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ABSTRACT 
 

Graphene quantum dots (GQDs) have grasped the attention of researchers 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 surface-enhanced Raman scattering. However, the 

dependence of their fluorescence spectra on the excitation wavelength has been the focus 

of several recent studies. While some studies attributed their multi-chromophoric 

behavior to core and surface states, others related it to the differently-sized nanodomains 

of sp2-hybridized carbon in an amorphous matrix. 

Herein, colloidal GQDs were directly synthesized via low-temperature catalytic 

chemical vapor deposition (CVD). These graphene nanostructures were found to exhibit 

well-resolved multi-emission bands in the visible region. Based on the X-ray 

photoelectron, FT-IR and Raman spectroscopies, as well as density functional theory 

(DFT) calculations, the role of polycyclic aromatic hydrocarbons (PAHs), was identified 

as the building blocks 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 a dielectric material to prevent the diffusion of the AgNDs particles 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 hybrid-nanomaterial. The 1% weight concentration of GQDs 

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

Introduction and the scope of the thesis   



Chapter 1                                                                                              

Int roduction and the scope of the thesis 

Graphene Quantum Dots (GQDs) is a new born promising nanomaterial with an average 

size of 10 nm. The first time GQDs reported was in 2004, when Xu et al. discovered 

accidently an unknown fluorescent carbon-based material as a byproduct during single-

walled carbon nanotubes purification that produced from soot arc-discharge [1]. In 

addition to its abundance and low cost [2], GQDs have unique properties that distinguish 

them from graphene. Unlike the black known graphene, which has very low fluorescence 

[3], GQDs have strong emitted fluorescence, known as the fluorescent carbon. This 

material has different spin, photoelectric, electronic and optical properties due to the 

quantum confinement in its particles [4].  GQDs have many applications in 

photocatalysis [5], optoelectronics [6], bioimaging [7], solar cells [8], sensors and surface 

enhanced Raman scattering [9].  

1.1) Graphite, graphene and graphene nanodots: 

 While graphite is a crystalline carbon allotrope that 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 (1,1) [10]. Graphene is considered a two- 
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dimensional material that has metallic properties, such as good electric and heat 

conductivity [11].  

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

 

 

Graphene nanodots are tiny parts of the graphene sheet that have a size within 1-20 nm. 

Usually, the edges of these tiny particles are functionalized with oxygen functional 

groups such as carboxylic and hydroxyl groups, unless 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 makes them a promising class of materials 

that has several applications [4]. This fluorescence is a result of the quantum confinement 

of the graphene nanoparticles, energy levels, thus known as graphene 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 fluorescence is, Figure (1.3) [13], 

[14].  
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Figure (1.2): Graphene and GQDs structure [12] 

 

  

 
Figure (1.3): The relation between the size of GQDs and the emitted wavelength, (a) scheme 

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 researchers studied the fluorescence of GQDs to understand its origin. 

Different strategies were adopted to tune the photoluminescence of GQDs either via 

controlling their size [15], [16], doping [17], [18] or functionalization [19], [20]. 

However, the dependence of their fluorescence band on the excitation wavelength raised 

a serious debate in the literature about the origin of their photoluminescence [21]ï[28], 

especially that it contradicts the excitation-independent emission for conventionally 

known quantum dots of binary semiconductors. While some studies attributed this 

phenomenon to the wide size distribution of the fabricated dots [29], others related it to 

the surface states created by functional groups containing oxygen, nitrogen or sulphur 

[30]. Recent reports [15], [26], [31], [32]even go further by suggesting the heterogeneous 

composition of GQDs in which a matrix of sp3-hybridized carbon contributing to the 

surface states is encapsulating sp2-hybridized nanodomains. In this thesis, a further 

research to unravel the reason for this phenomenon is investigated.  

1.3) Scope and objectives of the thesis: 

The main objective of the thesis is to study the fluorescence of GQDs and 

recognize its origin. As well as to enhance the photoluminescence of GQDs thin film to 

applicable in various applications. 
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Chapter 2 is a literature review that discusses the different methods of synthesis of GQDs 

chemically and physically and their structure. It gives also an overview of GQDs 

photoluminescence. 

Chapter 3 describes the method that was used to synthesize GQDs and the procedure of 

GQDs thin film fabrication. 

