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Abstract 

Recently, luminescent carbon-based dots (CDs) have received more and more attention 

because of their excellent performance, such as tunable photoluminescence (PL), 

simple synthesis, easy surface functionalization, good biocompatibility, no heavy metal 

element and various potential applications.  

  

 In this thesis, two kinds of luminescent CDs were successfully synthesized by 

employing two different approaches, respectively. At first, a series of graphene oxide 

quantum dots (GOQDs) were prepared from graphite powder via the chemical 

oxidation method using different reaction condition and procedures. Various techniques 

were used to characterize the nanoparticles, such as atomic force microscopy, 

transmission electron microscopy, Fourier-transform infrared spectroscopy, 

Ultraviolet–visible spectroscopy, X-ray photoelectron spectroscopy, X-ray diffraction, 

Raman spectroscopy and photoluminescence spectroscopy. The resultant GOQDs had 

a size distribution from 30 to 120 nm in diameter and abundant oxygen-containing 

functional groups. The GOQDs showed bright green-yellow fluorescence with a 

quantum yield (QY) of 0.41%. With the help of further hydrothermal treatment, the QY 

could be increased to 5.15%. By changing the reaction condition and modifying the 

experimental procedure, the difference in the structure of all GOQDs was investigated, 

and their relationship between the structure and PL properties was analyzed. It has been 

confirmed that some oxygen-containing functional groups like ketone and carboxyl 

groups are able to influence the PL properties. Cell viability and photodynamic 

therapeutic effect of the GOQDs were also investigated. Low toxicity and high 

production of reactive singlet oxygen make the GOQDs have potential in applications 

in bioimaging and photodynamic therapy.  

  

 Another series of carbon dots samples were synthesized with three different 

phenylenediamine monomers via a coupling process with the help of potassium 

persulfate. The coupling process of the three isomers of phenylenediamine was 
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significantly different, resulting in different structures of carbon nanodots (CNDs). 

These three kinds of CNDs had a size distribution from 30 to 100 nm in diameter and 

exhibited blue, green, yellow and orange, even light red fluorescence, which make them 

promising in various imaging fields. 
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1 Introduction and overview of the thesis 

1.1 Introduction 

Carbon element is one of the most common elements in nature and it appears in a large 

number of materials including graphite, coal, diamond, carbon fibers and polymers.1 In 

the last three decades, researchers have put a lot of efforts in carbon-based 

nanomaterials, such as carbon nanotubes and graphene because of their excellent 

mechanical, thermal and electrical properties.2–8 Recently, luminescent carbon-based 

dots (CDs), a new form of carbonaceous nanomaterials, have received extensive 

attention because of their outstanding properties including good photoluminescence 

(PL) properties, easy synthesis, low cost, environmental friendliness, abundance of raw 

materials, good water dispersibility and relatively good biocompatibility.9–15 Until now, 

researchers have carried out much work regarding the synthesis methods, properties, 

photoluminescent mechanism and applications of CDs, and have received much 

progress.16–22   

 

 Generally, CDs contain two kinds of carbonaceous nanomaterials including 

graphene-based quantum dots and carbon nanodots (CNDs).23 Graphene-based 

quantum dots, including graphene quantum dots (GQDs) and graphene oxide quantum 

dots (GOQDs) have graphene lattice structure and are mainly derived from graphene-

based materials, such as graphene sheets, graphite powder and graphite oxide via top-

down approaches including chemical oxidation and electrochemical method.14,24–27 

Carbon nanodots can be regarded as a kind of “polymers”, which are synthesized with 

small carbonaceous molecules via bottom-up approaches, e.g. hydrothermal method 

and self-polymerization.28–30 CDs have much difference in size, structure and PL 

properties. While there have been various explanations about their PL mechanism, there 

is still a need to continue the research in CDs and their fundamental PL mechanism. 
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 The overall aims of this work are to prepare luminescent CDs with enhanced and 

tunable photoluminescent properties and gain a better understanding of the PL 

mechanism for future applications of CDs in healthcare such as bioimaging and 

photodynamic therapy. Their objectives are as follows: 

(1) To prepare and characterize GOQDs with tunable photoluminescent properties 

by varying the raw materials, preparation procedure and reaction conditions.  

(2) To enhance the quantum yield of GOQDs by applying a hydrothermal 

treatment and varying the treatment conditions. 

(3) To investigate the cell toxicity and photodynamic therapeutic effects of 

GOQDs. 

(4) To summarize the PL mechanism and some influence factors of GOQDs. 

(5) To develop a new route to prepare CNDs with tunable photoluminescent 

properties and study their structure-property relationships. 

 

1.2 Overview of the thesis 

This thesis is divided into seven chapters. The Chapters are organized as follows: 

 

Chapter 1 makes a brief introduction and overview of the thesis. 

 

Chapter 2 presents a literature review of the luminescent carbon-based dots regarding 

their preparation methods, properties, and applications. 

 

Chapter 3 presents the experimental methods including materials and various 

characterization and analysis techniques used in this thesis.  

 

Chapter 4 is concerned with photoluminescent graphene-based nanoparticles derived 

from graphite powder via different reaction conditions. Photoluminescent graphene-
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based nanoparticles are studied in three steps. The first step is to investigate a basic 

kind of GOQDs derived from graphite powder using methods available in the literature 

with some modifications. The second step is to change the preparation conditions 

(reaction time and reaction temperature) to make a comparison and analyze the changes 

in the structure and PL properties. The last step is to further study GOQDs by modifying 

the preparation procedures (changing acid dosage and reaction time). Some resultant 

modified GOQDs (GOQDs-M) show better PL behaviour. At the end of this chapter, 

cell toxicity and photodynamic therapy effect of GOQDs are also investigated.  

 

Chapter 5 is concerned with the hydrothermal treatment of graphene oxide quantum 

dots and the regulation of their photoluminescence properties. It builds upon the 

previous chapter by using the basic kind of GOQDs as raw materials. By changing the 

condition of hydrothermal treatment, different hydrothermal GOQDs (GOQDs-H) were 

obtained and their structure and PL properties were analyzed. Combined with the results 

and conclusion in the previous chapter, the mechanism of PL in graphene-based 

nanoparticles is illustrated. 

 

Chapter 6 is on the preparation and characterization of luminescent carbon nanodots 

with varying PL properties. The bottom-up method is used to prepare carbon nanodots 

derived from phenylenediamine. The resulting carbon nanodots show good PL 

properties and their emission range is across the visible light spectrum. Meanwhile, 

different kinds of carbon nanodots derived from different isomers are significantly 

different in PL properties. The coupling process and oxygen-containing functional 

groups are the main factors affecting PL properties. 

 

Chapter 7 summarises the main conclusions of the work in this thesis and proposes 

directions for future work on the basis of the results in this thesis. 
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2 Literature review 

2.1 Introduction 

Luminescent carbon-based dots refer to carbon particles with nanoscale size and 

fluorescent properties, including graphene quantum dots, graphene oxide quantum dots 

and carbon nanodots. Since the first report in 2004 that luminescent CDs were 

accidentally obtained during the purification of single-walled carbon nanotubes via the 

arc-discharge method31, the study of luminescent CDs has attracted more and more 

attention. Due to their exceptional and outstanding properties, such as obvious 

luminescence, relatively good biocompatibility, the abundance of raw materials in 

nature, low cost, simple preparation process, and potential applications, researchers 

have focused on this kind of materials for since then.19,23,32–36  

 

 At the same time, single-layer graphene (2-dimension) was firstly obtained by 

Geim and Novoselov from the University of Manchester by using a sticky tape to 

mechanically peel the layers of graphene from bulk graphite.37 Graphene is a single 

layer of sp2-hybridized carbon atoms arranged in a hexagonal lattice structure. Because 

of its special structure, graphene possesses excellent mechanical, thermal and electronic 

properties. It is the strongest material ever tested, with Young’s modulus of 1 TPa and 

intrinsic strength of 130 GPa.38 Its thermal conductivity could reach 5300 W·m-1·K-

1 at room temperature.39 It shows remarkable electron mobility at room temperature 

with measured values over 15000 cm2·V-1·s-1.5 Due to these excellent properties and 

abundant raw material, graphene has been widely studied for many applications, such 

as energy storage, polymer composites and healthcare.40–46 

 

Pristine graphene is a zero-bandgap semiconductor material because its valence 

and conduction bands overlap slightly at the Dirac Point.47 In theory, there is no 

transition between the valence and conduction bands. The electron transport can be 
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unrestricted in the atomic monolayer. Therefore, it is impossible to observe the 

luminescence properties in pristine graphene. 

 

However, researchers have tried to make use of quantum confinement effect to 

change the energy level structure of graphene. In principle, the bandgap of graphene 

can be increased from 0 eV by modifying its size.48 Along with the reduction in the size 

of the particle to be comparable to the wavelength of the electron, graphene gradually 

produces quantum confinement effect.49 The valence and conduction bands become 

discrete and bandgap appears.50 Once the bandgap exists and becomes large enough, 

the electron can transit between the valence and conduction bands under a specific 

condition, and then the luminescent properties can be observed if the electron transport 

happens. Therefore, luminescent graphene-based nanoparticles, including functional 

graphene nanoparticles (GNPs), graphene quantum dots (GQDs) or graphene oxide 

quantum dots (GOQDs), derived from graphene-based raw materials, are a new class 

of nanomaterials that have fluorescence in addition to other properties. GQDs have 

graphene lattice structure with nanoscale size and usually possess less than 10 layers of 

graphene.51 The feature of luminescence properties makes it possible to replace 

traditional semiconductor quantum dots as contrasting agents for imaging.52 Meanwhile, 

their advantages of low toxicity, low cost, large specific surface area, easy 

functionalization and simple synthetic methods make them highly suitable for 

biomedical applications. 

 

 Compared with GQDs which were mainly prepared from carbonaceous compounds, 

such as graphite powder53, candle shoot54 and C60
55, some CNDs can be considered to 

be "polymers" which are synthesized from oligomeric species or monomers as the 

carbon sources, such as ammonium citrate56, phenylenediamine57, and glucose58. 

Hundreds of other raw materials have also been reported for the preparation of CNDs 

including egg59, honey60, sugar61 and citric acid62. For example, Guan et al.63 reported 

that folic acid molecules dissolved in diethylene glycol were treated in microwave to 
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prepare CNDs. This one-step microwave-assisted approach just needs 40 seconds. 

Transmission electron microscopy (TEM) shows that the as-prepared blue luminescent 

CNDs have an average size of around 4.5 nm (see Figure 2.1). The CNDs possess about 

18.9% of quantum yield. Zhuo et al.64 used citric acid and glutathione as precursors to 

prepare CNDs at 200 ℃ for 10 min. The resultant water-soluble CNDs have diameters 

of 2.5-3 nm and can emit blue fluorescence with a high quantum yield of about 80% 

(see Figure 2.2). 

 

Figure 2.1. (a) TEM image of CNDs and (b) UV-Vis absorption and PL emission spectra of CNDs.63 

 

 

Figure 2.2. (a) UV-Vis absorption and PL emission spectra of CNDs, (b) TEM image of CNDs and (c) 

schematic illustration of synthesizing CNDs.64 
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 CNDs, typically composed of carbon, oxygen, hydrogen and nitrogen, are usually 

spherical structures. Some of them have apparent lattice structure, which shows the 

effect of quantum size dependence.65 For other carbon nanodots with less lattice 

structure, surface functional groups have much influence on the luminescence 

properties.66 Many methods can be used for preparing carbon nanodots, including laser 

ablation65, arc discharge67, electrochemical approach68, plasma treatment69 and 

pyrolytic process64.  

 

Photoluminescence (PL) is one of the most attractive properties for a functional 

material. Researchers have tried to use different raw materials and different approaches 

to synthesize CDs with a higher PL efficiency and tunable PL. So far, much significant 

progress has been obtained. In this review, I will mainly review some of the latest 

research in GQDs and CNDs in the aspects of synthesis approaches, properties and 

applications. 
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2.2 Synthesis strategies of luminescent carbon dots 

In order to obtain size-controllable, high-quality CDs with high PL performance, a 

variety of approaches have been studied and modified. According to the relationship 

between the raw materials and products, these synthetic approaches can be mainly 

classified into top-down or bottom-up methods.27,70–72 For the former strategy, the 

cutting of carbonaceous materials from the big size into the small size is essential. As 

mentioned in the introduction, GQDs can be seen as fragments of graphene. Preparing 

and cutting of graphene into small parts using chemical or physical methods belong to 

top-down approaches. Conversely, bottom-up approaches involve the synthesis of 

luminescent carbon dots from small conjugated carbon atoms or molecules to assemble 

the large and complicated polymer. Raw materials and synthesis conditions such as 

reaction time, reaction temperature, and further treatment can affect the structure and 

properties of CDs. 

2.2.1 Top-down approaches 

Chemical oxidation method 

Chemical oxidation method is an easy process in large-scale production for broad 

applications of luminescent graphene-based nanoparticles from many kinds of 

carbonaceous materials. Bulk graphene-based materials, such as graphite73, carbon 

nanotubes74, graphene oxide (GO)75,76 or carbon fibers24 are treated in harsh conditions 

including concentrated acids, strongly oxidizing environment, and high reaction 

temperature. With the help of strong acids, such as nitric acid and sulphuric acid, the 

bulk raw materials could break down into small parts. Meanwhile, high concentration 

acid oxidizes the raw materials and produces abundant oxygen functional groups, for 

instance, -OH, -COOH and epoxy groups, which make CDs have good water 

dispersibility. However, the disadvantage of this method is that the excess amount of 

oxidants (mainly strong acids) is difficult to be removed from the solution or the 
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generated powders. The nanoparticles need to be purified by removing the excess 

oxidants and after the reaction, which involves several techniques such as neutralization, 

filtration, centrifugation and dialysis. Besides, it is difficult to precisely control the size 

distribution and morphology of the product. 

 

Liu et al.75 successfully prepared GQDs and GOQDs by using chemical exfoliation 

of graphite nanoparticles (GNPs), which had a diameter of 4 nm. To study of the PL 

origin of nano-sized graphene, GQDs and GOQDs were produced as single-layered and 

less than 4 nm in lateral size. However, the former just had sp2 carbon crystalline 

structure and the latter were rich with oxygen functional groups on the surface. Bright 

blue and green emissions of GQDs and GOQDs could be seen separately. They 

concluded that blue luminescence of GQDs originates from intrinsic states in the sp2 

carbon crystalline structure and green fluorescence of GOQDs comes from defect states 

with oxygen functional groups.  

 

Peng et al.24 synthesized GQDs derived from carbon fibers. After mixed acids 

(H2SO4/HNO3=3:1 v/v ratio) treatment and chemical exfoliation of traditional pitch-

based carbon fibers for 24 h, GQDs were obtained with a size range of 1-10 nm in 

diameter and zigzag edge structure. While increasing reaction temperature from 80 to 

120 ℃, the emission colour of an aqueous suspension of GQDs could be tuned from 

yellow to blue (see Figure 2.3). This work provided insights into the preparation of 

GQDs with different colours by changing the reaction condition. 

 

Figure 2.3 (a) UV-Vis spectra of GQDs, and (b) PL spectra of GQDs A, B, and C, corresponding to the 

reaction temperatures at 120, 100, and 80 °C, respectively.24 
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 Using the similar mixed acid treatment method, Tao et al.73 chose graphite, single 

and multiwalled carbon nanotubes as starting materials for treating in a harsh oxidation 

condition (H2SO4/HNO3=3:1 v/v ratio) for 24 h at 80 ℃ to prepare photoluminescent 

carbon dots. Carbon dots with diameters of 3-4 nm were produced and could emit strong 

yellow fluorescence under UV irradiation.  

 

Dong et al.77 used carbon black as raw material. Only nitric acid (high 

concentration) was used as the oxidant agent and the mixture was refluxed for 24 h to 

prepare single- and multi-layer graphene quantum dots. After the reaction, the acid was 

removed by centrifugation and evaporated at 200 ℃. Both suspensions of the resulting 

graphene quantum dots (GQDs1 and GQDs2) could emit green and yellow colour 

separately under a UV beam of 365 nm, as shown in Figure 2.4. The GQDs1 was single-

layered and its average diameter was about 15 nm. After further washing and dispersion 

in water, GQDs2 with an average diameter of 18 nm were obtained and found to have 

multi-layers. The difference in layers and size made them show different emission 

ranges. 

 

Figure 2.4. UV-vis absorption and PL emission spectra of GQDs in water suspension.77 
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 Tian et al.78 reported that nanosized carbon particles were prepared by nitric acid 

treatment of natural gas soot for 12 h. The carbon nanoparticles have an average 

diameter of 4.8 nm with crystalline lattices through TEM (see Figure 2.5), and emit 

photoluminescence with a quantum yield of about 0.43%.  

 

Figure 2.5. TEM images of carbon nanoparticles at (A) low and (B) high resolution.78 

 

Hydrothermal method 

The hydrothermal method is regarded as another common and simple treatment route 

to “cut” the raw material and prepare CDs. Usually, the reaction happens in an autoclave 

and the reaction temperature is over 150 ℃.25,79 Under the high temperature and 

pressure, the precursor can be broke into small pieces quickly. Therefore, compared 

with the acidic method, this method can reduce reaction time considerably, be easily 

controlled, and cause little harm to the environment. 

 

Pan et al.25 developed a hydrothermal method to prepare GQDs with strong blue 

emission. Pre-oxidized graphene sheets were oxidized in an acid environment and 

transferred into an autoclave and heated at 200 ℃ for 10 h. According to the X-ray 

diffraction (XRD), Fourier-transform infrared (FTIR) spectroscopy, X-ray 

photoelectron spectroscopy (XPS) and UV-Vis spectroscopy, the authors investigated 

what happened during the oxidation-hydrothermal process and the mechanism of strong 

blue emission. When treated in acid, epoxy groups preferred to form a line on a carbon 

lattice and lead to a break of the C-C bonds with more stable carbonyl pairs appearing. 

These defects surrounded by graphene sheets were easily attacked and epoxy groups 
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may break up continuously. In addition, O atoms were removed during the 

hydrothermal process allowing the eventual production of GQDs. They proposed that 

the strong luminescence may come from the high concentration of free zigzag sites with 

a carbine-like triplet ground state because of small diameter (5-13 nm) and it was 

supported by the observed pH-dependent PL (see Figure 2.6). 

 

Figure 2.6 pH-dependent PL spectra when pH is switched between 13 and 1.25 

 

Microwave-assisted method 

While acidic and hydrothermal methods have been used to prepare luminescent 

graphene-based nanoparticles by many researchers. They still have some disadvantages, 

such as the long reaction process. To reduce the reaction time, higher-energy 

technologies have been used to synthesize GQDs. Because of the rapid heating source 

and energy, microwave-assisted synthesis of GQDs has been reported.80,81 Chen et al.82 

reported that a very fast method to prepare GOQDs, as shown in Figure 2.7. GO in 

aqueous suspension was put in a Teflon vessel with two kinds of strong acids (H2SO4 

and HNO3). Under the condition of microwave irradiation at 200 ℃, it just took 5 min 

to obtain the GQDs with an average diameter of 3 nm. Atomic force microscopy image 

shows that the height is less than 0.7 nm, which means the GOQDs have a single-layer 

structure. 
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Figure 2.7. Schematic representation of the cutting route from GO to GOQDs by the effect of both acids 

and microwave.82 

 

Oxygen plasma treatment 

As mentioned in the previous, pristine graphene does not have a bandgap, so PL cannot 

be observed. However, using oxygen plasma treatment, PL was induced in single-layer 

graphene by Gokus et al.83 Graphene was prepared with microcleavage of graphite on 

a silicon substrate and was treated by oxygen/argon RF plasma for a certain amount of 

time (1-6 s). The results presented that single-layer graphene exhibited strong PL, with 

a broadband at red range (500-800 nm). The PL emission should origin from electron 

quantum confinement in smaller sp2 clusters, which were produced during oxygen 

plasma etching. However, multi-layer graphene remain no PL emission even after 

treatment. This can be considered that untreated layers below would quench PL 

emission from the topmost layer because treatment is layer by layer from top to 

bottom.83  

 

Electrochemical synthesis 

Zhou et al.74 firstly prepared blue luminescent CDs by using the electrochemical 

synthesis of multi-walled carbon nanotubes, which was used as the working electrode 

in the electrochemical cell. A Pt wire acted as counter electrode, and an Ag/AgCIO4 

was the reference electrode. A cyclic current between −2.0 and 2.0 V was applied in a 

solution containing tetrabutylammonium perchlorate, which led to the colourless 

solution changing to yellow and finally brown, indicating the formation of CDs peeled 
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from the multi-walled carbon nanotubes and their accumulation in solution. Using this 

method, CDs have a narrow size distribution of around 2.8 nm in diameter. Tan et al.84 

prepared small-sized red fluorescent GQDs with a diameter of approximately 3 nm by 

electrochemical peeling of graphite in 0.01 M K2S2O8 aqueous solution at a potential 

of 3V. Deng et al.85 used alcohols as precursors to prepare carbon nanodots through the 

electrochemical synthesis in NaOH/EtOH solution at a potential of 3.0-9.0 V for 3-4 h. 

