the eyerimental attempts reported that PL is
directly affected by controlling the size of the conjugatedlomain of GQDs. DFT
calculations by Edaet al. showed that the band gap energy of the benzene ring is
approximately 7 eV, while the energy of the polpraatic hydrocarbon has 20 rings

decreased to 2 eV, Figure (2.12%].

8 T
L4 s

E St N=1 |
Q
Q) °
D) 4+ \.. 4 "
> \ #
=4 ./
3
w 2f 1

0 1

0 10 20 30 40

Number of aromatic rings (N)

Figure (2.12Relation between the size of the GQDs anadititie corresponding energy
gap [75].
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Penget al. used different temperatures to synthesize three different categories of
GQDs, 14 nm, 48 nm, 711 nm. The resudtwerethree different PL varying from blue,
green to yellow[9]. In addition, Kim et al. reported GQDs witkffdrent sizes (from 5 to
35 nm) and shape/edge states. An bdtavior was observethe peak energy of the
absorption spectra monotonically decrehagé6]. By controlling the size and the
edge/surface states of GQDs, the electronic transitions could be adjusted and produce
GQDs with desired optical properties and strong PL emission. Some research groups
adjusted the P via functionalization of GQDs. It is found that GQDs with the same size
show redshifted PL, if it contains amingroups. The HOMO orbital bemes in higher
energy level when the hydrogéerminated edges substituted with amine ones,
smallergabbard. This is due to the resonance between GQRsnjugated system and
the free electrons in amirgroups. Other research groups tuned the PL emission by
controlling the pH of the medium, passivation of the GQDs surface, doping the graphene
core, changing the size of GQDs patrticles, or even intelplagixing these factorf36],
[60]. On the other hand, there are attempts to enhance the GQDs properties by fabrication
of hybrid nanomaterials of GQDs and metals or metal oxides.e®%a@l. reported a
combination method of graphene and ZnO to produstym dots that have emissive
properties for light emitting diodes applicatidiig]. While, Ranet al. decorated GQDs

with silver nanoparticletget silver sensitive detectai8].
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Chapter 3

Materials and experimental work

3.1 Materials and supplies

Iron chloride Il was purchased froResearck_ab Fine Chem. Industries, India
Acetyl acetone was purchased fr@rford Laboratory Chemicals, Indidhe GQDshin
film preparation and @racterization was done in a collaborative work with Georgia
Institute of Technology.

Other chemicals used in thelltaving experiments are bought from Sigma

Aldrich.

3.2 Chemical Vapor Deposition (CVD) Method

GQDs were synthesized by catalytic decomposition of acetyleng2§Cin
presence of iron flakegia a thermal CVD setuypFigure (3.1). First iron flakes were
obtaired by thermal decomposition of Fe(aggmecipitated from an agueous solution of
FeCk and acetyl acetone (Oxford Laboratory Chemicals, India) at high pH. The freshly
prepared catalyst was then placed in a 28 mm (ID) quartz tube in the hot zone of Thermo
Scientificdbs Mini Mite tube furnacdGunderThe fu

flow of Ar gas. At 690°C, acetylene was introduced to the hot chamber at 5 sccm using
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MKS MF-1 mass flow meter controlled by MKS 647C Mwgts controller. The vapor
exiting the furnace was promoted to bubble in an organic solvent for an hour during
which the colorless solvent converts to greetyisliow solution showing green emission

under fluorescent room light.

Figure (3.1)fhe Experim&al Setup @ AUC

3.3 Silver Nanodisks (AgNDs) Preparation

In a singlepot, AgNO3 (Sigma Aldrich) aqueous solution was added to
polyvinylpyrrolidone (PVP; MW = 55000, SigmaAldrich) agueous solution. Then,

ascorbic acid (AA) was added to the pot with gestiaking, followed by addition of
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NaBH4 (SigmaAldrich) with continuing shaking for few seconds. The produced AgNDs
were centrifugated for 30 min at 12000 rpm for cleaning, and then dispersed in ethanol

for usage and storagl].

3.4) Preparation of GQDs Thin Film:

GQDs thin film has various applications in biology, electrenicenewable
energyéetc. GQDs thin film was Ipdridegighr ed an
AgNDs layer to enhance the GQDs optical properties. The two layers of the GQDs and
the AgNDs were separated by dielectric material (spacer) to minimizeuthreclgng
effect that happens between the two layErgure (3.2) shows the structure of the thin

film on quartz substrate.

Spacer Layer
GQDs Layer

> |
/
y

y
// AgNDs Layer

Figure (3.2)fhe GQDs/ spacer/ AgNDs thin film structure

Substrate

3.4.1) Spin Coating

The GQDs thin film wagprepared on quartz substrate, as showhigare (3.3),
using spin coating technique, which is simple and quick technique that can apply

homogeneous thin film to a substrate. GQDs solution was prepared with different four
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concentrations 0.2%, 1%, 3% anth ®f weight in chloroform. The films were produced

at 1000 rpm for 30 seconds using dynamic dispense spin coating technique.