Chapter 4 describes the morphological, optical and compositional characterizations and 

tests for colloidal GQDs and GQDs thin films. In addition, it discusses the results of the 

observations and the discussions. 

Chapter 5 states the conclusions of the thesis and suggestions of the future work in this 

track.  
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Chapter 2  

L iterature review 

2.1) GQDs synthesis:  

There are various methods to synthesize GQDs that can be categorized into two 

main types, chemical and physical methods [1]. While chemical methods include 

electrochemical, hydrothermal/combustion, microwave/ ultrasonic or other synthesis 

protocols. The physical methods include laser ablation/passivation, arc discharge and 

plasma treatment. 

2.1.1) Chemical methods: 

The electrochemical synthesis of GQDs consists mainly of graphene rod as a 

working electrode, a counter electrode, a reference electrode and an electrolyte, Figure 

(2.1) [1]. Zhao et al. oxidized graphene using Pt wire as a counter electrode, and aqueous 

solution of NaH2PO4 as an electrolyte [2], Chi et al. used Pt mesh as a counter electrode, 

and phosphate buffer solution at pH 7.0 as an electrolyte [3]. Trying to control the size, 

Kang et al. produced GQDs in the size range 1-4 nm using alkali- assisted 
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electrochemical method. This group also produced highly crystalline GQDs using pure 

water as an electrolyte [4]. 

 

 

4Figure (2.1): The electrochemical GQDs synthesis diagram [4] 

 

The hydrothermal/combustion of GQDs synthesis could be a soot combustion of 

candle or paraffin oil followed by an oxidation step [5], [6]. Nitric acid, sulfuric acid or 

mixture of them could be used as oxidants of carbon soot [7]ï[9]. Simple one-step 

techniques were improved through pyrolytic route from ethylenedi- amineïtetraacetic 

acid salts or wet chemical synthesis with a resin-rich surface from acidic treatment 

carbon fibers [9], [10]. In addition, a fluorescence range of GQDs could be controlled 

through the hydrothermal method. Blue luminescent GQDs were produced by Pan et al. 

through cutting graphene sheets thermally, while Wu et al. used controlled sucrose 

carbonization to produce green luminescent GQDs, which are separated from the non- 

luminescent ones using dialysis [11], [12]. 

The microwave/ultrasonic synthesis of GQDs is considered to be a microwave 

pyrolysis of carbon-based material such as glycerol, glycol, glucoseéetc. [1]. Zheng et 
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al. reported a microwave-hydrothermal synthesis from graphite oxide, while Kang et al. 

did it using ultrasonic handling of glucose [13], [14]. 

There are other various chemical methods to synthesize GQDs such as supported 

synthetic procedure, which is a well-known method to fabricate mono- disperse 

nanomaterials [1]. Oxidative condensation was also recognized for GQDs preparation. In 

this method aryl groups are used as the precursor [15]. Hummer method is another 

technique to produce GQDs. It consists of two main steps, first is the oxidation of 

graphite turning it into graphite oxide using strong oxidizing agents such as KMnO4 and 

H2SO4. The second step is exfoliation of the graphite oxide layers into graphene oxide by 

sonication with di-methyl formamide, followed by etching of graphene oxide under high 

temperature to get GQDs, Figure (2.2) [16], [17].   

 

 

5Figure (2.2): scematic digram that shows the two main steps in Hummer method, oxidation and 

exfoliation [17]. 

 

 Chemical vapor deposition method (CVD) was also employed for the fabrication 

of luminescent GQDs thin films on copper [18], silicon [19] and hexagonal boron nitride 

[20] substrates. The fabrication of GQDs by the CVD technique on those substrates 
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promises to be scalable. However, it suffers from the high growth temperature (900-1050 

ᴈ) and the low production yield, limiting their application in microelectronics [21]ï[23]. 

2.1.2) Physical methods:  

 Using laser beams, Du et al. treated a graphite material suspended in organic 

solvent to produce GQDs. According to the solvent type, the fluorescence emission range 

can be controlled, Figure (2.3) [24]. Starting from carbon nanomaterial that is dissolved 

in a liquid medium (solvent) such as ethanol, water, acetone. Li et 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 process [25].  

 

6Figure (2.3): Preparation of GQDs using laser beam [24]. 