The resultant CDs displayed different size, within a diameter of 2.1-4.3 nm, due to the 

various applied potential. A bright blue luminescence could be observed for the CDs, 

but the brightness of CDs was changed following changing the applied potential, 

indicating that the size of CDs affects the quantum yield.  

 

 In addition to choosing different raw materials as the electrode, changing the 

electrolyte and synthetic condition also can fabricate different CDs with tunable PL 

emission.86,87 The advantages of electrochemical synthesis are simple and easy-

controllable. Usually, no complicated purification or passivation procedures is needed. 

2.2.2 Bottom-up approaches 

For the bottom-up approaches, the suitable organic precursors are generally regarded 

as nanoscale “seeds” to be assembled together into CDs under certain conditions, such 

as heat.23,88 The provided energy can result in transformation and connection between 

the molecular structure. Compared with top-down approaches, the bottom-up class have 

some advantages including diversified and low requirements of carbon sources, and 

relatively precise-control over the size and the structure of the products.  

 

 A bottom-up self-assembly method for preparing GQDs has been developed by Liu 

et al.89 with hexa-peri-hexabenzocoronene (HBC) as precursors. Figure 2.8 shows the 

whole process for the preparation of GQDs. After self-assembly, pyrolysis, oxidative 

exfoliation, surface functionalization, and reduction, blue luminescent GQDs with a 

diameter of around 60 nm and 2-3 nm thickness were synthesized. Optical property 
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characterization indicated that the GQDs possess a PL quantum yield of 3.8%. Although 

this research provides a new method to prepare GQDs with a bottom-up approach, the 

complete synthetic process is still relatively complicated. 

 

Figure 2.8 Schematic for the preparation of photoluminescent GQDs by using HBC as carbon source.89 

  

 Hydrothermal and microwave-assisted methods also can be used in the bottom-up 

approaches. In 2010, Zhang et al.90 reported a new and simple hydrothermal method to 

prepare CDs by using L‐ascorbic acid as precursors. L‐ascorbic acid dissolved in 

ethanol was heated in an autoclave at 180 ℃ for 4 h, and the resultant water‐dispersible 

CDs with a diameter of about 2 nm exhibited a relatively good photoluminescence 

efficiency (6.79%). Yang et al.56 synthesized highly photoluminescent CDs with a 

quantum yield of 13.5% through the hydrothermal carbonization of ammonium citrate 

at a temperature of 160 ℃ for 6 h. Through the characterization of TEM, the CDs are 

approximately 2.14 nm in diameter with a nearly spherical shape.  

 

 To further reduce the reaction time, some researchers report that the microwave-

assisted method is also used in the bottom-up class. Liu et al.91 fabricated CDs by using 

glutaraldehyde and poly(ethylenimine) under microwave irradiation at 180 ℃ for 15 

min. The fluorescence emissions of the CDs were in the range of 464 to 556 nm, 
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depending on usage of the amount of the glutaraldehyde. Zhai et al.92 chose citric acid 

and various amine molecules as precursors to prepare CDs by heating in a microwave 

oven (700 W) for 2-4 min and obtained a red colour suspension. The CDs had a narrow 

size distribution of around 2.5 nm in diameter and exhibited PL emission in the range 

of 460-530 nm with a quantum yield of 30.6%. By comparison with different amine 

molecules, researchers summarized that N-doping can contribute to the fluorescence 

enhancement. 
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2.3 Properties 

2.3.1 Morphology and structure 

The morphology of the CDs, including the latter size and height, is affected by synthetic 

methods. Most CDs are the quasi-spherical or disk shape and typically less than 10 nm 

in diameter.24,63,93–95 However, a larger diameter of GQDs has also been reported. For 

example, Shen et al.96 collected GQDs with a diameter of 25 nm. Liu et al.89 reported 

that their GQDs was around 60 nm in diameter. The height of GQDs generally is less 

than 5 nm, corresponding to no more than 10 layers of graphene.27,97,98 AFM and high-

resolution transmission electron microscopy (HRTEM) are two common techniques to 

characterize and evaluate the morphology, size distribution and height of synthesized 

CDs. X-ray diffraction (XRD) and Raman spectroscopy can be used to assist the 

investigation of the crystalline structure of some GQDs. Some reported that GQDs 

derived from graphite-based materials still maintain the crystalline structure.99–101 Two 

broad peaks at 2θ around 5° and 25° correspond to the (100) and (002) planes.24,102 For 

Raman spectra, two peaks at around 1350 cm-1 and 1580 cm-1 are attributed to the 

disordered D band and the crystalline G band, respectively. The relative intensity (ID/IG) 

of the D band and G band is used to investigate the degree of graphitization and 

crystallization for GQDs. For example, the ID/IG for GQDs derived from carbon fibers 

is 0.91.24 On the contrary, the structure of CNDs synthesized from small molecules via 

bottom-up method is mainly related to its precursor's structure. In general, CDs 

fundamentally consist of C, O, and H elements. Sometimes, N-doping was used to help 

enhance PL efficiency.92 Therefore, XPS is a good technique to identify the elemental 

composition and surface functional groups of CDs. FTIR can be used for qualitative 

analysis of functional groups. Similar results are reported that the presence of COOH, 

C=O, C-O-C, and OH bonds indicates that the oxygen-containing functional groups 

were introduced to GOQDs during the oxidation.25,27,100,103–106 The oxidation level of 

GOQDs can be evaluated from C:O atomic ratio obtained from XPS spectra. For 
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example, the C:O atomic ratio of GOQDs prepared with the hydrothermal method, 

mixed acids oxidation method and electrochemical method was 2.54, 3.22 and 3.70, 

respectively.24,98,107 The resulting indicates that different methods can obtain various 

CDs with different structure and elemental composition. 

 

2.3.2 Optical properties    

Typically, CDs exhibit strong optical absorption in the UV region (200-250 nm) due to 

the π-π* transition of C=C bonds with a tail extending into the visible range.10,84,108,109 

GOQDs have oxygen-containing functional groups, so they show one more shoulder 

peak in the range between 250-390 nm, which can be regarded as the n-π* transition of 

C=O bonds.106,110 Photoluminescence is one of the most important and fascinating 

properties of CDs. So far, different sized CDs with different PL emission colours, 

mainly in the visible light region including blue, green, yellow and red, have been 

reported via various synthetic methods.11–14,93,111–114 The size of CDs is considered to 

be a factor, affecting the PL colours. Li et al.115 obtained CDs with different size (from 

1.2 nm to 3.8 nm). They found that small-sized CDs emitted UV light, medium-sized 

gave visible light, and larger sized exhibited near-infrared light. Synthetic method is 

another influencing factor. CDs derived from hydrothermal treatment usually give UV 

or blue light.16,18,22,25,116 Oxidation method usually produces CDs with PL emission 

colours in the visible region.10,114,117–119 Quantum yield is also an important parameter 

to characterize the PL efficiency of CDs. The PL quantum yields reported for CDs vary 

significantly.10,28,33,63,78,120 For organic compounds, the most common luminescence is 

due to π*–π and π*–n transitions.121 The σ*–σ transitions is not normally seen because 

of their high energy. The aromatic structure is very common in organic compounds. 

Therefore, fluorescence in most luminescent organic compounds is much strong. For 

inorganic compounds, the luminescence transition is relate to the energy levels of the 

ligands or the metal ions.121 Ligands involve ion or molecule (functional groups). The 

inorganic compounds usually do not have many effective ligands, so the corresponding 
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absorption and emission are relatively weak. Generally, the quantum yield of GQDs is 

very low (less than 1%).122 Some results are increased to over 20% by changing the 

methods90, element doping123 and surface passivation124. Besides that, other factors also 

can affect the quantum yield, such as pH125, temperature126 and solvent127. Overall, the 

exact mechanism of photoluminescence and the relation between the optical property 

and the synthetic methods remain unsettled.  
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2.4 The mechanism of photoluminescence 

The photoluminescence mechanism of carbon materials has been a hot topic for 

researchers since its first discovery. There is no consistent explanation for the 

photoluminescence mechanism for the luminescent carbon materials because of the 

wide variety of materials reported so far, including graphene quantum dots, carbon dots, 

carbon nanodots and polymer dots. The chemical structure of the carbon dots obtained 

by different preparation methods is not the same. In general, the possible 

photoluminescence mechanisms of carbon dots mainly include quantum confinement 

effect of conjugate π structure12, edge state and defect state128, sp2 localized electron-

hole pairs129 and excitation radiative recombination130. The exact mechanisms 

responsible for the photoluminescence of CDs remain to be elucidated clearly.   

 

Quantum confinement effect 

Quantum confinement can be described that once the diameter of a material is of the 

same magnitude as the de Broglie wavelength of the electron wave function or even 

smaller, the energy spectrum becomes discrete (see Figure 2.9).131 As a result, a 

bandgap appears and becomes size-dependent. Their optical properties change 

substantially from those of bulk materials.  

 

Figure 2.9. An illustration of the quantum confinement effect. 

 In theory, the bandgap will become larger and result in blueshift in light emission 

as the size of the particles decreases. Mahasin et al.132 used density-functional theory 
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and time-dependent (DFT) calculations to simulate and speculate the relationships 

between the size and PL properties. The results confirm the theory. As shown in Figure 

2.10, the GQDs experience emission colour changes from deep UV to near-infrared 

when the size increases from 0.46 to 2.31 nm. 

 

Figure 2.10. Calculated emission wavelength (nm) using DFT method in vacuum as a function of the 

diameter of GQDs.132 

  

 As mentioned above, quantum confinement in graphene depends on its size. Hence, 

bandgap should be highly size-dependent, that is, the larger the size is, the longer 

wavelength it emits.132 However, according to previous studies, GQDs or GNPs from 

different methods can emit different PL colours without size dependence. Small GQDs 

(1~5 nm) hydrothermally derived from GO emitted green colour.133 On the contrary, 

Pan et al.25 also used almost the same procedure to prepare GQDs with strong blue 

emission. The only difference between these two preparation procedures is the 

reduction temperature, which makes a different PL colour. Therefore, size is not the 

only factor that affects the PL. 

 

GQDs can be considered as small parts or fragments of graphene.26,27,134 They 

shrink from two-dimension to zero-dimension when the size reduces to a certain extent 
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(usually below 50 nm in diameter).135,136 Like traditional quantum dots (QDs), such 

small spatial dimensions confine electronic transport and lead to quantum 

confinement.47,137,138 As a result, GQDs have a non-zero bandgap and have fluorescence 

properties. This bandgap can be tuned by changing the size or modifying the surface 

structure of GQDs.139,140 Recently, some researchers also prepared graphene 

nanoparticles with fluorescence, but their diameter is larger than 50 nm.89 

 

Radiative recombination of electrons and holes 

Photoluminescence can be summarized as a light emission process that comes from any 

form of matter after excitation by photons.141 The schematic of PL mechanism is shown 

in Figure 2.11. Typically, when a light that provides photons with an energy larger than 

bandgap excites a semiconductor, an electron from a molecule, atom or nanostructure 

will be not stable after receiving the energy from the photon. This unstable electron will 

be excited to a higher quantum state in the conduction band. After internal conversion 

in the excited state, it relaxes to its ground state and recombines with holes by emitting 

the energy via a photon of light.   

 

Figure 2.11 The mechanism of PL process. 

Goki Eda et al.129 prepared blue photoluminescence from chemically derived GO. 

They concluded that the mechanism of blue PL was the radiative recombination of 
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electron-hole pairs generated within localized states. The energy bandgap between the 

π and π* states resulted from the size of sp2 clusters. In order to investigate the 

mechanism of PL with the isolated sp2 clusters, the sheets of GO were progressively 

reduced by controlling the time of exposure to hydrazine and then the fractions of sp2 

clusters were different. The PL intensity was found to vary with different reduction 

periods of time. Based on their experiment results, they proposed that the area of the 

large sp2 cluster did not change when GO was reduced, however, the transport between 

these large clusters was mediated by the increase of the smaller sp2 clusters. The growth 

of small sp2 clusters leads to percolation between the larger sp2 clusters (see Figure 

2.12).  

 

Figure 2.12 Structural models of GO at different stages of reduction.129 

 

Surface states and edge states 

The luminescence of carbon dots is controlled by the surface state and the edge state.142 

The edge structures of these materials are special or the polar groups are usually 

introduced at the edges during the preparation process, and these edge structures or the 

connected chemical groups have a great impact on luminescence. Peng et al.25 used 

hydrothermal method to prepare GQDs and attributed that the observed blue 

luminescence may originate from zigzag sites with a carbene-like triplet ground state. 

Through experimental and theoretical calculations, Jin et al.137 found that the edge 

grafted-NH2 group can cause a red-shift of light emission. More connections of the -

NH2 groups could make more obvious redshift. 
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2.5 Applications  

Compared with the traditional metal-containing quantum dots, luminescent carbon dots, 

such as GQDs and CNDs, have a good potential for biological applications because 

they have important significant features: they can have good distribution in water of PL 

properties, no heavy-metal element and show relatively low cytotoxicity at a certain 

concentration level, which is required for cell imaging.143 Nurunnabi et al.144 prepared 

GQDs from carbon fibers and reported that no acute toxicity or morphological changes 

were noted from in vitro cytotoxicity studies. The results showed that GQDs were 

distributed over the entire body through the systemic circulation. Tao et al.73 prepared 

GQDs from multiwalled carbon nanotubes and investigated in vivo toxicology of GQDs 

in mice over three months. No apparent sign of toxic effect on mice was shown. By 

using a radiolabeling method, in vivo biodistribution of GQDs was studied and results 

suggest that the GQDs mainly accumulated in liver or spleen, which was similar to 

other studies on in vivo behaviours of nanomaterials. This work has been demonstrated 

that a certain amount of luminescent graphene-based nanoparticles can be used in 

biological applications without toxicity. 

 

Bioimaging 

As mentioned above, GQDs show good PL emission properties and have many 

advantages over traditional semiconductor quantum dots, including low or no 

cytotoxicity, good water dispersibility, and functionalization. Besides, carbon as raw 

material is low-cost and environmentally friendly. According to these reasons, 

researchers try to take advantage of PL properties of carbon-based materials for 

bioimaging in biological applications.  

 

GQDs from multi-walled carbon nanotubes were prepared by Tao et al. 73 and were 

injected (2 mg/mL, 20 μL) into mouse subcutaneous tissue at three different places on 

its back for in vivo fluorescence imaging tests. Different excitation wavelengths were 
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used and those fluorescence images could be seen in Figure 2.13. Longer wavelength 

excitation could exhibit better signal-to-background separation and weaker emission. It 

is well known that, red colour has better tissue penetration,145 which could reduce 

background autofluorescence and improve the signal-to-noise ratio. 

 

Figure 2.13. In vivo fluorescence imaging of a GQDs-injected mouse under different excitation wavelength. 

73 

 

 Dong et al.77 prepared single-layer GQDs from XC-72 carbon black via chemical 

oxidation. Human breast cancer MCF-7 cells were incubated with GQDs sample (100 

μg/mL) for 4 h. MTT assay results demonstrated that no substantial toxicity to MCF-7 

cells. A bright green colour can be clearly observed on the confocal laser scanning 

microscope from the cells with excitation at 488 nm (see Figure 2.14). In addition, they 

also found that GQDs were able to label the cell membrane, nucleus, and cytoplasm. 

Similarly, Zhu et al.146 reported GQDs were prepared with graphite powder by the 

solvothermal method. Up to 400 μg GQDs were added into the culture medium (104 

cells/150 μL with Human osteosarcoma MG-63 cells). Cell activity was not affected 

significantly. 10 μg of GQDs were dispersed into the same culture medium environment 

to perform the bioimaging experiments. The green colour area inside the cells can be 
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observed, indicating the GQDs can well translocate into the cell’s membrane and be 

used for bioimaging. 

 

Figure 2.14. Images of MCF-7 cells labeled with GQDs taken by a confocal laser scanning microscope: (a) 

fluorescent image; (b) bright-field image; (c) merged fluorescent and bright-field image; and (d) section 

analysis.77 

 

 Blue fluorescent GQDs were achieved with small haloaromatic molecules via laser 

photochemistry method by Rohan et al.147 Macrophages and Human hepatoma cell line 

(HepG2) cells were incubated with the GQDs for a certain period of time and excited 

at 405 nm. From the confocal microscopy images (Figure 2.15), it is obvious to see the 

blue colour appeared outside the macrophages cells around the membrane after 30 min 

and were fulfilled in the cells after 45 min incubation. In Figure 2.15c, HepG2 cells 

show uniform biodistribution of GQDs inside the cell and around the nucleus, 

indicating that GQDs can be used as fluorescent nanoprobes in cellular bioimaging. 

MTT assay results also demonstrated that GQDs had low cytotoxicity when the 

concentration of GQDs is lower than 10 μg/mL. This value is lower than those of  

GQDs derived from graphite-base materials.    
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Figure 2.15. a) Macrophages after 30 min, b) macrophages after 45 min, and c) HEpG2 cells with GQDs.147 

 

Biosensing 

In the literature, the use of luminescent carbon dots as sensors to detect various metal 

ions is quite common. Generally, when CDs are dispersed in a solution with specific 

ions, the intensity of photoluminescence is quenched. The reason for quenching may 

be related to the charge transfer between the CDs and the ions, which inhibits radiative 

recombination.148 Ha et al.149 used graphite nanoparticles (3-4 nm in diameter) with 

mixed acids to prepare GOQDs. They used upconversion photoluminescence property 

of GOQDs to detect Cu2+ ions, which can accept the excited electrons of GOQDs and 

quench the PL. With increasing the concentration of Cu2+ ions, the PL intensity would 

decrease (see Figure 2.16). 

 

Figure 2.16 The PL spectra of the GOQDs depending on the concentration of Cu2+ ion 149. 

Chen et al.150 prepared near-IR fluorescence of GO nanosheets as a biosensor for 

dopamine. Dopamine could attach on the surface of GO by self-assembly with the help 

of multiple non-covalent interactions and PL quenching with a blue shift will exhibit 
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because of fluorescence resonance energy transfer. This provides a new method to 

sensitively and selectively detect dopamine in biological fluids.  

 

Mercury ions (Hg2+) is a kind of heavy metal ions, which may cause serious 

environmental pollution and toxicity to human health. Qin et al.151 used flour as the 

carbon source to synthesis CDs via the microwave method. The aqueous suspension of 

CDs without Hg2+ had a strong PL peak at 442 nm. Only the presence of Hg2+ decreased 

PL intensity obviously, showing the resultant CDs were of high sensitivity and 

selectivity toward Hg2+ with a detection limit as low as 0.5 nM. Meanwhile, other ions, 

such as Cu2+, Ag+, Al3+ and Cr3+ can also be detected by other synthesized CDs.152–154 

 

Drug delivery 

By incorporation CDs with other nanomaterials and detecting the changes of 

fluorescence intensities, it is possible to track the release of drug molecules. Wang et 

al.155 reported that the synthesized folic acid (FA)-conjugated GQDs were used to load 

the antitumor drug doxorubicin (DOX). The design strategy is illustrated in Figure 2.17. 

GQDs were prepared with carbon black following the chemical oxidation method. 

COOH groups of GQDs were used to graft with NH2 group of FA. DOX was adsorbed 

by GQDs through π-π stacking and hydrophobic interactions. The loading efficiency of 

DOX on GQDs is about 68%. At pH 5.5, DOX could be released because the protonated 

DOX under acidic conditions increased hydrophilicity. Real-time monitoring test with 

HeLa cells demonstrated that DOX had released in the cells after 24 h of incubation 

and GQDs are novel drug carrier. 
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Figure 2.17. Schematic of the fabricated DOX–GQD–FA nanoassembly for DOX delivery into target cells. 