Figure (3.3)fhe GQDs/ spacer/ AgNDs thin film photographic image under the UV illuminatior

3.4.2) Langmuir Blodgett:

To enhance the Photoluminescence performance of GQDs thin film, a AgNDs
layer has been added to the quartz substrate before making the GQDs thin film. A Nima
611D Langmuiri Blodgett trough was used to prepare the AgNDs layer. Usirgg thi
techniqueAgNDs were assembled into highly packed 4shmensional arrayFigure
(2.4) [2]. A spacer (dielectric material) layer, which is polyvinylpyrrolidone (PVP), was
added between the GQDs and the AgNDs layers using the same device. The polymer is
prepared in a form of high concentrated solutiorchloroform and sprayed over the

water of the trough to form the layer above the AgNDs layer.
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2- AgNDs in CHCI; g

; sprayed over the LB trough

1- LB trough filled with water 3- LB trough coated with AgNDs
left for 30 min

4- A substrate
coated with
transparent tape
dipped into the
LB trough

6- Tape removed from Si  Substrate coated with 5- Simultancous compression ol the
substrate AgNDs. LB film and raising of the substrate

Figure (3.4 AgNDs monolayer on quartz substrate preparation scheme [2].

3.5 DFT Calculation:

The ground state HOMO and LUMO posits with respect to vacuum level for
different sizes osQDswere calculated using DMol3 package implemented in Materials
Studio Ver.8. The dangling carbon bonds were passivated by hydrogen atoms.

Calculations were performed using B3LYP as DFT functiontd ®ND basis set.

3.6) Instrumentation:

The steadystate photoluminescence spectra for obtained colloidal solution of

GQDs were recorded using HitachiIZ00 fluorometer and its absorption spectrum was
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acquired using Shimatzu U¥%650 PC UWVis spectrophotonter. To observe the GQDs
under TEM (JEM2100 LaB6, JEOL, operating at 200 kV and equipped with Gatan
SC200B CCD camera) a drop from the colloidal solution was deposited on formavar
carbon coated 200 mesh copper grid and left to evaporate at room tenepeXadark
brown honeylike material with high fluorescence results upon drying the colloidal
solution of GQDs obtained by our CVD method. So, for ease of handling and to reduce
the signal originating from its photoluminescence during examination with Raman
spectroscopy (ProRamdn, Enwave Optroni cs @ -ra&ye x c =
photoelectron spectroscopy (TherS8oientific K-Alpha) we deposited the GQDs on
TiO2 nanopowder (P25, Sigma Aldrich) by mixing a colloidal solution of GQDs with
defined concentration witthe TiO2 powder in ethanol then allowing the mixture to dry
at 70 o C under continuous stirring to obtain a homogenous solid dispef3ioR
spectrum for the GQDs in KBr was acquired using (Thermo Scientific Nicolet 380).

The steadystate photoluminestice spectra and the emission life time for
GQDs/spacer/ AgNDs thin film were measured using Horiba -HilBR320)1
fluorometer, and gabsorption was measured B)R4000CGUV-NIR spectrometerThe
thin film morphology was characterized by A Veeco AFM Ihiginsion 3100Renishaw
inVia confocalRaman microscopeas used taet further information about the GQDs

composition in form of thin film.
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Chapter 4 1

Results and discussion

4.1)  Solution characterization:

4.1.0) Structural and morphological characterization:

Figure (4.1) shows HRTEM image of the aerosdlected by allowing the carrier
gas exiting the CVD reactor to bubble through an organic solvent. The HRTEM image

reveals nanodomains of GQDs with their characteristic [100] lattice spacing (2.1 A).

Figure (4.1HRTEM @& QDs domains with FFT inset

These domains are randomly oriented as evidenced from the FFT (inset in Figure

4.1) and stacked on top of each other revealing the [002] lattice spacind\j2.28so,

1 This chapter has been published/As: S . Hassani en, R. A. Shedeed, and
Quantum Sheets with Multiband Emission: Unravelling the Molecular Originof @rapp Quant um Dot s
J. Phys. Chem. C, vol. 120, no. 38, pp. 21@1%84, Sep. 2016
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large flakes of stacked graphene nanodots coexiste@ iexdamined ensembles showing
the sixfold symmetry of graphite in the selected area electron diffraction (SAED) pattern

displayed in Figure (4.2).

Figure (4.2)fEM of GNFs (left) and their corresponding SAED (right)

4.1.2 Optical measurement

The steadystate photoluminescence (PL) spectra were acquired for GQDs
suspended in ethanol. The PL spectrum excited at 365 nm showed pronounced and
asymmetric feature, which can be deconvoluted into r@adtissian peaks (Figure 4.3a)
centeredat 406, 430, 466, 489, 499 and 583 nm, with the bands at 430 and 499 nm are
the most dominant. Note that the PL spectrum is dependent on the excitation wavelength

(Figure 4.3Db).
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Figure (4.3)a) Photoluminescence spectrG@D$ suspended in ethanol fitted 10 multi
emi ssion bands (&exc=365 nm). Inset: The
Photoluminescence spectra under different excitation wavelengths (cur

The existence of muHtransitions in the PL o6GQDs was also observed in the
UV-Vis absorption and photoluminescence excitation (PLE) spectra, Figure (4.4) The
absorption spectrum exhibited two spectrally resolved bands at 397 and 429 nm and two
broad bands at 438 and 490 nm. Also, the PLE spectrwrdest at an emission window
of 540 nm was dominated by two strong transitions at 463 and 492 nm, along with two
weak bands at 425 and 446 nm and the latter being convoluted with the strong band
centered at 463 nm. These spectroscopic data reveal thechrolthophoric nature of as
synthesized luminescent graphene nanostrudtife This multichromophorism was
thought to be due to states related to core of graphitic carbon and states arising from the

functional groups attached to the surface or edge of the graphene quant{@hi {ijts



















