 

 A soot of arc discharge can be used to obtain GQDs. Xu et al. reported that nitric 

acid could be used to improve the solubility of GQDs that have been collected by this 

way through the introduction of hydrophilic functional groups [26]. Plasma treatment is a 

known physical method that is used to synthesize GQDs. Gokus et 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 flakes [27]. Jiang et al. reported a simple method to 

prepare and functionalize the GQDs in the same step in an all-in-one small submerged- 

arc plasma reactor [28].   

 

7 Figure (2.4): Schematic diagram of the device used in laser ablation [25]. 

2.2) GQDs thin film preparation :  

 GQDs are prepared in a liquid 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 to prepare GQDs thin film such as spin coating, 

magnetron sputtering, pressure assisted methods and others. 
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 Spin coating is one the widely used methods to fabricate homogeneous thin film. 

A tiny amount of the substance is dropped at the center of the substrate, which is fixed on 

the spin coater. The substrate spins with high speed according to the desired thickness. 

The excess fluid squeezes out of the substrate and the solvent evaporates immediately, 

Figure (2.5) [29], [30]. Fardindoost et al. used spin coating to prepare GQDs/ WO3 thin 

film, that could be used as hydrogen detector [31]. Su et al. used the same technique to 

modulate the photoluminescence of MoS2 monolayer by coating it with ultrathin layer of 

GQDs [32]. Dejan et al. fabricated thin film of poly(3,4-

ethylenedioxythiophene):poly(styrene sulfonate) (PEDOT: PSS) and GQDs to develop 

electrodes that were used for optoelectronic devices. A dispersion of PEDOT: PSS and 

GQDs was spin coated on glass to produce thin films with enhanced stability, 

transparency and conductivity properties [33]. 

 

8 Figure (2.5): Spin coater system. (left) shows schematic diagram of spin coating process steps, 

(right) shows a photo image of the machine [29], [30] 

 



29 

 Zhu et al. reported a new method to synthesize GQDs thin film using magnetron 

sputtering, Figure (2.6). GQDs/ZnO composite 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 step, which is dialysis [34].  

 

9 Figure (2.6): Schematic diagram of GQDs thin film by magnetron sputtering [34]. 

 

 Pressure-assisted method is a filtration technique at high pressure to deposit a 

substance on a substrate. Song et al. reported a simple novel method to prepare graphene 

oxide quantum dots thin film by pressure-assisted method for use in reverse osmosis 

applications. An aqueous suspension of graphene oxide quantum dots (GOQDs)/ m-

phenylenediamine (MPD) was filtered at 2 bar by a dead-end filtration machine to 

produce a thin film on a polysulfone (PSf) substrate, Figure (2.7) [35].  

http://www.sciencedirect.com/science/article/pii/S0008622315001943#!
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10 Figure (2.7): Schematic diagram that describes the pressure assisted method [35]. 

2.3) GQDs properties and applications:  

 GQDs have various benign properties, such as inertness, high stability, light 

bleaching resistivity and the ability to tune its hydrophobicity and hydrophilicity. In 

addition, it is environmentally 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 range [36]. This 

feature 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 benefit of these properties in different 

applications such as solar cells, Figure (2.8 A) [37], [38], photo- electro- catalysts [39], 

photo-reduction and oxidation [40], light emitting diodes [41]ï[43], electronic devices, 

Figure (2.8 B) [44] and others. Add to the aforementioned properties, the GQDs is 

biocompatible and has low cytotoxicity, making them of unlimited use in biotechnology 

field. Beside using it in bioimaging, Figure (2.9) [45]ï[53], they can be used in drug 

delivery systems [54]ï[56] anti-microbial agent [57] and gene nanocarrier [58], [59]. 
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11 Figure (2.8): Different GQDs based devices, A) cross-sectional SEM image of planer perovskite 

solar cell (left), and its schematic diagram (right) [38], B) graphene quantum dots flash memory 

schematic diagram (left) and its image (right) [44]. 

 

 

12 Figure (2.9): Comparison of GQDs (lower) in vivo to that of the well-established CdSe/ZnS 

quantum 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, GQDs in general consist of a few layers of graphene having functional groups 

on the edges. These functional groups varying from oxygen-based, nitrogen-based or 

other functional groups. The interaction between the graphene core and these groups has 

an essential effect on their PL [60]. Due to the graphene core of GQDs, they show a 

crystalline pattern, unlike carbon nanodots, which are amorphous carbonaceous material. 