 

 Karthik et al.156 synthesized a phototrigger conjugated anticancer drug with 7-(3-

bromopropoxy)-2-quinolylmethyl chlorambucil (Qucbl) and fluorescent carbon dots, 

which were prepared by heating citric acid and urea via microwave-assisted method. 

The drug release of Qucbl-CDs was carried out by using UV light or He-Ne laser. After 

30 min of irradiation, 73% or 20% of the loading drug was released, respectively. 

 

Photodynamic therapy  

Photodynamic therapy (PDT), is a form of phototherapy with the help of light and a 

photosensitizing chemical substance, taking advantage of molecular oxygen to elicit 

cell death.157 Generally, reactive oxygen species (ROS), which produced by a 

photosensitizer under illumination, could kill cancerous cells.158 Traditional PDT agents, 

such as porphyrin and phthalocyanines can produce singlet oxygen (1O2, an example 

of ROS), but they are limited by low yield, poor water dispersibility and 

photostability.159 Therefore, developing a new PDT agent with a high 1O2 yield is 

desirable. Ge et al.104 successfully prepared GQDs with polyiophenes by hydrothermal 

method. The GQDs had a red emission peak at 680 nm and showed high 1O2 generation 

yield with a yield of around 1.3 under irradiation with white light (different excitation 

wavelengths at 378, 538, 549 and 562 nm), which was almost twice as high as other 

PDTs.159,160 Meanwhile, the researchers also verified that it was the energy transfer from 
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the GQDs to oxygen that was the cause for the sensitization of ground-state oxygen. 

  

 Zhou et al.161 prepared three kinds of GQDs derivatives through the chemical 

oxidation method162 and respectively eliminated carboxyl, hydroxyl, and ketonic 

carbonyl in order to study the relationship between oxygen functional groups and the 

ROS generation. Under blue laser irradiation, GQDs without ketonic groups showed 

the lowest ROS generation indicating that the ketonic carbonyl groups mainly affect 

the ROS generation. 

 

2.6 Summary 

Luminescent carbon-based dots, including graphene-based nanoparticles and carbon 

nanodots with fluorescent properties have become a new class of functional 

nanomaterials. This review has briefly summarized the common synthetic strategies, 

properties and applications of carbon-based dots. The structure and properties of the 

nanomaterials will have some differences when choosing different precursors, 

preparation conditions, etc. How to control the size, shape, and functional groups, 

which may influence PL properties, have become new challenges. The PL mechanisms 

of luminescent carbon-based dots also need to be investigated further and studied 

clearly. It can be expected that these luminescent nanoparticles will have potential in 

bioimaging, biosensing, photodynamic therapy, etc. 
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3 Experimental methods 

3.1 Raw materials 

For Chapters 4 and 5, reagent grades of graphite powder (<20 μm), sulfuric acid (95-

98%wt), nitric acid (70%wt), sodium carbonate, sodium hydroxide, fluorescein, 

quinine sulfate, 0.1 M NaOH and 0.1 M H2SO4, dimethylsulfoxide (DMSO, 99%), 9,10-

anthracenediyl-bis(methylene)dimalonic acid (ABDA) were all purchased from Sigma-

Aldrich, Fisher Scientific and Alfa Aesar. Protoporphyrin IX (PPIX) and Rose Bengal 

(RB) were from Shanghai Jiao Tong University. 

 

For Chapter 6, reagent grades of o-, m-, and p-phenylenediamine, potassium persulfate 

and ethanol were purchased from Sigma-Aldrich.   

 

All chemicals were directly used as received without further purification. Distilled 

water was used throughout the whole work. 

 

3.2 Preparation of carbon dots 

Preparation of carbon dots is described in each chapter due to different methods used. 
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3.3 Characterizations 

Atomic force microscopy (AFM) was carried out using a Veeco Dimension 3100 with 

the NanoScope software version 5 and Bruker OTESPA probes in tapping mode at 0.5 

Hz. All the AFM samples were prepared on fresh mica substrates. To make sure the 

mica substrates were clean, one or two top layers of mica were removed with the help 

of a tape. One drop of GOQDs aqueous (~0.01 mg/mL) was dropped on the clean mica 

substrate which was left in a fume cupboard for a day to evaporate water. The length, 

height, width, standard deviation and average diameter of CDs automatically calculated 

by the NanoScope software. Figure 3.1 shows an example. The software can scan the 

obtained image and calculate the relevant information.  

 

 

Figure 3.1. An example of the size information calculated from the NanoScope software. 
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High resolution TEM (HR-TEM) was operated at an accelerating voltage of 200 kV 

using a JEOL 2010F field emission TEM. The HR-TEM samples were prepared by 

soaking a holey amorphous carbon-coated copper grid (mesh size was 400 units) in a 

diluted suspension of carbon dots (~0.01 mg/mL) and left it in a fume cupboard to dry 

for 1 day. 

 

GOQDs aqueous suspension (~0.01 mg/mL) for AFM and TEM was prepared 

following the procedure:  

 Weigh 10 mg of GOQDs in an analytical balance (Readability: 0.1 mg) and put 

them into a small bottle. Measure 20 mL of distilled water with a pipette (Volume: 10 

mL twice) and transfer to the bottle. Put a clean stirrer bar into the bottle and stir the 

suspension for 1h. The obtained suspension is 0.5 mg/mL. Measure 200 μL of the 

obtained suspension with a pipette (Volume: 300 μL) and transfer to a centrifugation 

tube. Add 9.8 mL of distilled water into the tube. Stir for 30 min, sonicate for 30 min 

and centrifuge for 30 min. The top part suspension of the tube was used for AFM and 

TEM. 

 

Fourier transform infrared (FTIR) spectra were obtained by a Perkin Elmer Spectrum 

100 with a diamond attenuated total reflectance unit and the wavenumber ranged from 

600 to 4000 cm-1 with a resolution of 1 cm-1.  

 

UV-Vis spectrometry between 250 nm to 700 nm was carried out on a Perkin Elmer 

Lambda 900 spectrometer with a 1 nm resolution. The polymethyl methacrylate 

(PMMA) cuvette has a 10 mm path length.  

 

Raman spectroscopy was achieved with a Renishaw inVia Raman microscope using a 

514.5 nm wavelength excitation laser. The scan range was from 100 cm to 3000 cm, 
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with a resolution of 1 cm-1. 

 

X-ray photoelectron spectroscopy (XPS) was carried out using a Kratos Ultra 

instrument with the monochromated aluminium source, with two analysis points per 

sample. The sample was prepared for analysis by pushing a small amount of powder 

into soft indium foil, which had been previously adhered to a sample holder using 

double sided carbon tape. This ensures all carbon detected was due to the sample. 

Survey scans were collected between 1200 to 0 eV binding energy, at 160 eV pass 

energy and 1.0 eV intervals. In addition, high-resolution C1s, O1s, and N1s spectra 

were collected, as specified, over an appropriate energy range at 20 eV pass energy and 

0.1 eV intervals. The analysis area was 700 µm by 300 µm. The data collected were 

calibrated in intensity using a transmission function characteristic of the instrument 

(determined using software) to make the values instrument independent. The data were 

then quantified using theoretical Scofield relative sensitivity factors via the CasaXPS 

software. The data were calibrated for binding energy by making the main carbon peak 

C1s at 285.0 eV, and correcting all data for each sample analysis accordingly. 

 

X-ray diffraction (XRD) was performed on a STOE Stadi P X-ray diffraction instrument 

(Cu Kα irradiation λ=0.154060 nm) operating at 40 kV, 35 mA and a scanning speed 

of 1° min-1 with a step size of 0.015°. 

 

Photoluminescent emission and excitation spectra were measured by using an LS 55 

fluorescence spectrometer (Perkin Elmer) at room temperature (25 ℃), and a pulsed 

xenon lamp excitation source. The scan speed was 200 nm/min. The PMMA cuvette 

has a light path of 10 mm * 10 mm. In Chapter 4 and 6, the slit widths of the excitation 

and emission were 10 nm. In Chapter 5, the excitation slit width was 10 nm and the 

emission slit width is 4.5 nm in order to obtain the data in the appropriate range.  
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Quantum yield was measured according to an established reliable comparative 

method163. Fluorescein in 0.1 M NaOH (literature quantum yield 0.79)164 and quinine 

sulfate in 0.1 M H2SO4 (literature quantum yield 0.54)165 were chosen as standard 

materials for 500-600 nm and 400-600 nm emission range separately. The absorbance 

was measured on a Hitachi-U1100 spectrophotometer. For the purpose of minimizing 

re-absorption effect, the absorbance in the 10 mm PMMA cuvette was kept not higher 

than 0.1 at the excitation wavelength. Five solutions of the standard materials or test 

materials with increasing concentrations were chosen, according to the following 

Equation 3-1: 

Φ𝑋 = Φ𝑆𝑇 (
𝐺𝑟𝑎𝑑𝑋

𝐺𝑟𝑎𝑑𝑆𝑇
) (

𝜂𝑋
2

𝜂𝑆𝑇
2 )                         (3-1) 

Φ is the fluorescence quantum yield, and the subscripts X and ST represent test and 

standard respectively. Grad is the gradient from the plot of integrated fluorescence 

intensity vs absorbance. η is the refractive index of the solvent. 

 

The measurement of reactive oxygen species (ROS) was separated into two parts. The 

first characterization work in the first section in Chapter 4 was carried out by Prof. Sun 

Kang’s group in Shanghai Jiao Tong University. ABDA was used as a chemical probe 

to detect singlet oxygen production during irradiation according to the decay of UV-Vis 

absorption at 400 nm. The GOQDs aqueous suspension (1 mL, 0.01 mg/mL) was added 

in a 1 mL cuvette (light path: 3 mm) with the same sample in reference cuvette. Then 

ABDA/ DMSO solution (0.5 mg/mL, 50 μL) were added and the absorption spectra 

were recorded with 365 nm irradiation every two minutes. Only one test sample was 

GOQDs. RB and PPIX were as comparative samples. 

 

The characterization work in the remaining sections of Chapter 5 and 6 was carried out 

by the author. The sample aqueous suspension (0.5 mL, 0.25 mg/mL) was added in a 4 

mL cuvette (light path: 10 mm) with the same sample in reference cuvette. Then 
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ABDA/DMSO solution (0.5 mg/mL, 150 μL) were added and the absorption spectra 

were recorded with 460 or 530 nm irradiation every five minutes. All the GOQDs, 

GOQDs-M and GOQDs-H samples were tested. 

 

The measurement of cell viability test was carried out in Shanghai Jiao Tong University. 

HeLa cells, which are immortal cells line and commonly used in scientific research, 

were seeded onto 96-well plates with 1000 cells/well and incubated in a humidified 

atmosphere with 5% CO2 incubator for 48 h. Then the GOQDs aqueous suspension 

dispersed in the culture medium with different concentration (0, 10 ppm, 20 ppm, 40 

ppm, 60 ppm, 80 ppm, 100 ppm, 200 ppm, 400 ppm, 600 ppm, 800 ppm and 1000 ppm) 

were added to incubate for 24 h and cell viability was measured by standard Cell 

Counting Kit-8 (CCK8) assays. In CCK8 assays, 10 μL CCK 8 solution was added into 

each cell for 4 h incubation and then the absorbance at 450 nm was measured by a 

microplate reader (Multiskan GO, Thermo scientific), 

 

GOQDs aqueous suspension (1 mg/mL) was prepared following the procedure:  

Weigh 50 mg of GOQDs in an analytical balance (Readability: 0.1 mg) and put them 

into a small bottle. Measure 10 mL of distilled water with a pipette (Volume: 10 mL 

five times) and transfer to the bottle. Put a clean stirrer bar into the bottle and stir the 

suspension for 1h.  

 

GOQDs aqueous suspension (0.5 mg/mL) was prepared following the procedure:  

Weigh 25 mg of GOQDs in an analytical balance (Readability: 0.1 mg) and put them 

into a small bottle. Measure 10 mL of distilled water with a pipette (Volume: 10 mL 

five times) and transfer to the bottle. Put a clean stirrer bar into the bottle and stir the 

suspension for 1h.  
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GOQDs aqueous suspension (0.25 mg/mL) was prepared following the procedure:  

Weigh 25 mg of GOQDs in an analytical balance (Readability: 0.1 mg) and put them 

into a small bottle. Measure 10 mL of distilled water with a pipette (Volume: 10 mL ten 

times) and transfer to the bottle. Put a clean stirrer bar into the bottle and stir the 

suspension for 1h.  

 

GOQDs aqueous suspension (0.125 mg/mL) was prepared following the procedure:  

Measure 40 mL of GOQDs aqueous suspension (0.25 mg/mL) with a pipette (Volume: 

10 mL four times) and transfer to the bottle. Measure 40 mL of distilled water with a 

pipette (Volume: 10 mL four times) and transfer to the bottle. Put a clean stirrer bar into 

the bottle and stir the suspension for 1h.  

 

GOQDs aqueous suspension (0.0625 mg/mL) was prepared following the procedure:  

Measure 20 mL of GOQDs aqueous suspension (0.125 mg/mL) with a pipette (Volume: 

10 mL two times) and transfer to the bottle. Measure 20 mL of distilled water with a 

pipette (Volume: 10 mL two times) and transfer to the bottle. Put a clean stirrer bar into 

the bottle and stir the suspension for 1h.  

 

  



38 

 

4 Photoluminescent graphene-based 

nanoparticles derived from graphite 

powder via different reaction conditions 

4.1 Introduction 

Graphite is a common material in our daily life and it has been widely used in many 

applications, such as batteries, pencils and lubricant. The structure of graphite is carbon 

layers stacking together via van der Waals forces, which make layers of graphite be 

easily segregated.166 In each layer, the carbon atoms are arranged in a honeycomb lattice 

with separation of 0.142 nm, and the distance between adjacent layers is around 0.335 

nm.167 In 2004, only one layer of the graphite was collected, and that is graphene.5 Due 

to its unique structure, graphene shows extraordinary mechanical, thermal and 

electronic properties.39,168–170 However, its conduction bands and valence bands meet at 

the Dirac points, so graphene is a zero-bandgap semiconductor material, which limits 

its electronic and optical applications.135  

 

 Because the quantum confinement effect could influence and produce the bandgap, 

the size of graphene is considered to reduce to the nanoscale.171–173 In general, GQDs 

or GOQDs are one or few-layered graphene-based nanoparticles with lateral 

dimensions smaller than 100 nm.26,27,134 GOQDs, which have oxygen-containing 

functional groups, are expected to have new photoluminescent properties resulting from 

the quantum confinement effect. Compared with the heavy metal elements in the 

traditional semiconductor materials like CdSe, carbon and oxygen are the main 

elements in GOQDs. Therefore, they are relatively friendly to the environment. GOQDs 

are expected to be used in many applications, especially in bioimaging and 

photodynamic therapy. 
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 As mentioned in the literature review, the bottom-up and top-down methods are 

mainly used for preparing GQDs. The bottom-up methods could be described from self-

assembly of small aromatic compounds. On the contrary, the top-down methods could 

be considered from the chemical disintegration, including the chemical oxidation, 

electrochemical oxidation, hydrothermal treatment, high-resolution electron-beam and 

oxygen plasma treatment, of large carbonaceous materials, such as carbon nanotubes, 

carbon fibers, nanodiamond, and carbon nanoparticles.10,11,14,16,24 However, some of 

these methods need special and complicated instruments, and some starting materials 

are expensive. These special conditions restrict the synthesis and yield of GOQDs. 

 

 Considering that graphite is common and low-cost, a synthesis of GOQDs from 

graphite via chemical methods would be more practical and feasible. The research 

method of this chapter is: 

1. Prepare several kinds of GOQDs with tunable photoluminescent properties. 

2. Characterize and analyze their structure and properties. Study their relation. 

3. Modify the method, prepare new samples and compare the changes. 

 

 In this chapter, there are three sections. Firstly, graphite powder was used as a 

precursor to prepare one kind of GOQDs. Only one sample was characterized and 

analyzed. In the second section, a series of GOQDs were synthesized using the same 

experimental procedure as that of Section 1 with different reaction conditions to be 

specific. In the third section, the experimental procedure were further modified, and 

another series of GOQDs were prepared. The emission ranges of GOQDs could be 

tuned from blue, green and yellow to red. The relationships between photoluminescent 

properties, structure, and concentration, are discussed in detail at the end of the chapter.  
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4.2 Preparation and characterizations of the 

photoluminescent graphene oxide quantum dots 

4.2.1 Experimental procedures 

Preparation of graphene oxide quantum dots 

Graphene oxide quantum dots were synthesized by a modified strong-acid oxidation 

method following reported approach.24 Briefly, graphite powder (900 mg) was 

dispersed in concentrated sulfuric acid (100 mL), which was stirred for 1 hour followed 

by sonication for 30 min. The resultant suspension was poured into a three-neck round-

bottom flask which contained mixed acids (80 mL sulfuric acid and 60 mL nitric acid). 

After 24 hours of refluxing at 100 ℃, the mixture was cooled, and a required amount 

of distilled water was slowly added. The pH was adjusted to around 8 with sodium 

bicarbonate. During this period, the reaction suspension was filtered for several times 

to remove the precipitated salt. Afterwards, the residual solution was collected by 

decantation with filter paper. The filtrate was dialyzed in a dialysis bag (MWt cut-

off 3500 Da) against distilled water for more than seven days to remove excess salt. 

The suspension was freeze-dried to obtain GOQDs powder. 
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4.2.2 Results and analysis 

4.2.2.1 Morphology 

The prepared GOQDs were analyzed using different techniques. 

 

 The surface morphology of the GOQDs was characterized by AFM, as shown in 

Figure 4.1. The AFM images show that the prepared GOQDs were dot-like. By 

calculation from the Nanoscope software, the average lateral size of GOQDs is about 

45.9 nm, and the average height was between 0.6 to 8.4 nm. Considering that the layer 

spacing of the single graphene sheet is about 0.7-1.0 nm,174 the majority of 

nanoparticles are 1-10 layers. 

 

Figure 4.1. AFM images of GOQDs (a) scale: 10×10 μm; (b) scale: 2×2 μm; and (c) the size information 

of GOQDs in the image was calculated by the NanoScope software. 
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4.2.2.2 Structure 

Figure 4.2a shows the XRD pattern of GOQDs and raw material of graphite powder. 

There is no sharp (002) peak at 2θ=26.5° for the GOQDs, where is the characteristic 

peak for graphite. However, a weak and broad diffraction peak appears at 2θ=20.9°. 

The broad peak is a significant indicator of amorphous materials and this could 

demonstrate that the crystalline structure is destroyed during the oxidation process. 

Because the oxygen-containing functional groups such as hydroxyl and epoxy groups 

were introduced on the surface, the layers became expansion and the interlayer spacing 

was increased. According to Bragg’s law, the interlayer spacing could be calculated 

about 0.97 nm, which is larger than that of graphite (0.34 nm) and the layers are easily 

separated under sonication. As calculated by the software, the average height of 

GOQDs is ca. 2.5 nm, which should correspond to about three layers. 

 

 Raman spectroscopy was also used to study the GOQDs, as shown in Figure 4.2b. 

Graphite powder has a sharp G band at 1580 cm-1. After oxidation, the D band appears 

at 1386 cm-1 and the G band broadens significantly and displays a shift to higher 

frequencies (blue-shift). The relative intensity ratio of D band (defect) and G band 

(crystalline) is about 1, which is higher than that of graphene oxide prepared by 

traditional Hummers methods.175–177 The higher intensity ratio ID/IG indicated more 

defects in the carbon matrix. 

 

 The GOQDs were characterized by XPS to probe the elemental composition and 

chemical bonds. As seen in Figure 4.2c, the XPS spectrum of GOQDs shows three 

elements, including a C1s peak at 285 eV, N1s peak at 400 eV and O1s peak at 533 eV. 

Quantitative analysis of the XPS spectrum shows that the atomic ratio of O/C of 

GOQDs is 0.50, which is higher than that of graphene oxide (ca. 0.43) prepared via 

traditional Hummers methods. The high resolution scan of C1s could be curve-fitted 

into 5 peaks (Figure 4.2d), including 285.0 eV (C-C / C=C), 285.8 eV (C-N), 286.6 eV  
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Figure 4.2. (a) XRD patterns of GOQDs and graphite powder, (b) Raman spectra of GOQDs and graphite 

powder, (c) XPS survey spectra of GOQDs and graphite powder, (d) high-resolution XPS C1s spectra of 

GOQDs, (e) high-resolution XPS N1s spectra of GOQDs and (f) FT-IR spectra of GOQDs. 

 

(C-O-C/C-OH), 288.1 eV (C=O) and 289.0 eV (COOH). The N1s band, ranging from 

396 to 404 eV (Figure 4.2e), can be deconvoluted into two peaks at 399.6 eV and 401.0 

eV, representing pyridinic-like and quaternary nitrogen atoms. These indicated that the 
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nitrogen atoms were introduced to the graphite sheet under oxidation process and they 

were mainly located in the sheet edge due to the higher percentages of the pyridinic-

like functionalities. 

  

 In Figure 4.2f, the FTIR spectrum of GOQDs confirms that oxygen-containing 

functional groups, including hydroxyl (3400 cm-1), epoxy (1240 cm-1), carbonyl (1676 

cm-1) and carboxyl groups (1710 cm-1) were introduced to the surface of graphite. These 

functional groups make GOQDs disperse in water very well and stable for a long time. 

Moreover, stretching vibrations of C=C (1580 cm-1) and C-N (1412 cm-1) were also 

observed, which is consistent with the above XPS results. 

4.2.2.3 Optical properties 

Figure 4.3 shows photographs of the GOQDs aqueous suspensions with decreasing 

concentration and the colour is changed from brown to light yellow. Its clarity 

demonstrates that the dispersion of GOQDs in water is very good. 

 

 

Figure 4.3. 1-5: GOQDs aqueous suspensions at 1.0, 0.5, 0.25, 0.125 and 0.0625 mg/mL. 6: water. 

 

 The optical properties of GOQDs were characterized by photoluminescence 

spectroscopy and UV-Vis spectroscopy. The UV-Visible spectrum (Figure 4.4a) shows 

a broad absorption from UV to the Visible region. Figure 4.4b shows the diagram of 

relative placing of different orbitals. The π-π* transition of aromatic sp2 domains leads 

to a strong absorption in the UV range. A shoulder absorption peak at around 370 nm 
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is observed, and could be attributed to the n-π* transition of the C-N, C-O or C=O 

bonds.10,178 Compared with other graphene oxide reported in some publications, the 

shoulder position of GOQDs is red-shift from ca. 300 nm to 370 nm due to the 

increasing amount of the delocalization of π electrons. After strong oxidation, oxygen 

and nitrogen atoms were introduced into the graphite sheet edge, and more non-bonding 

orbitals were created. The compounds have massive delocalization, so the energy gaps 

between orbitals become small. The relationship between the wavelength λ and its 

energy E is: 

E = h
𝑐

𝜆
                              (4-1) 

Where h is Planck's constant and c is the speed of photon. The less energy needed means 

the longer wavelength absorbed, which made the red-shift. 
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Figure 4.4. (a) UV-Vis spectrum of GOQDs and (b) the diagram of the relative placing of the different 

orbitals. 

 

 The resultant GOQDs can emit a wide spectrum of luminescence, including blue, 

green, yellow, orange and red light. Figure 4.5 shows the optical images of GOQDs 

under irradiation of hand-held UV, blue and green light lamps. Yellow, orange and red 

light paths could be seen in the cuvettes. In the photoluminescent spectra, GOQDs have 

optimal excitation and emission wavelengths at 470 nm and 531 nm, respectively as 

shown in Figure 4.6a. 
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Figure 4.5. Photos of GOQDs in water excited by ultraviolet, blue and green light. 
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Figure 4.6. (a) Optimal excitation and emission PL spectra and (b) – (d) the excitation-dependent PL 

behaviour. 

 

 Fluorescent carbon materials always have excitation-dependent PL behaviours, as 

shown in Figure 4.6.179–181 Under different excitation wavelengths, they could provide 
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different colours and change the PL intensity and wavelength position, which would be 

interesting for some applications. When excited under 340 nm wavelength, the GOQDs 

show a stronger peak at ca. 460 nm, which is blue emission, and a weak shoulder at 

around 531 nm, which is green emission. When increasing the excitation wavelength 

(redshift), the stronger peak at 460 nm becomes weaker and decreases to disappear. 

Meanwhile, the weak shoulder at 531 nm becomes the main peak and increases 

gradually (Figure 4.6b). From 410 nm to 470 nm excitation wavelength, the peak 

position of the emission spectrum is fixed at ca. 531 nm and the intensity increases 

remarkably. The strongest PL emission intensity of GOQDs appears when the materials 

are excited at 470 nm. At a longer excitation wavelength than 470 nm, the emission 

spectrum starts to redshift, and the main peak intensity gradually decreases, as shown 

in Figure 4.6d.  

 

Figure 4.7. The PL mechanism of GOQDs 

 

 As seen in Figure 4.7, the PL mechanism of GOQDs could be attributed to the 

radiative recombination of electron and hole in a conjugation system. Strong acid 

oxidation brings oxygen-containing functional groups and nitrogen atoms to the surface, 
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as well as the fracture of C-C / C=C bonds and defects in the conjugation systems. The 

large conjugation system in graphite is divided into amounts of very small and 

individual conjugation system. Their sizes could be nanoscale and fulfill the 

requirement of the quantum confinement effect, which makes them possible to have PL 

properties. Meanwhile, oxygen or nitrogen bonding orbitals also could introduce new 

energy levels to the electronic band structure. Due to the wide size distribution of “small” 

conjugation systems and new energy levels induced, the width of bandgap can cover a 

broad range, leading to a wide luminescent spectrum from blue to red lights.  

 

 The relationship between PL intensity, absorbance and concentrations was studied, 

as shown in Figure 4.8. Five sets of different concentrations of GOQDs suspension 

were prepared, and four sets of representative wavelengths were selected for four 

colours, including green, yellow, orange and red. Firstly, the PL intensity of all four 

colours becomes stronger when the concentration increases from 0.0625 to 0.125 

mg/mL. However, 0.125 mg/mL is the concentration that can provide the strongest PL 

intensity for green colour (530 nm). Afterwards, the PL intensity reduces even the 

concentration increases. Yellow, orange and red colours show a similar trend. PL 

intensity becomes stronger with increasing concentration until 0.5 mg/mL. When the 

concentration increases to 1 mg/mL, yellow and orange emission intensities decrease 

significantly, but red colour only reduces slightly. Meanwhile, the intensity of green 

colour is the lowest at 1 mg/mL compared to those of other colours. In Figure 4.8h, 

different light paths can be seen in the cuvettes. Cuvette 4 has the longest light path. 

However, the light path in cuvette 1, which has the highest concentration of GOQDs, 

is quite short. This result is similar to be specific PL intensity from the instrument. 
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Figure 4.8. (a)-(e) The emission spectra of GOQDs-1 suspensions at 0.0625, 0.125, 0.25, 0.5 and 1 mg/mL 

excited by various excitation wavelengths, respectively, (f) the UV-Vis spectra of GOQDs-1 suspensions at 

(h) 
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0.0625, 0.125, 0.25, 0.5 and 1.0 mg/mL, (g) the relationship between PL intensity at 530, 580, 600 and 

625 nm emission wavelengths and different concentrations. The inset shows the spectrum of visible light, 

and (h) the photos of GOQDs-1 suspensions at 0.0625, 0.125, 0.25, 0.5 and 1.0 mg/mL excited by the 

blue light. 

 

 Therefore, the relationship between PL intensity and concentration is not linear or 

proportional. Higher concentration is not always equivalent to stronger PL intensity. 

Absorbance should be considered because both excitation and emission wavelength 

would be absorbed by the aqueous suspension to some extent, as seen in Figure 4.8f. 

According to Beer-Lambert law: 

A = log10(𝐼0/𝐼) = 𝜀𝑐𝐿                       (4-2) 

where A  is the measured absorbance, 𝐼0  is the intensity of the light at a given 

wavelength, 𝐼 is the transmitted intensity, 𝜀 is a constant known as the extinction 

coefficient, 𝐿 is the path length through the sample and 𝑐 is the concentration. 

 

Figure 4.9. Schematic representation of the UV-Vis and PL. 

 

 Figure 4.9 shows a simple schematic representation of UV-Vis and PL in the 

cuvette. A part of the light is absorbed by the suspension and used to excite the electrons 

to generate the PL emission. The light emitted is also partly absorbed by the suspension. 

So the relationship between the intensity of excitation light and emission light is:  
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𝐴𝑒𝑥 = log10(𝐼0/𝐼)                        (4-3) 

𝐼𝑒𝑥 = 𝐼0 − 𝐼                           (4-4) 

𝐼𝑒𝑥 × 𝜑 = 𝐼𝑒𝑚
∗                          (4-5) 

𝐼𝑒𝑚
∗ = 𝐼0

∗                            (4-6) 

𝐴𝑒𝑚 = log10(𝐼0
∗/𝐼𝑒𝑚)                      (4-7) 

So, 

𝐼𝑒𝑚 = (1 − 10−𝐴𝑒𝑥)10−𝐴𝑒𝑚𝜑𝐼0                  (4-8) 

 

 where 𝐴𝑒𝑥 is the absorbance measured at an excitation wavelength, 𝐴𝑒𝑚 is the 

absorbance measured at an emission wavelength, 𝐼0 is the intensity of the light at the 

given wavelength, 𝐼𝑒𝑥 is the intensity of the absorbed light for exciting GOQDs,  𝐼𝑒𝑚
∗  

is the intensity of the emitted light from GOQDs aqueous suspension. 𝐼0
∗ is the intensity 

of emitted light, which is also absorbed by the suspension. 𝐼𝑒𝑚 is the intensity of the 

emitted light from the cuvette, and 𝜑 is a PL efficiency coefficient, which is related to 

the quantum yield. It can be found that the intensity of emission wavelength is affected 

by the absorbance of both excitation wavelength and emission wavelength. However, 

the Equation 4-8 is only a simple derived formula, which requires the emitted light in 

the GOQDs aqueous suspension just have a single wavelength. When the emission 

wavelength is a broad range, then different emitted wavelengths would produce the 

iterative effect inside the suspension and make the relationship between the PL 

intensities and concentrations (via absorbance) more complicated. Although the 

equation can not be used directly, it still provides an understanding between PL and 

UV-Vis.  

 

 As mentioned above, although some wavelengths could emit stronger light, the 

emission light would be partly absorbed by the aqueous suspension, so the intensity 
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would be weakened by the suspension. It is better to choose an appropriate 

concentration for different emission wavelengths to get stronger emission performance. 

For example, low concentration is better for green light (shorter wavelength), and high 

concentration is better for red light (longer wavelength). 

 

4.2.2.4 Cell viability and ROS generation ability 

As GOQDs have abundant oxygen-containing functional groups, they may have good 

potential in biocompatibility. To investigate the photodynamic therapy (PDT) effect of 

GOQDs, HeLa cells were incubated with the GOQDs for 24 h. As shown in Figure 

4.10a, after 24 h incubation, the cell viability slightly decreased to 80% when the 

concentrations of GOQDs increased to 1 mg/mL, showing that the GOQDs sample has 

almost no influence on the cells and indicates the biocompatibility of the nanoparticles.  

 

 The 1O2 production of GOQDs was measured by above methods with ABDA as an 

indicator, and the results were shown in Figure 4.10b. After irradiated by the 365 nm 

light for 10 min, the absorption of ABDA for GOQDs, RB, and PPIX decreased to 75%, 

67%, and 91%, respectively. GOQDs show much quicker decline rate than PPIX, but 

slower than RB. This result demonstrates that GOQDs have better ROS-generating 

ability. 
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Figure 4.10. (a) Cell viability of HeLa cells incubated with different concentrations of GOQDs; (b) ROS 

generation of GOQDs detected by ABDA. 
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4.2.3 Summary 

Luminescent graphene-based nanoparticles were synthesized with graphite powder 

following modified strong acid reaction conditions. The emission wavelengths could 

be tuned from blue to red. Oxygen-containing functional groups were induced to the 

surface, and GOQDs have possibilities to be functionalized. The coverage ratio of 

functional groups and the size could affect the PL properties. The concentration and 

absorbance would affect the PL intensity. Meanwhile, GOQDs show better ROS-

generation ability and do not impose considerable toxicity to the cells. 
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4.3 Preparation of graphene oxide quantum dots with 

different reaction temperature and reaction time 

4.3.1 Experimental procedures 

In this section, the structural changes of GOQDs via controlling reaction conditions 

were investigated. After changing the reaction temperature and reaction time, the 

nanoparticle size and the content of oxygen-containing functional groups have changed, 

which affect the PL and ROS generation properties. With the purpose of comparison, 

six different samples (GOQDs-1, 2, 3, 4, 5 and 6) are arranged, and the details are 

shown in Table 4-1 with the reaction parameter displayed. 

 

Table 4-1. The reaction condition of six GOQDs samples. 

Sample ID Reaction temperature / ℃ Reaction time / h 

GOQDs-1 80 24 

GOQDs-2 80 48 

GOQDs-3 100 24 

GOQDs-4 100 48 

GOQDs-5 120 24 

GOQDs-6 120 48 

 

  



55 

 

4.3.2 Results and analysis 

4.3.2.1 Morphology 

Figure 4.11 displays AFM images of six series of GOQDs under the same scale. Table 

4-2 shows the diameter of the GOQDs obtained by the calculation from the Nanoscope 

software. Compared with traditional graphene oxide nanoparticles reported to be 

several micrometers in length, GOQDs prepared following the above method can reach 

less than 200 nm in length. Both Sulfuric acid and nitric acid provide the effects of 

“cutting” and oxidation of the carbon matrix. The role of these two kinds of the strong 

acid will be discussed further in the next section.  

 

 When the reaction temperature is 80 ℃, the size of GOQDs is not uniform. Large 

irregular shaped particles and small round dots could be seen at the same time (Figure 

4.11a and 4.11b). For both GOQDs-1 and GOQDs-2, the length of large particles could 

be up to 160-180 nm, and small one could be 30 nm. The average length is around 70 

to 80 nm. The average length of GOQDs-2 is relatively smaller than that of GOQDs-2, 

however, they are not much different. 

 

 When the reaction temperature is 100 ℃ and 120 ℃, it also can be found that the 

diameter of GOQDs produced from 48 h reaction is smaller than those produced from 

24 h treatment. However, the difference in size is quite clear. The size of GOQDs under 

48 h treatment is reduced to half, compared with that only with 24 h reaction time.  

 

 Time effect could explain this result that longer reaction time could help oxidation 

process and promote graphite sheet to split. Temperatures over 100 ℃ are more 

effective than lower temperature in “cutting” the graphite sheet. 
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Figure 4.11. AFM images of GOQDs, Scale: 2×2 μm: (a) GOQDs-1 80 ℃ 24 h, (b) GOQDs-2 80 ℃ 48 h, (c) GOQDs-3 100 ℃ 

24 h, (d) GOQDs-4 100 ℃ 48 h, (e) GOQDs-5 120 ℃ 24 h and (f) GOQDs-6 120 ℃ 48 h. 
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 Different from the irregular shape of GOQDs produced from 80 ℃, the 

nanoparticles with 100 ℃ and 120 ℃ display a relatively regular and round shape. They 

look more like dots or discs, as shown in Figure 4.11c, 4.11d, 4.11e and 4.11f. GOQDs-

3 with 100 ℃ and 24 h treatment still have some large particles. The maximum size is 

around 116.6 nm and average diameter is about 45.9 nm. The GOQDs-4 with 100 ℃ 

and 48 h reaction have an average diameter of 27.2 nm. The maximum size reduces to 

57.1 nm. The GOQDs-5 (120 ℃ and 24 h) are approximately 36.1 nm in diameter. By 

comparison, GOQDs-5 is relatively larger than GOQDs-4, indicating that reaction time 

has more effect than reaction temperature on “cutting” the matrix and reducing the size 

(over 100 ℃). 

 

 GOQDs-6 have the highest reaction temperature (120 ℃) and longest reaction time 

(48 h), so the oxidation effect should be the strongest. The carbon matrix was seriously 

“destroyed”, and its size is the smallest. The maximum diameter is around 39.9 nm, and 

the mean diameter reaches 15.6 nm.  

 

Table 4-2. The diameter of GOQDs obtained from AFM images. Unit: nm 

 

24 h 48 h 

mean 
standard 

deviation 
maximum mean 

standard 

deviation  
maximum 

80 ℃ 78.5 38.0 177 72.8 37.0 165 

100 ℃ 45.9 18.7 116.6 27.2 14.1 57.1 

120 ℃ 36.1 17.1 69.0 15.6 10.0 39.9 

 

  

4.3.2.2 Structure 

The FTIR spectra displayed in Figure 4.12 reveal that all GOQDS samples possessed 

abundant functional groups including O-H (3400 cm-1), COOH (1710 cm-1), C-O-C 

(1242 cm-1) and C-O (1090 cm-1). Besides, stretching vibrations of C=C (1588 cm-1), 

C-N (1420 cm-1) and C-H (871 cm-1) bonds were seen in each sample. However, the 
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difference between each sample is not easy to distinguish in the FTIR spectra. Therefore, 

XPS was used to further analyze the structural changes in detail. 
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Figure 4.12. FTIR spectra of the GOQDs samples. 

 

 High-resolution scans of C1s of six GOQDs samples have been curve-fitted, and 

the results are shown in Figure 4.13. All GOQDs spectra consist of peaks, including C-

C/C=C (285 eV), C-N (285.6 eV), C-O (286.6 eV), C=O (288.2 eV) and O-C=O (289.0 

eV). The C-C/C=C bonds correspond to sp2 or sp3 carbons, indicating that the main 

matrix is still a carbon-conjugated system. The C-N bonds mean the nitrogen element 

was introduced to the conjugation system or replaced the carbon element during the 

oxidation process. It could be considered that nitrogen element comes from the effect 

of high concentration nitric acid. The C-O bond may originate from epoxy, basal plane 

phenol or edge phenol. The C=O and O-C=O reveal the presence of the aldehyde, 

ketone and carboxyl groups. 
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Figure 4.13. (a) - (f) High-resolution XPS C1s spectra of the GOQDs-1 to GOQDs-6, respectively. 

 

 The evolution of carbon-oxygen functional groups during the oxidation process is 

examined by analyzing the XPS spectra. The trend and accurate value are shown in 

Figure 4.14 and Table 4-3.  

 

1. C-O bond. GOQDs-3 (100 ℃) have 12.8% content of C-O bond, which is higher 

than that of GOQDs-1 (80 ℃), probably corresponding to the reason of higher 

temperature. However, GOQDs-5 produced from the highest temperature (120 ℃) 
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just have 6.19% content of C-O, which is half that of GOQDs-3. For samples 2, 4 

and 6 under 48 h treatment, the C-O bond has higher content when the temperature 

is 80 ℃. With increasing temperature, the content decreases.  

 

2. O-C=O structure. With increasing reaction time and temperature, the COOH bond 

content becomes higher and reaches the highest in GOQDs-4 (100 ℃ 48 h). When 

the temperature is 120 ℃, the content starts to reduce. 48 h also decreases the 

content. 

 

3. C=O bonds. With increasing reaction time and temperature, the content of C=O 

bonds gradually reduces from 15.1% in GOQDs-1 to 11.1% in GOQDs-3. However, 

the value slightly increases from 12.6% to 13.4% in sample 4, 5 and 6. 
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Figure 4.14. Percentage of the peaks deconvoluted from the C1s band. 

 

Table 4-3. XPS data analyses of the C1s spectra of GOQDs samples. 

 Carbon bonding composition (%)  

Sample C-C/C=C C-N C-O C=O O-C=O O1s/C1s 

GOQDS-1 59.3 1.5 11.0 15.1 13.1 45.6% 

GOQDS-2 59.6 3.2 9.4 13.4 14.4 46.0% 

GOQDS-3 57.1 2.3 12.8 11.1 16.7 50.0% 

GOQDS-4 57.9 2.4 7.7 12.6 19.4 53.3% 

GOQDS-5 59.8 2.5 6.2 12.8 18.7 49.9% 

GOQDS-6 58.1 2.2 8.3 13.4 18.0 53.2% 
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 Results mentioned above exhibit that the changes of oxygen-containing functional 

groups in GOQDs are affected by reaction time and reaction temperature. To reveal this 

oxidation process mechanism, the formation process of oxygen-containing functional 

groups will be discussed.  