Lin et al. reported that GQDs crystals have an average lattice spacing of 0.24 nm, which 

corresponds to (100) spacing of single graphene dots [61]. 

2.5) GQDs fluorescence: 

2.5.1) Fluorescence phenomena:  

 Luminescence is the light emission occurs by any substance absorbs 

electromagnetic radiation. The emission happens when the excited electrons (which 

absorbed the electromagnetic radiation) return to the ground states and release the 

difference of energy in form of photons with wavelength ‗, according to Planck-Einstein 

relation. 

Ὁ Ὤ‡ Ὤ
ὧ

‗
   Eq. (2.1) 

 where h is Planck's constant, ‡ is 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 exited electrons may lose energy during this 

process. Excitation and emission of the fluorescence process are usually demonstrated by 

a schematic diagram known as Jablonski diagram, Figure (2.10) [36]. Fluorescence is a 

type of luminescence, in which the excited state is a single state, and the lifetime, which 

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

ns [62].  

 

13 Figure (2.10): Jablonski diagram illustrates the absorption and the emission processes in case 

of fluorescence and phosphorescence, where S0 and S1 are the ground and excited states 

respectively [62]. 

2.5.2) Quantum confinement in GQDs: 

As the dimensions of a substance go towards nano-scale and become comparable 

to the de Broglie wavelength of the electron wavefunction, some of its characteristics 

change such as optical and electric properties. By decreasing the size of the particle, the 

energy levels can be converted into discrete bands instead of continuous bands. This 

phenomenon is known as quantum 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 equation [64]: 
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where L is the length of the box and m is the mass of the particle, ᴐ is Planck's 

constant. As the size of the particle decreases, the band gap energy increases. The relation 

between the size of the particle and the energy of the band gap is controlled by the 

equation (2.3) [65] : 
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Eq. (2.3) 

 

 where Ὁ is the band gap energy of the bulk material, h is Plank's constant, R is the 

radius of the nanoparticle, ά  and ά  are the effective masses of the electron and the 

hole, respectively, ‭ is the permitivity of the free space, and r is the Bohr radius [66].  

Graphene, which is a black substance with metallic properties, acts as a semiconductor 

when its size becomes within few nanometers. It shows quantum confinement by 

absorbing light and emitting radiation in the visible spectral range. The color of the 

emitted spectra depends on the size of the GQDs. The size of the GQDs is not the only 
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factor that affects the confinement; the edges, the functional groups and the shape of the 

particles are also effective [67].  

2.5.3) The origin of GQDs fluorescence:  

When the electron absorbs light, it transfers to the excited energy state (the 

conduction band) leaving a hole in the ground energy state (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, trap-assisted and Auger recombination, Figure (2.11) [68]. 

Radiative recombination, also known as band-to-band recombination, is a 

recombination process in which the electron returns to the valence band directly and 

recombines with the hole with emission of a photon [69]. Trap assisted recombination, 

also known as Shockley-Read-Hall (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 returns to the 

valence band and recombines with the hole, releasing another photon or phonon [70]. 

Auger recombination mechanism is a process that involves three carriers, when the 

electron returns to the valence band and recombines with the hole, the energy released is 

given to a third carrier which 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 to the conduction band edge 

through collisions with the lattice [71]. 
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14 Figure (2.11): Types of recombination [68]. 

 

It has been revealed that the fluorescence in GQDs is due to the radiative 

recombination of the electron-hole pairs in its sp2 domain [60]. However, the mechanism 

of the fluorescence has not been revealed yet. Various characterization of GQDs 

attempted to investigate the PL and interpret its mechanism. Besides the direct tests such 

as UV-Vis, PL, FTIR, XPSé etc., there are indirect methods that study GQDs PL. 

Solvent-dependent and pH- dependent PL showed that the acidity or basicity degree of 

the medium affects the PL by protonation or deprotonation the surface states (the 

functional groups) [11]. In addition, by studying the quenching process, PL mechanism 

could be better understood [72].  