 

 Initially, when the temperature is 80 ℃, C-OH bonds would appear on the graphite 

sheet edge and the defects in the carbon-conjugated system. Besides, some carbon 

atoms on the surface would be oxidized to be hydroxyl. In a strong acid environment, 

the adjacent hydroxyl groups are dehydrated to epoxy groups. Hydroxyl and epoxy 

group are stable under weaker oxidation treatment (lower temperature and short time). 

C=O and O-C=O structure would be enrichment when the temperature and time 

increase, owing to C-O transfer. With the deepening of the degree of oxidation, the 

content of O-C=O structure on edge further increases until the edge is fully oxidized to 

be saturation. However, when the temperature is 120 ℃, the carboxyl groups are not 

stable in such a high oxidation environment. A decrease in the content of O-C=O 

structure is observed due to partial reduction to the ketone, and this could explain the 

increase in the content of C=O bonds.   

 

 As shown in Figure 4.15, the nitrogen bonding composition is also investigated, 

and all GOQDs samples consist of two main peaks, including pyridinic-N at 399.8 eV 

and quaternary-N at 401.1 eV. Quantitative analysis of the atomic ratio of (N1s) / (C1s) 

and the nitrogen bonding composition are displayed in Figure 4.16 and Table 4-4. 

 

1. When the reaction temperature increases from 80 ℃ to 100 ℃ and 120 ℃, as for 

the samples with 24 h reaction time, the nitrogen atomic ratio increases from 1.53% 

in GOQDs-1 to 2.28% in GOQDs-3 and 2.55% in GOQDs-5, however, the ratio of 

the 48 h sample decreases from 3.16% to 2.39% and 2.24%. 

 

2. In the oxidation process, the nitrogen atoms are introduced to the carbon-conjugated 

system and connected with carbon atoms. All samples have a higher content of 

pyridinic-N functionality, indicating that most nitrogen atoms are in the sheet edge 

or detect area, and less is located in the middle of the matrix. 

 



62 

 

3. When the reaction time is 24 h, the content of pyridinic-N decreases from 87.23% 

in GOQDs-1 to 84.83% in GOQDs-3 and 82.32% in GOQDs-5, with increasing 

temperature from 80 ℃ to 100 ℃ and 120 ℃. 
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Figure 4.15. (a) - (f) High-resolution XPS N1s spectra of the GOQDs-1 to GOQDs-6, respectively. 

 

  

 The reason for the decrease in the content of pyridinic-N functionality could 
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correspond to its position. Because it is located at the edge and detects, pyridinic-N is 

easy to break during the oxidation process. In contrast, quaternary-N is located in the 

middle and connected to the carbon atoms with three C-N bonds, which is difficult to 

be cut. Quaternary-N is more stable than pyridinic-N, so the content becomes higher 

when the reaction time and reaction temperature increase.  
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Figure 4.16. Percentage of the peaks deconvoluted from the N1s band. 

 

Table 4-4. XPS data analyses of the N1s spectra of GOQDs samples. 

 Nitrogen bonding composition (%)  

Sample Pyridinic-N Quaternary-N N1s/C1s 

GOQDS-1 87.2 12.8 1.5% 

GOQDS-2 88.1 11.9 3.2% 

GOQDS-3 84.8 15.2 2.3% 

GOQDS-4 85.8 14.2 2.4% 

GOQDS-5 82.3 17.7 2.6% 

GOQDS-6 84.5 15.5 2.2% 
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4.3.2.3 Optical properties 
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Figure 4.17. UV-Vis spectra of GOQDs-1 to 6 aqueous suspensions, respectively. The concentration is 

0.125 mg/mL. 

 

The UV-Vis absorption spectra of the six GOQDs samples with the same concentration, 

as shown in Figure 4.17, show a downward trend from UV to the visible region. In 

addition, the absorbance also decreases from the GOQDs-1 to GOQDs-6. According to 

Beer-Lambert Law which is expressed in terms of attenuation coefficient: 

A = 𝜀𝑐𝐿                             (4-2) 

A is the absorbance, 𝜀 is attenuation coefficient, 𝑐 is the concentration of the light 

absorbing substance, and 𝐿 is the length of solution the light passes through. For an 

equal concentration of each material and the same cuvette, the higher absorbance means 

the larger extinction coefficient, which is related to the number of aromatic rings or 

isolated aromatic domains retained182. The results indicate that the GOQDs-1 have 

more aromatic domains because the degree of oxidation is the lowest, owing to the fact 

that the reaction time is the shortest, and the reaction temperature is the lowest. With 

increasing reaction condition, the degree of oxidation becomes higher, more carbon-

conjugated system is destroyed, and less aromatic domains are left. The extinction 
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coefficient decreases gradually, so the absorbance reduces. This result also can be 

shown by the different colour of the GOQDs aqueous suspension. The higher the 

extinction coefficient is, the darker the solution is. 

 

 Furthermore, the peak at around 370 nm becomes more and more obvious from 

GOQDs-1 to GOQDs-6. As mentioned above, this peak is attributed to the n-π* orbitals 

transition of C=O and C-N bonds. From GOQDs-1 to GOQGs-6, the average size of 

particles reduces. On the particle surface and edge, the aromatic domains become less 

and more carboxyl groups are obtained. So the ratio of the content of C=O or C-N bonds 

to the content of aromatic domains gradually increases, which leads to the peak more 

apparent. 

 

 The excitation-dependent PL behaviour of six GOQDs samples under the same 

concentration is displayed in Figures 4.18-4.20. The excitation wavelength starts at 450 

nm, and 10 nm is increased between two neighboring test. The position of the emission 

peak would shift, and the intensity would increase or decrease. The trend of each sample 

is not the same. 
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Figure 4.18. The excitation-dependent PL behaviour of (a) GQODs-1 (80 ℃ 24 h) and (b) GOQDs-2 (80 ℃ 

48 h). 

 

 For the 80 ℃ reaction temperature, GOQDs-1 and GOQDs-2 samples exhibit 

similar emission spectra (see Figure 4.18). With increasing excitation wavelength from 

450 nm to 490 nm, the position of the emission spectrum does not move, and the 

intensity would increase first. When the samples’ suspensions are excited by the 480 
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nm excitation, the intensity of the peak shows the highest. Afterwards, the intensity 

decreases gradually. Continuously increasing the excitation wavelength, the position of 

the emission spectrum would red-shift, and the intensity decreases remarkably.  

 

 The highest peak position is not the same for the two sample. GOQDs-1 is at around 

550 nm, while GOQDs-2 is at about 575 nm. It also can be found that the shape of these 

emission peaks are quite wide or the full width at half maximum (FWHM) is quite large.  
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Figure 4.19. The excitation-dependent PL behaviour of (a) GQODs-3 (100 ℃ 24 h) and (b) GOQDs-4 (100 ℃ 

48 h). 

 

 For the 100 ℃ reaction temperature, the similarity and difference of the PL 

behaviour between GOQDs-3 and GOQDs-4 can be seen in Figure 4.19. PL emission 

spectra also display a similar changing trend under the increasing excitation wavelength. 

Firstly, the spectrum increases the intensity but keeps the position; then it red-shifts to 

a longer wavelength and reduces the intensity. There are three difference between the 

two samples. The peak of the maximum emission wavelength blue-shifts from 540 nm 

for GOQDs-3 to 530 nm for GOQDs-4. The excitation wavelength for the maximum 

emission spectra reduces from 480 nm for GOQDs-3 to 470 nm for GOQDs-4. Different 

from the wide peak of the GOQDs-3, the maximum emission spectrum of the GOQDs-

4 is quite narrow, and its shoulder peak at 563 nm is also easy to see. 
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Figure 4.20. The excitation-dependent PL behaviour of (a) GOQDs-5 (120 ℃ 24 h) and (b) GOQDs-6 (120 ℃ 

48 h). 

 

 For the 120 ℃ reaction temperature, GOQDs-5 and GOQDs-6 display similar PL 

behaviour and spectral shape to GOQDs-3 (see Figure 4.20). But the excitation 

wavelength for the maximum emission spectra is 470 nm, and the position of the peak 

is 530 nm, which are close to the results of GOQDs-4. However, the intensity of the 

emission spectra is lower than that of the GOQDs with 100 ℃ treatment. 

 

 As shown in Figure 4.21, the corresponding PL spectra of six GOQDs samples 

excited by 470 nm could be well fitted by Gaussian function, indicating that the 

spectrum consists of two different emission mechanisms. The two Gaussian peaks, 

labeled as Peak 1 and Peak 2, are located at approximately 530 nm and 565 nm, 

respectively. The energy gap of PL emission could be calculated by the Equation 4-1. 
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Figure 4.21. PL spectra of GOQDs excited by 470 nm with two deconvoluted Gaussian bands of Peak 1 

and Peak 2 emission. 

 

 The energy gap, which produces PL emission, and the carbon bonding percentage 

for GOQDs samples are displayed together in Figure 4.22. Due to the position of Peak 

2 blue-shifting from 572.0 nm for GOQDs-1 to 556.1 nm for GOQDs-4, and reversely 

red-shifting to 560.7 nm for GOQDs-6, the energy gap of PL emission increases from 

2.169 eV to the highest 2.231 eV, then decreases to 2.213 eV. As previous described, 
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the value of COOH group in GOQDs samples is shown in Table 4-5. By analyzing these 

two values together, it could be found that the trend of the energy gap of Peak 2 PL 

emission of GOQDs is quite similar to the tendency of the percentage of COOH group 

in GOQDs samples. Hence, we could make a hypothesis that the evolution of PL 

emission at around 570 nm is related to the oxygen-containing functional groups on the 

GOQDs, primarily as a result of the content of the O-C=O structure. 

 

Table 4-5. The percentage of COOH group of six GOQDs samples. 

GOQDs Sample 1 2 3 4 5 6 

COOH group percentage (%) 13.1 14.4 16.7 19.4 18.7 18.0 
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Figure 4.22. Energy gap and content of carbon bonding of six GOQDs samples. 

 

 The quantum yield (QY) of GOQDs for 500-600 nm range is calculated following 

the standard methodology, and the results are different due to the different reaction 

conditions, as shown in Figures S1 (a) - (f). When the reaction temperature is 100 ℃, 

the QY of GOQDs-3 and GOQDs-4 is higher than that of other samples with 80 ℃ and 

120 ℃. However, it can be found that GOQDs samples with 100 ℃ have comparably 

lower C=O content. In Figure 4.23, we can notice that the trend of the quantum yield 

of GOQDs is opposite to the tendency of the percentage of C=O bonding in GOQDs 
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samples.  

 

 The carbonyl group belongs to the electron withdrawing groups, which remove 

electron density from π-conjugation system and tend to inhibit the fluorescence. Hence, 

the quantum yield of GOQDs for 530 nm green colour would be related to oxygen-

containing functional groups on the GOQDs, mainly as a result of the content of the 

C=O bonding. 
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Figure 4.23. QY and percentage of C=O bonding of six GOQDs samples. 

 

4.3.2.4 ROS generation ability 

In the first section, ROS generation ability of the GOQDs is measured via comparing 

with PPIX and RB as a reference. GOQDs show much quicker releasing ability of 

reactive oxygen species than PPIX. In this part, six GOQDs samples are compared 

under two kinds of visible light irradiation, and different samples display the different 

results. In Figure 4.24a, all samples quickly reduce the absorbance of ABDA under 30 

min blue light irradiation. GOQDs-3, 4 and 5 have almost the same decline rate. In 

contrast, the absorbance of GOQDs-1 and 2 declines more slowly probably because of 

the fewer oxygen-containing functional groups owing to the lower reaction temperature. 
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The ratios of O1s and C1s for these two GOQDs samples are 45.6% and 46.0%, at least 

5% less than others. However, GOQDs-6 with 120 ℃ and 48 h reaction condition also 

has a very slow decline rate, yet its oxidation degree is much higher. It only has better 

ROS generation ability than GOQDs-1. When using the 530 nm green light, all samples 

show weaker ROS production ability than blue light. GOQDs-1 reduces the absorbance 

from 1 to 0.97 after 30 min irradiation, and its rate is fast. Interestingly, this result is 

opposite to the previous, where GOQDs-1 is the slowest under blue light. GOQDs-2 

and 4 perform similar tendency, and a little better than GOQDs-3. The slowest releasing 

rate of ROS is GOQDs-5 and 6. 
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Figure 4.24. ROS generation of six GOQDs samples under (a) 460 nm blue light and (b) 530 nm green light 

irradiation detected by ABDA. 

 

 From the above results, it could be found that ROS generation ability is related to 

the oxygen-containing functional groups and the wavelength of irradiation light. 

Usually, higher oxidation degree, owing to the higher reaction temperature and longer 

reaction time, means more oxygen-containing functional groups on the surface or at the 

edge, and it could improve the releasing rate of the ROS. The chosen light wavelength 

for irradiation is another factor for determining the ROS ability. For GOQDs samples, 

blue light performs much better than green light, which may correspond to the higher 

absorbance than the former.  
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4.3.3 Summary 

In this section, six GOQDs samples are prepared following the method mentioned in 

the previous section by changing the reaction condition, including the time and 

temperature. The structure and the tendency of different carbon and nitrogen bonding 

are analyzed in detail, primarily focusing on the effect of the reaction condition. PL 

properties are mainly investigated. The excitation-dependent PL behaviour, emission 

mechanism of 570 nm yellow light, and quantum yield are analyzed in the relation to 

the structure changes. ROS generation ability is also discussed. Oxygen-containing 

functional groups and the light wavelength are considered to be primary factors to affect 

the ability. 

 

 

  



73 

 

4.4 Preparation of graphene oxide quantum dots under a 

modified approach with different acid dosage and 

different reaction time 

4.4.1 Experimental procedures 

In this section, the graphene oxide quantum dots were prepared under a modified 

chemical oxidation approach. Different from the previous approach that the sulfuric 

acid and nitric acid were mixed together at the beginning, this time the reaction was 

separated into two steps. Firstly, the graphite powder was stirred in the sulfuric acid 

under 100 ℃ environment for 24 h. The solution remains colourless. The second step 

was adding the nitric acid, then the flask was suddenly filled with yellow colour, which 

came from the volatile NO2 gas. The second step lasted 10 h, 24 h and 48 h, respectively. 

After this step, three new series of GOQDs were synthesized. 

 

 Another three GOQDs samples also followed this modified approach to prepare. 

However, only 60 mL sulfuric acid and 20 mL nitric acid were added to 0.9 g graphite 

powder. The acid dosage was two third less than previous samples. The amount of the 

acid was considered to be a factor affecting the oxidation process and the properties of 

the GOQDs samples. 

 

To make a comparison, graphite powder was only treated with sulfuric acid at 100 ℃ 

for 24 h and no nitric acid was used. This batch was set to investigate the different role 

of these two kinds of acid during the reaction. 

 

The reaction parameter of the modified GOQDs is shown in Table 4-6. 
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Table 4-6. The reaction parameter of the modified GOQDs. 

Sample ID 

Step 1 Step 2 

Graphite powder / g  H2SO4 / mL HNO3 / mL Reaction time / h 

100 ℃ 

GOQDs-M1 

0.9 

180 60 10 

GOQDs-M2 180 60 24 

GOQDs-M3 180 60 48 

GOQDs-ML4 60 20 10 

GOQDs-ML5 60 20 24 

GOQDs-ML6 60 20 48 

GO-C7 180  

All the reaction temperature is 100 ℃. M means modified, L means less acid dosage. C means comparison. 

 

 GO-C7 is a comparative sample. Graphite powder was stirred in the sulfuric acid 

under 100 ℃. After 24 h, the solution was light yellow colour, and some precipitated 

black particles could be noticed. After separation and washing, the deposited powder 

was analyzed by FTIR. The light yellow solution was neutralized with the base and the 

salts were removed by the dialysis bags. 
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4.4.2 Results and analysis 

4.4.2.1 Morphology 

The AFM images and size information of modified GOQDs with using normal acid 

dosage are shown in Figure 4.25 and Table 4-7. GOQDs-M1 have many big size dots 

in the image. At the same time, small size particles also exist. This result can be 

explained by the reason of the short reaction time. The “cutting” process was only partly 

executed, especially on the edge. Therefore, the separated parts are very small, even 

less than 10 nm. The most remaining particles are still very huge in diameter, larger 

than 120 nm. When extending the reaction time to 24 h, the uniformity of the diameter 

becomes much better than that of the 10 h samples. The massive particles disappear, 

and the maximum size in diameter of GOQDs-M2 could reduce to approximately 70 

nm. When running 48 h reaction, the diameter further decreases and average size in 

diameter of GOQDs-M3 could be approximately 11 nm. 

 

 The AFM images and size information of modified GOQDs with using less acid 

dosage are shown in Figure 4.26 and Table 4-8. Even though the acid dosage is just 

one-third of the normal method, the “cutting” results are quite similar to them. With 

increasing reaction time, the particle diameter becomes much evener. All three samples’ 

average size in diameter is slightly bigger than that of the standard acid dosage samples. 

 

 The average height of GOQDs-M and GOQDs-ML is between 1-3 nm, which is 

similar to the GOQDs. 
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Figure 4.25. The AFM images and size information of GOQDs-M. Scale: 2 μm x 2 μm.  

 

Table 4-7. The diameter of the GOQDs-M. Unit: nm 

 mean standard deviation maximum 

GOQDs-M1 21.5 33.5 145.2 

GOQDs-M2 33.5 24.0 73.5 

GOQDs-M3 11.7 9.42 49.7 
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Figure 4.26. The AFM images and size information of GOQDs-ML. Scale: 2 μm x 2 μm. 

 

Table 4-8. The diameter of the GOQDs-ML. Unit: nm 

 mean standard deviation maximum 

GOQDs-ML4 24.1 31.3 142.1 

GOQDs-ML5 39.7 16.4 68.6 

GOQDs-ML6 18.9 10.9 47.5 
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 Interestingly, not only can the round dots be seen in the image of GO-C7, but also 

two long strip shape flakes appear, as shown in Figure 4.27. The maximum length is 

about 308.7 nm, the width is around 65.2 nm, and the height is approximately 1.3 nm. 

Both of them look like smaller single-layer graphene oxide sheets. These large size 

sheets do not appear in previous GOQDs samples. 

 

 

Figure 4.27. The AFM images and size information of GO-C7. Scale: 2 μm x 2μm. 

 

The role of sulfuric acid in the reaction needs to be discussed. The modified 

Hummers’ method182, which uses sulfuric acid, is the most common approach to 

prepare graphene oxide. Dimiev et al.168 explained the mechanism of the graphene 

oxide formation and considered that sulfuric acid would insert into the layers of the 

graphite and convert graphite into a graphite intercalation compound at the beginning 

of the whole process. In this work, sulfuric acid has a similar effect. Figure 4.28 shows 

a simple schematic of the mechanism of H2SO4
 molecule. Under the high concentration 

condition, H2SO4 was very difficult to be ionized and mainly existed in the form of 

H2SO4 molecular. During the 24 h stirring, the H2SO4
 molecule or tiny amount of HSO4

- 

ions become fully inserted into the space between the layers, and then made the layer 

spacing larger. In the meantime, unlike the room temperature or 35 ℃ reaction in the 

modified Hummers method, here the reaction was maintained at 100 ℃. The high 
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temperature enabled the sulfuric acid to oxidize and cut the graphite sheet, even without 

the help of other oxidizing agents. The appearance of the smaller size dots could reveal 

that the place of the graphite sheet to be cut may happen at the edge, which means the 

oxidation effect was not strong enough to directly split in the middle. Due to the larger 

space of the intercalated layers, the Van der Waals forces among them became weaker. 

Both the heat from the high temperature in the reaction and the sonication after washing 

were easy to separate the graphite oxide layers. 

 

Figure 4.28. The schematic of the conversion from graphite to intercalated graphite oxide. 

 

4.4.2.2 Structure 

The FTIR spectra displayed in Figure 4.29 suggest that all GOQDs-M and GOQDs-ML 

samples have similar abundant functional groups including O-H (3400 cm-1), COOH 

(~1710 cm-1), C=O (~1679 cm-1), C-O-C (~1240 cm-1) and C-O (1090 cm-1), even 

though GOQDs-ML have a less acid dosage. Besides, stretching vibrations of C=C 

(1585 cm-1), C-N (1415 cm-1) and C-H (875 cm-1) bonds can be found in each sample. 

XPS would assist us to further evaluate the structure difference in detail. 

 

 However, GO-C7 has a different FTIR spectrum, as shown in Figure 4.29b. The 

absorption band at 1628 cm-1 could be assigned to the C=C stretch, and the peak at 1040 

cm-1 is attributed to a C-O stretching. The stretching vibrations of C-OH at ~3400 cm-1 
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could be observed. Contributions in the 1120 – 1160 cm-1 region may arise from C-O 

or C-OH functional groups. No obvious carbonyl or carboxyl groups are found in the 

spectrum, which may be due to the low content and could be investigated by XPS later. 
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Figure 4.29. FTIR spectra of the GOQDs-M (a), GOQDs-ML and GO-C (b). 

 

 The C1s XPS spectra of the GOQDs-M and the carbon bonding composition are 

displayed in Figure 4.30 and Table 4-9. GOQDs-M1 only has 10 h reaction time with 

nitric acid, but they process a very high degree of oxidation. There are almost 16% 

content of C=O bond and 19% content of O-C=O structure in GOQDs-M1, which are 

higher than those of all the previous GOQDs samples. When the reaction time is 

extended to 24 h, the content of C-C / C=C bond suddenly increases by 5%, and the 

content of C=O bond decreases to about 10%. The C-O and O-C=O maintain almost 

the same proportion. When the reaction time is 48 h, the GOQDs-M3 has a similar 

content of the C-C / C=C, C-N and C-O bond to GOQDs-M2. However, the content of 

the C=O bond rises to 14.5%, and O-C=O structure drops from 19% to 16%. 
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Figure 4.30. The C1s XPS spectrum of the GOQDs-M. 

 

Table 4-9. The carbon bonding composition of the GOQDs-M 

 

 

 The C1s XPS spectra of the GOQDs-ML and the comparable sample GO-C7 are 

shown in Figure 4.31. The carbon bonding composition is in Table 4-10. It could be 

noted that the GO-C7 without adding nitric acid has a less content of oxygen-containing 

functional groups, such as about 10% C-O bond, 5% C=O bond and 3% O-C=O 

structure. The C-C / C=C retains 81%, revealing that the main structure of GO-C7 is 
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still carbon skeleton. The above information is consistent with the FTIR result and 

demonstrates that the oxidation effect of the 100 ℃ concentrated sulfuric acid on 

graphite powder is not strong enough. Some hydroxyl or epoxy groups could be 

introduced to the graphite sheets. However, the content of the carbonyl or carboxyl 

groups is very low. Although the reaction time is 24 h, the transition from the hydroxyl 

or epoxy groups to the carbonyl or carboxyl groups does not take place. 
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Figure 4.31. The C1s XPS spectrum of GOQDs-ML (a)-(c) and GO-C7 (d). 

 

Table 4-10. The carbon bonding composition of GOQDs-ML and GO-C7. 
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Compared with the fewer oxygen-containing functional groups of GO-C7, nitric 

acid introduces abundant oxygen-containing functional groups to the GOQDs-ML 

samples, even though the nitric acid dosage was less than the previous one in the 

experiment. Just after the 10 h reaction, GOQDs-ML4 possesses 17% C=O bond and 

16% O-C=O, which are slightly less than those of the GOQDs-M1 (10 h). But they are 

still 3.4 and 4.7 times of those of the GO-C7. Meanwhile, the appearance of these 

oxygen-containing functional groups, the content of the carbon skeleton of GOQDs-M 

samples drops to about 58%. There is a similar phenomenon between GOQDs-M and 

GOQDs-ML samples, that is, the ratio of the C=O bond of the GOQDs-ML sample 

declines after the 24 h reaction, but shows the increment after the 48 h reaction. In the 

meantime, the percent of the C-C / C=C and O-C=O structure displays opposite 

changing tendency. 

  

From above two batches of the GOQDs-M samples, some conclusion can be 

obtained as follows:   

 

1. The oxidation effect of sulfuric acid on the graphite was not strong enough for 

“cutting” the carbon matrix. The main carbon skeleton remained, and a small 

fraction of oxygen-containing functional groups (mostly are hydroxyl and epoxy) 

appear on the graphite sheet. 

  

2. The additional nitric acid made the oxidation process remarkably occur. A large 

number of oxygen-containing functional groups emerged, even though only using 

1/3 nitric acid dosage.  

 

3. The changing tendency of the percentage of the C=O bond performs “V” shape with 

the reaction time. 
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4.4.2.3 Optical properties 

Firstly, the UV-Vis spectra of the GOQDs-M, GOQDs-ML, and GO-C7 aqueous 

suspensions are shown in Figure 4.32. It is easy to distinguish that the GO-C7 from 

other GOQDs samples. The curve of the GO-C7 has a peak at 255 nm, which belongs 

to π to π* transition, then smoothly declines. While others drop obviously in the UV 

region. The absorbance of the GO-C7 is much lower than GOQDs-M and GOQDs-ML 

in the region from 250 nm to 450 nm, but higher after 500 nm. These differences may 

result from the relative complete carbon skeleton of the GO-C7, and less oxygen-

containing functional groups also lead to no noticeable shoulder peak. On the contrary, 

abundant oxygen-containing functional groups absorb lights intensely in the UV region 

and still have a shoulder peak near 370 nm, which is assigned to the transition of n to 

π*. For each batch of samples, a longer reaction time makes the absorbance lower. 
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Figure 4.32. UV-Vis spectra of GOQDs-M (1-3), ML (4-6) and GO-C7 aqueous suspension, respectively. 

The concentration is 0.125 mg/mL. 
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Figure 4.33. The excitation-dependent PL behaviour of GOQDs-M (a) M1-10h, (b) M2-24h and (c) M3-

48h; GOQDs-ML (d) ML4-10h, (e) ML5-24h and (f) ML6-48h. 

 

 The excitation-dependent PL behaviour of GOQDs-M and GOQDs-ML samples 

under the same concentration is displayed in Figure 4.33. For all six samples, the peaks’ 

positions of the emission spectra are almost fixed, and the PL intensity rises when the 

excitation wavelength is tuning from 450 nm to 470 nm. The emission spectrum from 

480 nm excitation starts red-shifting and becomes wide, which could be possible to 

deconvolute into two peaks. For each batch, the emission spectra from the 10 h reaction 
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sample look like broader, which may correspond to the much difference in the particle 

size. Following the longer reaction time, the particle size becomes close, so the FWHM 

of the emission spectra gradually decreases.  

 

 The PL intensity of the emission spectra on different wavelength was paid attention. 

Like in previous GOQDs samples, the maximum PL intensity for all the emission 

spectra of GOQDs-M appears at near 530 nm when the excitation wavelength is 480 

nm. By comparing this value between different samples, one could find the various 

emission effects at a particular region. In each batch, GOQDs-M2 and GOQDs-ML4, 

namely both with 24 h reaction time, could emit the strongest PL intensity at around 

530 nm (green light). 

 

 Meanwhile, some samples could show very close PL intensities in other emission 

regions. For example, GOQDs-M1 and GOQDs-ML4 possess very close PL intensities 

at about 530 nm and 575 nm when the excitation wavelengths are 480 nm and 510 nm, 

respectively. Hence, we also could estimate the different emission effects on different 

colours, such as green, yellow and orange, by comparing the PL intensity at the same 

excitation wavelength. 

 

 In Figure 4.34a and 4.34b, 470, 510 and 560 nm excitation wavelengths are chosen, 

which correspond to emission of green, yellow and orange colours, respectively and 

then the PL intensities for these three colours are compared, with the following features 

noted:  

1. For the green colour (470 nm excitation), the PL intensity emitted from GOQDs-M 

rises first and then drops, and as a result, the highest value appears in 24 h reaction 

samples. GOQDs-ML samples show a similar phenomenon, but the PL intensity is 

relatively higher than that of GOQDs-M.  

 

2. For the yellow colour (510 nm excitation), GOQDs-M samples still show the same 
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changing tendency as for the green colour. GOQDs-M1 (10 h reaction) has almost 

the same intensity as for its green colour emission. When the reaction time is 

extended, the PL intensity difference between green colour and yellow colour starts 

to expand. GOQDs-M3 (48 h reaction) shows obvious reduction in the PL intensity 

of the yellow colour emission. On the contrary, GOQDs-ML6 (48 h reaction) keeps 

a similar PL intensity to that of GQODs-ML5 (24 h reaction). 

 

3. For the orange colour (560 nm excitation), GOQDs-M samples gradually reduce 

the PL intensity when the reaction time increases from 10 h (M1) to 48 h (M3). 

However, the PL intensity of three GOQDs-ML samples are almost the same. 

 

4. If making the horizontal comparison (the same reaction time), it will find that 

GOQDs-ML samples emit a stronger PL intensity than that of GOQDs-M. 
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Figure 4.34. The PL emission (green, yellow and orange) intensity under a certain excitation (a) GOQDs-

M and (b) GOQDs-ML and the energy gap and PL emission (green, yellow and orange) peak position under 

a certain excitation (c) GOQDs-M (d) GOQDs-ML. 
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The three colour emission peak positions under the same excitation wavelength are 

studied and displayed in Figure 4.34c and 4.34d. For GOQDs-M samples, when using 

a fixed excitation wavelength, all the three colour emission peak positions show blue-

shift for the M1 (10 h) to M3 (48 h). For GOQDs-ML samples, the emission peak 

position also blue-shifts for the ML4 (10 h) to ML5 (24 h). But the peak position of the 

ML6 (48 h) is almost the same or even slightly red-shifts. As we know, the emission 

peak position is related to the energy gap between the excited state (S1) and the ground 

state (S0). When the peak position performs blue shift, it means that the energy gap 

becomes larger. According to the above results, a longer reaction time gradually makes 

the peak position blue-shift, that is, the energy gap becomes wider. 

 

Like in previous GOQDs samples, the emission spectrum of the GOQDs-M and 

GOQDs-ML under the 480 nm excitation also could be deconvoluted into two peaks, 

as shown in Figure 4.35. For GOQDs-M samples, both peak 1 and peak 2 positions 

shift to a short wavelength. For GOQDs-ML samples, the peak positions start to blue-

shift, and then red-shift. Two peaks belong to green and orange colour ranges, 

respectively. The results of the peak position changes are consistent with the above. It 

could be noted in Figure 4.35h, the change of trend on the energy gap of the peak 2 

(around 560 nm region) and the O-C=O structure content of the GOQDs-ML sample 

are quite close. According to the hypothesis mentioned in the previous section, the 

oxygen-containing functional groups on the GOQDs, especially the percentage of the 

O-C=O structure, would change the energy gap between the excited state and the 

ground state, namely shifting the peak position of PL emission at around 570 nm.  
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Figure 4.35. PL spectra of GOQDs-M (a) – (c) and GOQDs-ML (e) – (f) with two deconvoluted Gauss-like 

bands of Peak 1 and Peak 2 emission; Energy gap and content of carbon bonding of GOQDs-M (d) and 

GOQDs-ML (h) samples. 
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 However, GOQDs-M3 sample does not seem to follow this hypothesis. Compared 

with that of other two samples, the peak 2 emission wavelength of the GOQDs-M3 is 

the shortest, so the content of the O-C=O structure should be highest. But from the XPS 

analysis results (Table 4-10), its content is lower than that of the GOQDs-M2. Because 

of the longest reaction time, the carboxyl groups at the edge had been saturated. Some 

of them were even reduced to other structures or removed. The formation of the more 

complicated structures may reduce the energy gap, so the peak position turns back to 

red-shift. This could indicate that there are still other influencing factors that affect the 

PL emission of the peak 2. 

 

 The quantum yield results of the GOQDs-M and GOQDs-ML for 500-600 nm 

range are displayed in Table 4-11. It is noted that the quantum yield of GOQDs-M 

samples could increase from 0.34% to 0.44% when the nitric acid treatment time 

increases from 10 h to 24 h, and it is higher than that of GOQDs-4 (0.41%), which is 

the highest of resultant GOQDs in this work. According to the XPS analysis results 

(Table 4-10), the percentage of the C=O bonding remarkably reduces from 15.9% to 

10.8%. Extending the nitric acid treatment time to 48 h, the C=O content increases to 

14.5% again, but the QY reduces to 0.39%. The changes of these two factors are related 

to some extent. 

 

 In another series of GOQDs-M, the conclusion about the relationship could be 

testified again. For the less nitric acid treatment samples, the 24 h reaction leads to the 

lowest C=O ratio and highest QY. The changes of QY with the reaction time are the 

same. However, the QY is relatively higher than that of the GOQDs-M samples for the 

same reaction time. The QY of GOQDs-ML5 increases to 0.54%, compared to the 

GOQDs-M2 with 0.44%. This means the use of less nitric acid could have a better effect 

on producing the GOQDs with higher QY. 
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Table 4-11. The quantum yield results of the GOQDs samples. (Emission range from 500-600 nm) 

 

 

4.4.2.4 Cell viability and ROS generation ability 

In Figure 4.36, modified GOQDs-M samples under blue and green light irradiation 

show similar ROS generation abilities to those of the previous GOQDs samples. Under 

the blue light irradiation, the absorption intensity of ABDA for all these six samples 

could decrease to ~80% - 85% while the green light makes the intensity reduce just by 

~2% - 5%. We could find that GOQDs-ML samples produce more ROS than GOQDs-

M. UV-Vis results indicate that the absorbance of GOQDs-ML samples is higher than 

that of GOQDs-M samples. Higher absorbance means more energy could be transferred 

into the atomic oxygen on the surface of the GOQDs samples, and then makes oxygen 

susceptible to radical formation. 
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Figure 4.36. ROS generation of six modified GOQDs-M samples under (a) 460 nm blue light and (b) 530 

nm green light irradiation detected by ABDA. 
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 Zhou et al.161 considered that the oxygen-containing functional groups, especially 

ketonic carbonyl groups, are the main factors affecting the ROS generation ability of 

GQDs. In this section, the GO-C7 as a comparable sample also was measured for the 

ROS generation ability. Both the two kinds of light can only produce a tiny amount of 

ROS due to fewer oxygen-containing functional groups. This result indicates that the 

oxygen-containing functional groups have a strong relationship with ROS generation 

ability of GOQDs. However, the key factor to produce ROS cannot be considered only 

from the ketonic carbonyl groups on the GOQDs from the results in this work. XPS 

analysis has revealed the composition of the oxygen-containing functional groups. 

GOQDs-ML5 has a relatively low concentration of C=O bonds, but it performs a 

similar ROS effect to that of GOQDs-ML6. Carboxyl groups (COOH) also have C=O 

structure, which could not only provide electrons to make oxygen become superoxide 

anion, but also supply hydroxyl radicals. 

 

 From the above results, GOQDs-ML5, which was prepared following a modified 

method and less nitric acid dosage, exhibits better PL behaviour and ROS generation 

ability. Therefore, GOQDs-ML5 were also chosen to undergo cell viability tests. As 

shown in Figure 4.37 the cell viability slightly decreased to ~80% when the 

concentrations of GOQDs is not higher than 0.8 mg/mL, showing that GOQDs-ML5 

also have almost no influence on HeLa cells and indicate the biocompatibility of the 

nanoparticles. 
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Figure 4.37. Cell viability of HeLa cells incubated with different concentrations of GOQDs-ML5. 
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4.4.3 Summary 

In this section, six GOQDs-M samples were prepared following the modified method. 

Sulfuric acid was first used to treat the graphite powder in order to get intercalated 

graphite oxide. The H2SO4 molecule or HSO4
- ions inserted into the layers. A greater 

layer spacing made graphite sheets separate efficiently by the 100 ℃ heat. Meanwhile, 

the strong oxidizing H2SO4 molecular also help oxidize the graphite sheet. A small 

amount of oxygen-containing functional groups appeared during the sulfuric acid 

treatment, mainly hydroxyl and epoxy groups. After 24 h and 100 ℃ sulfuric acid 

treatment, the epoxy groups on the graphite sheets were easily attacked when the high 

concentration nitric acid was added. Therefore, the smaller size and high oxidization 

degree of nanoparticles were obtained even using the less nitric acid dosage. 

 

 The structure and the changes of different carbon bonds of the modified GOQDs 

samples are analyzed to study the effect of the reaction time and nitric acid dosage. PL 

properties are primarily investigated. The excitation-dependent PL behaviour, 

especially the three colour emission peak positions, and PL intensity are compared and 

discussed. Quantum yield results can increase to some extent. Modified GOQDs 

samples still have very good ROS generation ability under blue light, and show weak 

influence on the cells. 
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4.5 Conclusion 

In this chapter, three sections are designed to study the GOQDs step by step. In the first 

section, a single kind of GOQDs was prepared followed reported method with some 

changes and then examined from the structure to the properties. In the second step, six 

different samples were prepared by varying the reaction time and temperature. By 

making a comparison among these samples, the changes of the structure and the 

relationship between the structure and the optical properties (mainly PL behaviour) are 

investigated. In the last step, the experimental procedure was further revised. Two kinds 

of strong acid were separately added in order. The mechanism of the oxidation process 

and the role of these two types of acid were tried to be explained. The modified 

procedure could take advantage of the high concentration sulfuric acid to separate, cut 

and partially oxidize the graphite powder first, then more efficiently oxidization 

occurred after adding the nitric acid. Less acid dosage also could prepare GOQDs with 

good PL properties. Some samples have higher quantum yield or better ROS generation 

ability. 
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4.6 Supporting information 

1. QY of GOQDs 
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Figure S 1. (a) - (f) Plots of integrated PL intensity of GOQDs-1 to GOQDs-6 and fluorescein (reference 

standard material) as a function of absorbance at 470 nm and relevant raw data. 
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2. QY of GOQDs-M 
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Figure S 2. (a) - (f) Plots of integrated PL intensity of GOQDs-M, GOQDs-ML and fluorescein (reference 

standard material) as a function of absorbance at 470 nm and relevant raw data. 
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5 Hydrothermal treatment of graphene 

oxide quantum dots and the regulation of 

their photoluminescence properties 

5.1 Introduction 

Several series of GOQDs samples were successfully prepared followed the modified 

chemical oxidation method by changing the reaction condition and procedure step. 

GOQDs have abundant oxygen-containing functional groups and they mainly show PL 

emission range of green and yellow colour. The size of the GOQDs is around 70-120 

nm, which is relatively larger than other CDs reported in the literature.24,77,117 

 

 For reducing the size of the GOQDs and studying the thermal stability of different 

oxygen-containing functional groups, hydrothermal method was used to further treat 

the GOQDs samples. As mentioned in some publications, the hydrothermal method has 

been used to prepare GQDs from graphene oxide.130,183,184 Due to the harsh reaction 

condition (high temperature and high pressure), the graphene oxide sheets could be cut 

to smaller sheets easily. Meanwhile, the reduction effect of this method also will remove 

or reduce some oxygen-containing functional groups. After the reaction, some 

precipitate could be seen in some work, which means the oxygen-containing functional 

groups are all removed.  

 

 The generated GOQDs, which were prepared by the modified chemical oxidation 

method in Chapter 4, have more oxygen-containing functional groups than graphene 

oxide sheets. Considering that the size in diameter of some GOQDs is still large and 

not uniform, the object in this chapter is taking use of the hydrothermal method to 

reduce the size and get more nanodots. Enough amount of oxygen-containing functional 

groups make sure that the treated GOQDs can remain well disperse in water after the 
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reaction. Not only will the size be smaller, but also the treatment could remove some 

oxygen-containing functional groups. Different hydrothermal treatment conditions are 

set to prepare different samples. According to the reported publications,25,79,110,128,130,184 

180 ℃ and 200 ℃ are the common parameter of similar hydrothermal methods. 

Considering the temperature limit of the heating oven and the expected differentiation 

of results, 180 ℃ and 240 ℃ with three different heating time (3 h, 6 h and 12 h) were 

chosen to prepare six new series of GOQDs-H. Characterized and analyzed new 

samples. By comparing their difference in structure and PL properties, the mechanism 

of PL in GOQDs can be analyzed and summarized. 
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5.2 Experimental procedures 

In this chapter, graphene oxide quantum dots were first prepared as raw materials 

following the basic chemical oxidation method mentioned in the Chapter 4. The 

reaction temperature was 100 ℃ and the reaction time was 24 h. After the salts were 

removed via dialysis, GOQDs aqueous suspension with a concentration of about 0.2 

mg/mL was obtained. The GOQDs aqueous suspension (60 mL) was transferred to a 

polytetrafluoroethylene-lined pressurising vessel (150 mL) and heated in the oven at 

180 ℃ or 240 ℃ for 3 h, 6 h or 12 h, respectively (Table 5-1). After cooling to room 

temperature, the suspension was filtered through a 0.22 μm nylon membrane. The 

filtered suspension was freeze-dried to obtain partially reduced GOQDs-H powder. 