So far, there is no definite mechanism for the PL origin in GQDs. However, there 

are some few possibilities, such as the surface defect states, or the edge states (the 

emissive traps). Nevertheless, some researchers attributed that to the heterogeneity of sp2 

and sp3 hybridization in GQDs clusters [60]. Ritter et al. reported that the edge type of 

GQDs (zigzag or armchair) has an obvious effect on the GQDs PL. In case of zigzag-

edge dominance, the band gap becomes narrower than that in the case of armchair-edge 
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dominance, where the zigzag-edges contain triplet carbene, while the armchair-edges 

contain singlet carbyne [73]. The defect states, resulted from the surface functionalization 

have a main rule in GQDs PL. The oxygen- based functional groups, such as carboxyl, 

epoxy and carbonyl groups, enhance the non-radiative recombination and reduce the 

GQDs fluorescence. However, the reduction of these functional groups produces 

hydroxyl groups and decreases the surface defects resulting in PL enhancement by 

enrichment of “- conjugated system [74]. 

On the other hand, in case of GQDs with ideal core of graphene and minimum 

surface defects, the core “- conjugated system is assumed to be the origin of GQDs PL. 

Both the theoretical calculations and the experimental attempts reported that PL is 

directly affected by controlling the size of the conjugated “ domain of GQDs. DFT 

calculations by Eda et al. showed that the band gap energy of the benzene ring is 

approximately 7 eV, while the energy of the poly aromatic hydrocarbon has 20 rings 

decreased to 2 eV, Figure (2.12) [75].  

 

15 Figure (2.12): Relation between the size of the GQDs particle and the corresponding energy 

gap [75]. 
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Peng et al. used different temperatures to synthesize three different categories of 

GQDs, 1-4 nm, 4-8 nm, 7-11 nm. The results were three different PL varying from blue, 

green to yellow, [9]. In addition, Kim et al. reported GQDs with different sizes (from 5 to 

35 nm) and shape/edge states. An odd behavior was observed; the peak energy of the 

absorption spectra monotonically decreased [76]. 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 PL via functionalization of GQDs. It is found that GQDs with the same size 

show red-shifted PL, if it contains amine-groups. The HOMO orbital becomes in higher 

energy level when the hydrogen-terminated edges substituted with amine ones, i.e. 

smaller gab band. This is due to the resonance between GQDs “-conjugated system and 

the free electrons in amine-groups. 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 particles, or even interplay by mixing these factors [36], 

[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. Son et al. reported a 

combination method of graphene and ZnO to produce quantum dots that have emissive 

properties for light emitting diodes applications [77]. While, Ran et al. decorated GQDs 

with silver nanoparticles to get silver sensitive detector [78]. 
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Chapter 3  

 

Materials and experimental work 

3.1) Materials and supplies: 

Iron chloride III was purchased from Research-Lab Fine Chem. Industries, India. 

Acetyl acetone was purchased from Oxford Laboratory Chemicals, India. The GQDs thin 

film preparation and characterization was done in a collaborative work with Georgia 

Institute of Technology. 

Other chemicals used in the following experiments are bought from Sigma-

Aldrich. 

3.2) Chemical Vapor Deposition (CVD) Method: 

 GQDs were synthesized by catalytic decomposition of acetylene (C2H2) in 

presence of iron flakes via a thermal CVD setup, Figure (3.1). First iron flakes were 

obtained by thermal decomposition of Fe(acac)3 precipitated from an aqueous solution of 

FeCl3 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 

Scientificôs MiniMite tube furnace. The furnace was allowed to heat up to 690 oC under 

flow of Ar gas. At 690 oC, 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 Multi-gas controller. The vapor 

exiting the furnace was promoted to bubble in an organic solvent for an hour during 

which the colorless solvent converts to greenish-yellow solution showing green emission 

under fluorescent room light. 

 

 

16Figure (3.1): The Experimental Setup @ AUC 

3.3) Silver Nanodisks (AgNDs) Preparation: 

 In a single-pot, AgNO3 (Sigma- Aldrich) aqueous solution was added to 

polyvinylpyrrolidone (PVP; MW = 55000, Sigma- Aldrich) aqueous solution. Then, 

ascorbic acid (AA) was added to the pot with gentle shaking, followed by addition of 
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NaBH4 (Sigma- Aldrich) 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 storage [1]. 

3.4) Preparation of GQDs Thin Film: 

 GQDs thin film has various applications in biology, electronics, renewable 

energyéetc. GQDs thin film was prepared and characterized. This film was hydride with 

AgNDs layer to enhance the GQDs optical properties. The two layers of the GQDs and 

the AgNDs were separated by dielectric material (spacer) to minimize the quenching 

effect that happens between the two layers. Figure (3.2) shows the structure of the thin 

film on quartz substrate. 

 

17Figure (3.2): The GQDs/ spacer/ AgNDs thin film structure 

3.4.1) Spin Coating:  

 The GQDs thin film was prepared on quartz substrate, as shown in Figure (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% and 5% of weight in chloroform. The films were produced 

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

 

18Figure (3.3): The GQDs/ spacer/ AgNDs thin film photographic image under the UV illumination. 

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 Langmuir ï Blodgett trough was used to prepare the AgNDs layer. Using this 

technique AgNDs were assembled into highly packed two-dimensional array, Figure 

(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 solution in chloroform and sprayed over the 

water of the trough to form the layer above the AgNDs layer. 
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19Figure (3.4): AgNDs monolayer on quartz substrate preparation scheme [2]. 

3.5) DFT Calculation: 

 The ground state HOMO and LUMO positions with respect to vacuum level for 

different sizes of GQDs were 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 functional with DND basis set. 

3.6) Instrumentation:  

 The steady-state photoluminescence spectra for obtained colloidal solution of 

GQDs were recorded using Hitachi FL-2700 fluorometer and its absorption spectrum was 
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acquired using Shimatzu UV-1650 PC UV-Vis spectrophotometer. To observe the GQDs 

under TEM (JEM-2100 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 temperature. A dark-

brown honey-like 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 (ProRaman-L, Enwave Optronics @ ɚexc= 532 nm) and X-ray 

photoelectron spectroscopy (Thermo-Scientific K-Alpha) we deposited the GQDs on 

TiO2 nanopowder (P25, Sigma Aldrich) by mixing a colloidal solution of GQDs with 

defined concentration with the TiO2 powder in ethanol then allowing the mixture to dry 

at 70 o C under continuous stirring to obtain a homogenous solid dispersion. FT-IR 

spectrum for the GQDs in KBr was acquired using (Thermo Scientific Nicolet 380). 

The steady-state photoluminescence spectra and the emission life time for 

GQDs/spacer/ AgNDs thin film were measured using Horiba FL3-2(iHR320)1 

fluorometer, and its absorption was measured by HR4000CG-UV-NIR spectrometer. The 

thin film morphology was characterized by A Veeco AFM II Dimension 3100. Renishaw 

inVia confocal Raman microscope was used to get 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: 

4.1.1) Structural and morphological characterization:  

Figure (4.1) shows HRTEM image of the aerosol collected 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 Å)..  

    

20Figure (4.1): HRTEM of GQDs 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 spacing (2.85 Å).  Also, 

                                                      
1 This chapter has been published as: A. S. Hassanien, R. A. Shedeed, and N. K. Allam, ñGraphene 

Quantum Sheets with Multiband Emission: Unravelling the Molecular Origin of Graphene Quantum Dots,ò 

J. Phys. Chem. C, vol. 120, no. 38, pp. 21678ï21684, Sep. 2016 
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large flakes of stacked graphene nanodots coexisted in the examined ensembles showing 

the six-fold symmetry of graphite in the selected area electron diffraction (SAED) pattern 

displayed in Figure (4.2). 

 

21Figure (4.2): TEM of GNFs (left) and their corresponding SAED (right) 

4.1.2) Optical measurement:  

The steady-state 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 multi-Gaussian peaks (Figure 4.3a) 

centered at 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 4.3b).  
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22Figure (4.3): (a) Photoluminescence spectrum of GQDs suspended in ethanol fitted to multi-

emission bands (ɚexc=365 nm). Inset: The colloidal solution under UV illumination @365 nm. (b) 

Photoluminescence spectra under different excitation wavelengths (cur 

 

The existence of multi-transitions in the PL of GQDs 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 spectrum recorded 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 the multi-chromophoric nature of as-

synthesized luminescent graphene nanostructure [1]. This multi-chromophorism 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 quantum dots [2]ï[4].  


