 

Table 5-1. The reaction condition of six GOQDs-H samples. 

Sample ID Heating temperature / ℃ Heating time / h 

GOQDs-H1 180 3 

GOQDs-H2 180 6 

GOQDs-H3 180 12 

GOQDs-H4 240 3 

GOQDs-H5 240 6 

GOQDs-H6 240 12 

GOQDs Raw material 

H means hydrothermal treatment. 
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5.3 Results and analysis 

5.3.1 Morphology 

The AFM images of partially reduced GOQDs-H obtained with 180 ℃ heating 

temperature are shown in Figure 5.1 and the diameter is also calculated by the 

NanoScope software, as shown in Table 5-2. For the raw material GOQDs, the size in 

diameter is around 53.5 nm and height is about 1.4 nm. The results and irregular shape 

feature of this batch are quite similar to those of the GOQDs mentioned in the first 

section of chapter 4. Under the 180 ℃ heating temperature in the pressurising vessel, 

GOQDs-H1 with 3 h reaction time seems not to have a noticeable difference in diameter. 

The big particles size slightly reduces and the average diameter is about 52.5 nm, which 

is almost the same as the raw GOQDs. Increasing the heating time to 6 h, the diameter 

of the GOQDs-H2 samples is around 35.6 nm. The size becomes smaller and more 

uniform, and the shape changes to be round. For the sample with 12 h heating, the 

average diameter continues to decrease to around 25 nm. However, some big particles 

still could be found in the image. Due to the limit of the calculation by AFM software, 

the small size particles (less than 10 nm) are difficult to measure, but these tiny dots 

could still be easily noticed in the images, especially for GOQDs-H2 and H3. 

 

Table 5-2. The diameter of the GOQDs-H (180 ℃). Unit: nm. 

 mean standard deviation maximum 

GOQDs-H1 52.5 32.9 108.2 

GOQDs-H2 35.6 16.6 72.6 

GOQDs-H3 25.2 12.2 70.3 

GOQDs 53.5 22.3 118.6 
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Figure 5.1. The AFM images of the GOQDs- H1 (180 ℃ 3 h), H2 (180 ℃ 6 h) H3 (180 ℃ 12 h) and raw 

material GOQDs. Scale: 2 μm × 2 μm. 

 

 The AFM images and diameter of other three partially reduced GOQDs-H samples 

obtained with 240 ℃ heating temperature are shown in Figure 5.2 and Table 5-3. 

Different from the H1 sample, GOQDs-H4 also just have 3h heating time, but the 

diameter remarkably decreases to 41.6 nm. The maximum size of the generated dots is 

just 69.7 nm, which is almost half of the maximum size of the raw materials. For 6 h 

and 12 h heating time, the cutting effect is more apparent and it can be reflected from 

the diameter results. The average diameter is 25.6 nm and 18.9 nm, respectively. 
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Figure 5.2. The AFM images of the GOQDs-H4 (240 ℃ 3 h), H5 (240 ℃ 6 h) H6 (240 ℃ 12 h) and raw 

material GOQDs. Scale: Scale: 2 μm × 2 μm. 

 

Table 5-3. The diameter of the GOQDs-H (240 ℃). Unit: nm. 

 mean Standard deviation maximum 

GOQDs-H4 41.6 20.7 69.7 

GOQDs-H5 25.6 14.4 63.9 

GOQDs-H6 18.9 12.4 48.5 

GOQDs 53.5 22.3 118.6 
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 Like many other publications,33,183,185,186 the AFM results in this chapter also 

demonstrate that hydrothermal treatment is a way to cut the graphene nanoparticles 

further. In this work, the different heating parameters were set to prepare different 

samples for making a comparison and studying the cutting effect. For 180 ℃, short 

heating time does not show much effect, however, more than 6 h heating time can lead 

to the apparent changes. For 240 ℃, higher temperature makes the cutting effect more 

efficiently, so just 3 h was enough for some large size dots to crack into smaller ones.  

 

 The high-resolution transmission electron microscope (HR-TEM) images of two 

GOQDs-H samples (Figure 5.3a - 5.3d) indicate that the high crystallinity of the lattice 

spacing of 0.21 nm is consistent with that of in-plane lattice spacing of graphene, which 

is similar to those of many other reported GOQDs. Especially, the hexagonal 

honeycomb structures and crystalline lattice are clearly visible in the circular and square 

markings of Figure 5.3b, 5.3c and 5.3d. However, the similar crystalline carbon 

structures are not easily seen in the image of the raw material GOQDs (see Figure 5.3e), 

which may be due to the higher content of the oxygen-containing functional groups on 

the basal plane. After hydrothermal treatment, some of the oxygen-containing 

functional groups on the basal plane were reduced so that the crystalline carbon 

structure could be restored. Therefore, the hexagonal honeycomb structures resulting 

from original graphene carbon skeleton structure could be displayed again.  
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Figure 5.3. (a-b) HRTEM images of GOQDs-H3 obtained with 180 ℃ and 12 h; (c-d) HRTEM images of 

GOQDs-H4 obtained with 240 ℃ and 3 h; (e) HRTEM image of raw material GOQDs. 
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5.3.2 Structure 

In Figure 5.4, two sets of GOQDs-H samples of the FTIR spectra (hydrothermal 

temperature: 180 ℃ and 240 ℃) were compared with the raw material GOQDs, 

separately. When the hydrothermal temperature is 180 ℃, the FTIR spectrum almost 

has no obvious change (see Figure 5.4a), compared to raw material, except the 

transmittance intensity of the peaks at 2936, 1333, 1245 and 879 cm-1. The peak at 

around 1245 cm-1 could be attributed to the epoxy groups (C-O-C). With increasing 

reaction time, the transmittance intensity of the peak is reduced gradually, which may 

correspond to the loss of epoxy groups under hydrothermal treatment. In the meantime, 

the transmittance intensity of the peaks at around 2936, 1333 and 879 cm-1 become 

stronger with extended the reaction time. 2936 and 879 cm-1 belong to C-H stretching, 

and 1333 cm-1 band comes from C-O stretching. From the changes of these bands, we 

can find that hydrothermal treatment at 180 ℃ can partly change the structure. Epoxy 

groups and carbon skeleton could be cut, which leaves more C-H or C-O structure at 

the edge. 
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Figure 5.4. FTIR spectra of the GOQDs-H samples obtained with heat treatment at (a) 180 ℃ and (b) 

240 ℃. 

 

 When the hydrothermal temperature is 240 ℃, the FTIR spectrum of shows the 

obvious difference after 3 h hydrothermal treatment (see Figure 5.4b). The peak of 

carboxylic acids (COOH structure) at 1710 cm-1 shifts to about 1730 cm-1 which 
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corresponds to the ester (COO structure). The peak of epoxy group at 1238 cm-1 

disappears, and the peak of C-O stretching at around 1335 cm-1 becomes stronger, which 

again demonstrates the epoxy groups (C-O-C structure) could be split to C-O structure 

by hydrothermal treatment and a higher temperature (240 ℃) has a more apparent 

splitting effect. Besides, C-H stretching at near 2936 cm-1, 1005 cm-1 and the region of 

900-600 cm-1 becomes more noticeable. The stronger splitting effect by the 

hydrothermal treatment could also explain these changes. 

 

 High-resolution scans of C1s of the six GOQDs-H samples have been curve-fitted, 

and the results are shown in Figure 5.5. Even though the GOQDs samples were treated 

in the pressurising vessel and partly reduced, all GQODs-H spectra still could be 

deconvoluted into those peaks, including C-C/C=C (~285 eV), C-N (~285.6 eV), C-O 

(~286.6 eV), C=O (~288.2 eV) and O-C=O (~289.0 eV). The XPS results demonstrate 

that the oxygen-containing functional groups still exist on the surface or at the edge, 

which is consistent with the previous FTIR results. The values of the different oxygen-

containing functional structure of the six GOQDs-H samples could be found in Figure 

5.6 and Table 5-4. 
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Figure 5.5. (a) - (f) High-resolution XPS C1s spectra of the GOQDs-H samples, respectively. 
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Figure 5.6. The percentage of the peaks deconvoluted from the C1s spectra. 

 

Table 5-4. XPS data analyses of the C1s spectra of the GOQDs-H samples. 

 Carbon bonding composition (%)  

Sample C-C/C=C C-N C-O C=O O-C=O O1s/C1s 

GOQDS-H1 60.6 4.1 13.4 9.7 12.2 39.2% 

GOQDS-H2 63.2 3.8 13.0 9.6 10.4 37.8% 

GOQDS-H3 65.5 2.3 10.0 17.5 4.7 37.2% 

GOQDS-H4 63.2 1.9 11.0 16.0 7.9 48.2% 

GOQDS-H5 62.5 1.8 10.8 18.0 6.9 51.2% 

GOQDS-H6 60.6 1.4 10.4 19.6 8.0 53.5% 

 

 When the hydrothermal temperature is 180 ℃, the content of the carbon matrix (C-

C/C=C) of all three samples is more than 60%, which is higher than that of the GOQDs 

and GOQDs-M samples in the previous chapter (all are between 57% and 60%). With 

the increase of the hydrothermal treatment time from 3 h to 12 h, the content of the 

carbon matrix rises from 60.6% to 65.5%. In the meantime, the reduction effect of the 

hydrothermal treatment could be reflected in the ratio of the O1s and C1s. The O1s/C1s 
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ratio of the raw GOQDs sample is about 50%. 180 ℃ and 3 h treatment make the value 

decrease to 39.2%, and become lower when the treatment time is extended. The changes 

of the above mentioned two values could be explained by the removal of the oxygen-

containing functional groups. Besides, the carbon bonding composition between the 

carbon and oxygen changes when the treatment time increases from 3 h to 12 h. To 

summarize for setting the temperature at 180 ℃: 

 

1. C-O bond. From GOQDs-H1 to GOQDs-H3, the content of C-O bonds slightly 

decreases from 13.4% to 13.0% and 10.0%. According to the FTIR results, the 

decreasing content could be considered as the epoxy groups, due to epoxy group is 

easy to split to C-O, as previously mentioned the FTIR analysis. The remaining 

content could be the C-OH structure. 

 

2. O-C=O structure. From GOQDs-H1 to GOQDs-H2, the content slightly decreases 

from 12.2% to 10.4%, and significantly decrease to 4.7% when the treatment time 

increases to 12 h (GOQDs-H3). The above information means that O-C=O 

structures are more stable and need more treatment time or a higher temperature to 

be reduced or broke than epoxy groups.  

 

3. C=O bonds. From GOQDs-H1 to GOQDs-H2, the content remains almost 

unchanged. However, GOQDs-H3 sample has about 17.53% C=O bonds, which is 

almost double of that of the GOQDs-H1 or GOQDs-H2 sample. The changes trend 

of the C=O bonds with the reaction time is just opposite to that of the O-C=O 

structure.  

 

 From the above analysis, we could draw some conclusion for 180 ℃ hydrothermal 

treatment effects. Due to the high temperature and pressure in the pressurizing vessel, 

the oxygen-containing functional groups on the surface and at the edge could be 

partially removed. The carbon matrix remains, and its content rises with a longer period 
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of treatment time. The maximum content of carbon matrix is 12 h treatment time. The 

epoxy groups are not stable at 180 ℃ and could be quickly removed in short treatment 

time. The O-C=O and C=O structures are more stable. Therefore, longer treatment time 

(more than 6 h) is needed to transform the majority of O-C=O structure transform to 

the C=O structure.  

 

 When the hydrothermal temperature is 240 ℃, the content of the carbon matrix (C-

C/C=C) of all three samples is also more than 60%. When the treatment time is 3 h, 

GOQDs-H4 has 63.2% carbon matrix, which is higher than that of the GOQDs-H1 (180 ℃ 

3 h). A higher hydrothermal temperature makes the reduction effect more efficiently. 

With the increase of the hydrothermal treatment time from 3 h to 12 h, the content of 

the carbon matrix decreases from 63.2% to 60.6%, which is opposite to the variation 

trend of that of the 180 ℃ hydrothermal treatment samples. To explain this 

phenomenon, we could also consider the size of the nanoparticles. Due to the higher 

hydrothermal temperature, the cutting effect is much more apparent, and the size of the 

nanoparticles is much smaller than that of the samples with a lower hydrothermal 

temperature. The large raw nanoparticle sheet is cut into several small pieces. The 

cutting effect of the 3 h treatment has been already quite apparent. After 6 h or 12 h 

treatment, the size of the nanoparticle sheets is much smaller. The oxygen-containing 

functional groups still exist at the edge. Therefore, the ratio of the carbon matrix 

gradually decreases. 

 

 The changes of the carbon bonding composition between the carbon and oxygen 

with the increase of the treatment time from 3 h to 12 h at 240 ℃ are summarized as: 

 

1. C-O bond. The content of the C-O bond in GOQDs-H4 (3 h) is about 11.0%, which 

is lower than that of the GOQDs-H1 (180 ℃ 3 h) and is quite close to the value of 

the GOQDs-H3 (180 ℃ 12 h). When more treatment time is used, the content would 

slightly decrease. As mentioned in the previous part, the epoxy groups are not stable 
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under the 180 ℃ hydrothermal treatment. Therefore, 240 ℃ is able to cut the epoxy 

groups more quickly. 3 h hydrothermal treatment time could be enough, and the 

effect is almost the same as the 12 h treatment with the low temperature.  

 

2. O-C=O structure. Different from the high content of the GOQDs-H1 and GOQDs-

H2, the GOQDs-H4 has just 3 h hydrothermal treatment time, but only leaves 7.9% 

content of O-C=O. From the above comparison, we can draw a conclusion that the 

O-C=O structure is much stable at 180 ℃ and more treatment time (such as longer 

than 6 h) is needed to change it. However, it is easy to be transformed or removed 

at 240 ℃ and short treatment time (like 3 h) would be enough. 

 

Another two samples with a longer treatment time have a similar content of O-C=O. 

GOQDs-H6 sample still has 7.9% content of O-C=O, which is higher than that of 

the GOQDs-H3. The value we expect should be lower. This could be explained by 

the fact that the more new edges appeared after the carbon matrix had been cut into 

small sheets. In the meantime, the new edge is the defect part, which is easy to be 

oxidized to the new O-C=O structure under a higher temperature and a higher 

pressure. So the content of the GOQDs-H6 (12 h) is even higher than that of the 

GOQDs-H5 (6 h). 

 

3. C=O bonds. When the hydrothermal treatment time is only 3 h, the content of C=O 

significantly increases to 16.0%, which is much higher than that of the GOQDs-H1 

(180 ℃ 3 h) and is quite close to the result of the GOQDs-H3 (180 ℃ 12 h). With 

increasing the treatment time to 6 h, the content could continuously rise to about 

18%.  

 

 From the above analysis, we could draw some conclusions for the 240 ℃ 

hydrothermal treatment effect. Due to the higher temperature and higher pressure in the 

pressurizing vessel, the cutting effect on the carbon matrix is more apparent, and the 
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size of the nanoparticles is much smaller. Meanwhile, the C-OH structure coming from 

the attacked epoxy groups or the new edge from the smaller nanoparticle sheets cut 

from, the bigger carbon matrix could become new defect parts, where are more 

straightforward to be oxidized at 240 ℃ high temperature in the pressurizing vessel. 

The 240 ℃ and 3 h hydrothermal treatment effect is quite close to the results of the 

sample with 180 ℃ and 12 h treatment.  

 

 Compared with the GOQDs and GOQDs-M samples in the last chapter, we could 

find the most obvious variation of the structure of the GOQDs-H samples after 

hydrothermal treatment is the higher contents of the carbon matrix and C=O structure. 

These changes of the structural composition would affect the PL properties, and the 

details would be discussed later. 

 

 As shown in Figure 5.7, the nitrogen bonding composition is also investigated, and 

all GOQDs-H samples still consist of two main peaks, including pyridinic-N at around 

399.8 eV and quaternary-N at about 401.2 eV. Quantitative analysis of the atomic ratio 

of (N1s) / (C1s) and the nitrogen bonding composition are displayed in Figure 5.8 and 

Table 5-5. From the above C-N content and the N1s/O1s ratio results, we could find 

that C-N bond is not stable and easy to break under the hydrothermal treatment. Besides, 

compared with the GOQDs samples, the C-N bonding composition occurs to change 

after hydrothermal treatment. The content of the pyridinic-N increases up to over 92%, 

and even to 95% if the hydrothermal temperature is 240 ℃. Therefore, the nanoparticles 

have less quaternary-N structure. We could speculate that the quaternary-N structure is 

less stable than pyridinic-N under hydrothermal treatment, and it is easier to break to 

cut the carbon matrix. 
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Figure 5.7. (a) - (f) High-resolution XPS N1s spectra of the GOQDs-H samples, respectively. 
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Figure 5.8. The percentage of the peaks deconvoluted from the N1s spectra. 

 

Table 5-5. XPS data analyses of the N1s spectra of the GOQDs-H samples. 

 Nitrogen bonding composition (%)  

Sample Pyridinic-N Quaternary-N N1s/C1s 

GOQDS-H1 92.7 7.3 4.1% 

GOQDS-H2 93.4 6.6 3.8% 

GOQDS-H3 93.6 6.4 2.2% 

GOQDS-H4 94.1 5.9 1.9% 

GOQDS-H5 96.6 3.4 1.8% 

GOQDS-H6 97.1 2.9 1.8% 
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5.3.3 Optical properties 

Figure 5.9 shows a photograph of the GOQDs-H aqueous suspensions at 0.125 mg/mL. 

Compared with the raw GOQDs sample, GOQDs-H1 shows lighter yellow colour. 

From H1 to H6, the colour is changed from light yellow to almost transparent. Its clarity 

demonstrates that the dispersion of the GOQDs-H in water is still very good. After two 

weeks, a tiny amount of the precipitate could be seen in GOQDs-H5 and H6 aqueous 

suspensions. 

 

 

Figure 5.9. The GOQDs-H aqueous suspensions (0.125 mg/mL). 

 

 The UV-Vis spectra of the GOQDs-H samples aqueous suspension are shown in 

Figure 5.10. When the hydrothermal temperature is 180 ℃, the curve shape of the 

GOQDs-H samples is similar to that of the raw GOQDs sample, but the absorbance is 

slightly lower. Comparing these three samples, the whole absorbance would decline 

with increasing hydrothermal treatment time. A weak shoulder absorption peak at 

around 370 nm, which is attributed to the n-π* transition of the C-N, C-O or C=O bonds, 

is still obvious in all three samples. When the hydrothermal temperature is 240 ℃ and 

the treatment time is just 3 h, the absorbance of the GOQDs-H4 suddenly decreases. 

The long treatment time makes the samples show low absorbance. Unlike the shoulder 

absorption peak appearing at around 370 nm in the raw GOQDs sample, these three 
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GOQDs-H samples obtained with 240 ℃ have a visible broad absorption peak at 

approximately 300 nm. In chapter 4, we speculate that the red-shift of the shoulder peak 

from 300 nm to 370 nm results from the increasing amount of delocalization due to the 

substantial oxidation. In this chapter, hydrothermal treatment provides a certain degree 

of reduction effect, which removes some oxygen-containing functional groups and 

reduces the size of the carbon matrix. Therefore, the amount of delocalization is less, 

and the shoulder peak returns back from 370 nm to 300 nm. 
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Figure 5.10. UV-Vis spectra of the GOQDs-H samples obtained with (a) HT: 180 ℃ and (b) HT: 240 ℃ 

aqueous suspensions, respectively. The concentration is 0.125 mg/mL. 

 

 The excitation-dependent PL behaviour of GOQDs-H samples under the same 

concentration are displayed in Figure 5.11. By comparing with the raw GOQDs sample, 

the PL behaviour of GOQDs-H is quite different, especially for the shift of the 

maximum emission peak. For the raw GOQDs sample, the maximum emission peak 

usually appears at around 530 nm when the excitation wavelength is 460 or 470 nm. 

However, after hydrothermal treatment, the GOQDs-H samples produce the strongest 

PL intensity at around 440 nm when the excitation wavelength is 320 nm. The 

difference of the PL behaviour could correspond to the changes in the structure of the 

GOQDs due to the high temperature and high pressure under the hydrothermal 

treatment. 
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Figure 5.11. The excitation-dependent PL behaviour of (a)-(f) GOQDs-H and (g) raw materials GOQDs; (h) 

the emission spectra of GOQDs-H and GOQDs excited by 470 nm. 
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 For all six samples, the PL behaviour is quite similar. To study the PL behaviour 

clearly, the results will be divided into four parts to see the changes. When the excitation 

wavelength is tuning from 300 nm to 360 nm, the emissions peak position is almost 

fixed at the violet colour region (420-470 nm). The PL intensity gradually starts to rise 

firstly, and then to decrease. The maximum PL intensity of the emission spectrum 

always appears when the excitation wavelength is 320 nm. When the excitation 

wavelength is from 380 nm to 420 nm, the region of the emission spectrum shifts to 

470-500 nm region, which belongs to the blue colour and the emission spectra are much 

broader. When the excitation wavelength is from 440 nm to 480 nm, the emission 

spectrum continues to redshift to the green colour region (520-550 nm). The last part is 

the yellow colour region at around 570 nm when the excitation wavelength is 500nm 

or 520 nm. 

 

 As mentioned in the previous chapter, the PL spectrum of the GOQDs could be 

deconvoluted into two peaks, and one of them at around 570 nm is related to the 

oxygen-containing functional groups on the GOQDs, primarily as a result of the 

presence of the O-C=O structure. When excited by 470 nm, the emission spectra of all 

the samples are shown in Figure 5.11h. The range at around 575 nm still needs to be 

noticed. It could be easily found that raw materials GOQDs and GOQDs-H (180 ℃) 

have weak shoulders at around 575 nm. However, when the hydrothermal temperature 

is 240 ℃, there is no apparent peak in that range. Considering the low content of the 

O-C=O structure of the GOQDs-H (240 ℃), this result could testify again that the 

yellow colour range at about 575 nm is related to the O-C=O structure. 

 

 By comparing these six samples, we can find that the trend of the emission 

spectrum changes with the excitation wavelength is quite similar. However, the 

emission intensity and the peak positions change. Therefore, four excitation 

wavelengths (320, 380, 460 and 500 nm) are chosen to excite the samples, and four 

emission wavelengths with the maximum PL intensity belonging to four colour regions 
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are obtained and analyzed, as shown in Figure 5.12.  

  

 When the hydrothermal temperature is 180 ℃, the four excitation wavelengths can 

achieve violet, blue, green and yellow colours, separately (see Figure 5.12a). Among 

these four colours, the PL intensity of the violet colour is the maximum, which is about 

3-5 times stronger than other colours. With increasing hydrothermal treatment time to 

6 h or 12 h, the PL intensity of blue, green and yellow colours just slightly enhances. 

However, the violet colour under 320 nm excitation wavelength significantly 

strengthens its PL intensity, which is over 10 times stronger compared to the PL 

intensities of other colours when the hydrothermal treatment time is 12 h.  

 

 When the hydrothermal temperature is 240 ℃, the same four excitation 

wavelengths can lead to emission of violet, blue, and green colours, separately. The 

emission spectrum at the excitation wavelength of 500 nm mostly belongs to the green 

area instead of the yellow colour. The PL intensity of the violet colour is still the 

strongest, which is about 23 times stronger than others when the hydrothermal treatment 

time is 3 h. Different from the H1-H3 samples, the PL intensity of all the colours would 

decreases with prolonging the hydrothermal treatment time. In particular, the green 

colour of the GOQDs-H6 sample is very weak. The reason for the weak intensity is 

related to the specific hydrothermal treatment. 240 ℃ can deeply change the structure 

of GOQDs-H, resulting in the weakening of the green colour PL emission. The details 

will be discussed later. 
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Figure 5.12. The PL emission (violet, blue, green and yellow) intensity under a certain excitation (a) 

GOQDs-H 180 ℃ and (b) GOQDs-H 240 ℃. 

  

 From the above results of the PL intensity, the two batches show different 

tendencies, which could partially explained by connecting with the previous structure 

analysis. For example, the violet colour may correspond to the carbon matrix. If this is 

the case, the content of the carbon matrix will affect the PL intensity of the violet colour 

region. To demonstrate this inference, the content of the carbon matrix and violet colour 

PL intensities are analyzed together in Figure 5.13a. The maximum PL intensity of the 

emission spectrum excited by 320 nm increases when the carbon matrix content of the 

GOQDs-H samples under 180 ℃ hydrothermal temperature rises. The same trend 

happens for the 240 ℃ sample batch, as shown in Figure 5.13b. 
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Figure 5.13. The maximum PL intensity excited by 320 nm and the carbon matrix content of the GOQDs-

H samples under (a) 180 ℃ and (b) 240 ℃. 
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Figure 5.14. The energy gap and PL emission (violet, blue, green and yellow) peak position under a certain 

excitation (a) GOQDs-H 180 ℃ and (b) GOQDs-H 240 ℃. 

  

In Figure 5.14, 320, 380, 460 and 500 nm excitation wavelengths are used, which 
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correspond to the emission of violet, blue, green, and yellow colour region respectively. 

The maximum PL intensity of the emission spectrum is also shown in Figure 5.14. The 

corresponding energy gap could be calculated and compared. In the same batch, we can 

find that the peak position blue-shifts when the hydrothermal treatment time increases 

from 3 h to 12 h. Therefore, the energy gap between the excited state (S1) and the 

ground state (S0) becomes larger. If making the comparison between the samples with 

the same hydrothermal treatment time, we can find that the sample with the higher 

hydrothermal temperature has a shorter emission wavelength, that is, a greater energy 

gap. 

  

 Higher hydrothermal temperature and more prolonged treatment time remove more 

oxygen-containing functional groups. It could be considered that the width of the 

excited state (S1) should depend on the content of the oxygen-containing functional 

groups. The less content makes the width narrower, and so the energy gap increases. 

 

 The quantum yield results for 400-500 nm emission range of the GOQDs-H are 

displayed in Table 5-6. Compared with the reference standard material Quinine Sulfate, 

the GOQDs-H samples have a quantum yield of about 2-5%, which is much higher than 

that of the raw GOQDs materials (<0.05%) and is similar to some publications 

results.25,101,187 When the hydrothermal temperature is 180 ℃, just 3 h treatment time 

could significantly raise the quantum yield to 2.14%. With the extension of the 

treatment time, the quantum yield could be up to 3.20% (6 h) or 4.15% (12 h). In 

contrast, the highest quantum yield result for the batch with the 240 ℃ hydrothermal 

temperature is about 5.15% when the hydrothermal treatment time is 3 h. More 

prolonged time would make the value lower. 
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Table 5-6. The quantum yield results of the GOQDs-H samples excited by 320 nm excitation (Emission 

range from 400-500 nm). 

 

  

The quantum yield results for 500-600 nm emission range of the GOQDs-H are 

shown in Table 5-7. Compared with the reference standard material Fluorescein, the 

GOQDs-H samples have a quantum yield of about 0.44% to 2.35%, which is again 

higher than that of the raw GOQDs materials (~0.40%). When the hydrothermal 

temperature is 180 ℃, 3 h or 6 h treatment time just slightly raise the quantum yield to 

0.44% or 0.59%. The longest time 12 h lead to the highest value of about 0.94%. When 

the hydrothermal temperature is 240 ℃, just 3 h treatment time could significantly raise 

the quantum yield to 2.35%. Longer treatment time also makes the quantum yield lower. 

 

Table 5-7. The quantum yield results of the GOQDs-H samples excited by 470 nm excitation (Emission 

range from 500-600 nm). 

 

 

 From the above results, we could find that the quantum yield results for both 400-

500 nm and 500-600 nm ranges of the GOQDs-H have significantly increased, and the 

trend under the different hydrothermal temperatures with the changes of the treatment 

time is the same. The hydrothermal treatment could remove some oxygen-containing 

functional groups and increase the content of the carbon matrix, which has sp2 

hybridization structure. It could be considered that relatively more sp2 hybridization 

structure could help increase the quantum yield. Besides, the impact of the 240 ℃ 
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hydrothermal treatment is relatively higher than that of 180 ℃. However, perhaps due 

to less content of the COOH groups, the dispersion stability of the GOQDs-H (240 ℃) 

is not as good for the GOQDs-H (180 ℃). The very high concentrations of the GOQDs-

H (240 ℃) could not be prepared. Therefore, even though they have a better quantum 

yield, the PL intensity under the same concentration is not stronger than that of GOQDs-

H (180 ℃). 

5.3.4 Mechanism analysis 

It could be considered that relatively more sp2 hybridization structure could provide 

more “routes”, which can allow more electrons to “move”. After excited by the light, 

the electrons in the ground state would jump to the excited state, that is, π to π* 

transition. Due to more “routes”, the efficiency of the transitions between different 

energy levels would rise. The emission spectra range depends on the excited state. 

According to the previous analysis and hypothesis, the mechanism of the PL behaviour 

of the GOQDs and GOQDs-H is shown in Figure 5.15. G1 states are sp2 hybridization 

structure in carbon matrix. G2 states are C=O structure, such as aldehyde or ketone 

groups. G3 states are O-C=O structure, such as carboxylic acid or ester groups. 

 

 Before hydrothermal treatment, GOQDs have relatively more oxygen-containing 

functional groups and less carbon matrix with sp2 hybridization structure. Therefore, 

when excited by 320 nm, the electrons would jump to the higher energy excited states. 

Due to the less content of the C-C/C=C structure, the G1 states is relatively narrow, so 

fewer electrons could drop back to the G1 states and go via the R1 route. When excited 

by 470 nm, the electrons could jump and drop back G2 or G3 states. Due to the 

relatively more content of the C=O structure, the electrons prefer to drop from G2 states 

to ground state via the R2 route. Therefore the emission spectrum has a maximum PL 

intensity at around 530 nm. Meanwhile, some electrons could drop to the G3 states and 

emit around 575 nm light when they are using the R3 route back to the ground state. 

(See Figure 5.15a) 
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Figure 5.15. The mechanism of PL behaviour of the GOQDs (a) and GOQDs-H (b). 

 

 After hydrothermal treatment, the structure and the ratio of the oxygen-containing 

functional groups of the GOQDs-H alter, so the width of the corresponding states also 

changes, as shown in Figure 5.15b. The increasing of the content of the carbon matrix 

results in the wider of the G1 states. When excited by 320 nm, more electrons could fall 

in the G1 states and go down to the ground states via the R1 route. The G2 states become 

wider because some epoxy and O-C=O structures are change to the C=O structure. So 

the quantum yield for the green colour range is obviously increasing. The content of the 
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O-C=O structure reduces, which affect the G3 states. Fewer electrons drop in the G3 

states, and only weak yellow colour light could be emitted via the R3 route. 

 

Actually, the mechanism of PL behaviour is much complicated. The excited states 

of different functional groups usually overlaps, and the routes of the electrons between 

different energy levels are diverse. The PL behaviour is affected by many factors at the 

same time. Each kind of structure is analysed and simply processed so that the 

mechanism could be understood more easily. 

  

5.3.5 Cell viability and ROS generation ability 

The investigation of the photodynamic therapy (PDT) effect of the GOQDs-H was 

carried out in the same condition as the characterization in previous chapter. As shown 

in Figure 5.16a, after 24 h incubation, the HeLa cell viability slightly decreased to 75% 

when the concentrations of GOQDs-H3 increased to 0.8 mg/mL, which could indicate 

that the GOQDs-H3 sample also has almost no influence on the cells and have a 

potential in the biocompatibility of the nanoparticles. 

 

0 0.01 0.02 0.04 0.06 0.08 0.1 0.2 0.4 0.6 0.8 1

0

20

40

60

80

100

 

 

C
e
ll 

V
ia

b
ili

ty
 (

%
)

Concentration (mg/ml)

 GOQDs-H3
(a)

 

0 2 4 6 8 10

0.65

0.70

0.75

0.80

0.85

0.90

0.95

1.00

 

 

A
b

s
o

rb
a
n

c
e
 o

f 
A

B
D

A
 (

a
.u

.)

Time (min)

 GOQDs-H3

 RB

 PPIX

(b)

 

Figure 5.16. (a) Cell viability of HeLa cells incubated with different concentrations of GOQDs-H3; (b) ROS 

generation of GOQDs-H3 detected by ABDA. 
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 The 1O2 production of GOQDs-H3 was measured by the same method mentioned 

above with ABDA as an indicator, and the results were shown in Figure 5.16b. After 

irradiated by the 365 nm light for 10 min, the absorption of ABDA for GOQDs-H3, RB, 

and PPIX decreased to about 86%, 67%, and 91%, respectively. GOQDs-H3 show 

much quicker decline rate than PPIX, and slower than RB. This result demonstrates that 

GOQDs-H3 also have the better ROS-generating ability. 
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Figure 5.17. ROS generation of the GOQDs-H samples under (a) 460 nm blue light and (b) 530 nm green 

light irradiation detected by ABDA. 

 

 In Figure 5.17, ROS generation of the GOQDs-H samples under 460 nm blue light 

and 530 green light irradiation is displayed. Compared with the raw material GOQDs, 

the ROS generation ability of GOQDs-H samples is apparently reduced. This could be 

explained by the less content of the oxygen-containing functional groups due to the 

hydrothermal treatment. GOQDs-H5 and H6 have relatively lower ROS generation. 

According to the analysis in the previous chapter, carboxyl acid groups may be the main 

factor to determine the ROS generation. Considering that the worse performance of the 

dispersion stability, it could be attributed to the same reason, that is, the less content of 

the COOH groups. 
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5.4 Conclusion 

In this chapter, the GOQDs as raw materials are further treated by the hydrothermal 

method. Different temperature and different treatment time are set to compare and 

analyse the effect on the GOQDs structure and PL behaviours. Firstly, the difference of 

the hydrothermal temperature would affect the changes of the oxygen-containing 

functional groups. Lower temperature at 180 ℃ can have apparent changes when the 

treatment time is long enough. Higher temperature at 240 ℃ could cut the nanoparticles 

much more quickly, and more groups would be reduced or removed within a short 

period. Some publications used a similar method and got GQDs samples, which were 

almost totally reduced and no oxygen-containing functional groups were left. However, 

the most samples prepared in this work still have a lot of oxygen-containing functional 

groups and have good dispersion. This could be explained by the two reasons. Firstly, 

the raw materials used in this work are GOQDs. They have more groups than graphene 

oxide, which is always used in other hydrothermal research. Another reason may be the 

equipment. The pressurizing vessel in this work is a small chamber and it is heated in 

the heating oven. The gas pressure could not be added manually. The pressure may be 

less than others work, which lead to the weak reduction effect of the hydrothermal 

treatment.  

 

 Because of the changes in the structure and the content of the oxygen-containing 

functional groups, the PL behaviour of the GOQDs-H has much difference to that of 

the GOQDs. GOQDs-H still has a wide emission range, including from violet to yellow 

colour. It could be also found that the performance of the PL intensity and the quantum 

yield are both increased. Due to the weak hydrothermal effect, the GOQDs-H still can 

be dispersed in water well and generate ROS.  

 

 Finally, with the help of the structure analysis in the previous and this chapter, the 

structural changes and the PL behaviour are linked, then the mechanism of PL is simply 
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concluded. 
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5.5 Supporting information 

1. QY of GOQDs-H (Range 400-500 nm) 
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Figure S 3. (a) - (f) Plots of integrated PL intensity of GOQDs-H1 to GOQDs-H6 and Quinine Sulfate 

(reference standard material) as a function of absorbance at 320 nm and relevant raw data. 
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2. QY of GOQDs-H (Range 500-600 nm) 
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Figure S 4. (a) - (f) Plots of integrated PL intensity of GOQDs-H1 to GOQDs-H6 and Fluorescein (reference 

standard material) as a function of absorbance at 470 nm and relevant raw data. 
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6 Preparation and characterization of the 

luminescent carbon nanodots derived 

from phenylenediamine: from 

controllable fabrication to tunable 

photoluminescence properties 

6.1 Introduction 

In chapter 4 and 5, several series of luminescent GOQDs nanoparticles derived from 

graphite powder were successfully prepared with chemical oxidation method and 

hydrothermal treatment. The resultant GOQDs can show yellow and green fluorescence, 

and GOQDs-H can exhibit bright blue and yellow fluorescence. These new class of 

nanomaterials is considered to have good photoluminescence properties and be 

potentially used in health care. However, some of the disadvantages of these 

nanomaterials from the difficulty in complicated reaction (e.g. using a lot of strong 

acids) and long-wavelength (red colour region). Therefore, the development of a new 

method for the preparation of water-soluble, multicolour PL materials and a relatively 

simple reaction is still highly desirable.  

 

 Luminescent carbon nanodots derived from small molecules like citric acid, 

glucose and sucrose as the carbon source via bottom-up approaches have been 

investigated.58,79,188–190 Phenylenediamine, which has three kinds of isomers: o-

phenylenediamine (o-PD), m-phenylenediamine (m-PD) and p-phenylenediamine (p-

PD), are important precursors for synthesizing heterocyclic compounds and 

polymers.191 Several reports have mentioned that phenylenediamine was used as raw 

materials via the hydrothermal method for preparing luminescent carbon 

nanodots.28,192,193 Their synthesized CNDs can exhibit blue or yellow fluorescence. 
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However, they rarely explain or mention how the mechanism of the synthesis. 

Meanwhile, it could not precisely control the product via the hydrothermal method. In 

this chapter, I will mainly focus on the preparation, structure and properties of 

multicolour luminescent CNDs with different colour emissions by using the three kinds 

of phenylenediamine isomers, through a simple polymerization method.  
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6.2 Mechanism of polymerization in theory 

The main mechanism of the synthesis is related to electrophilic aromatic substitution.194 

In theory, the chemical polymerization of phenylenediamine by K2S2O8 should proceed 

via a radical propagation mechanism as shown in Steps 1-3 below:  

 

Step 1: The dissociation of potassium persulfate. 

First of all, K2S2O8 could be dissociated into anionic radicals as shown in Figure 6.1. 

In aqueous solution at 50 ℃, potassium persulfate could decompose into K+ ions and 

S2O8
2- ions. Then S2O8

2- ions could decompose into persulfate ions and free radical, 

which behave as anionic radicals. The free radical was very able to attract the amino 

groups (NH2) at the carbon location of the phenylenediamine because of electrostatic 

attraction. 

 

 

Figure 6.1. The dissociation of K2S2O8. 

 

Step 2: Oxidation of monomer 

The oxidation of phenylenediamine to free radicals could occur and be stabilized in 

different resonance forms, as shown in Figure 6.2. Firstly, the free radicals would 

appear at the amino groups, and then it would transfer to the adjacent carbon location. 

It also could transfer to the nearby or opposite carbon location, due to the effect of the 

resonance structure in aromatic molecules. For o-PD and m-PD, the free radical may 

transfer to the opposite carbon location to the amino groups. However, for p-PD, the 

free radical would prefer to transfer to the nearby carbon location, due to the occupation 

of the amino groups.  
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Figure 6.2. The oxidation of monomer: (a) o-PD, (b) m-PD, and (c) p-PD. 

 

The active sites in the three kinds of phenylenediamine monomer due to the effect of 

free radical are different because of the different positions of the two amino groups, as 

shown in Figure 6.3. The amino group is ortho- and para- director in electrophilic 

aromatic substitution.194 The most active sites available are ortho and para positions in 

each molecule.  

 

(1) For o-PD (Figure 6.3a), the para carbon locations to the two amino groups are C-4 

and C-5 point. Although the ortho carbon location at C-3 and C-6 point to the amino 

groups are empty, the positions at C-3 and C-6 flanked by the fewest number of 

substituents are favoured to be attacked by the electrophile. Therefore, C-4 and C-

5 point are active sites.  

 

(2) For m-PD (Figure 6.3b), C-4 and C-6 point are para carbon locations to amino 
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groups, and C-2 point is ortho carbon location. C-2 point is surrounded by two 

amino groups, while C-4 or C-6 point just have one group nearby. The positions 

flanked by the fewer number of substituents is favoured by the electrophile. 

Therefore, the attacking positions available are C-4 and C-6 point. However, C-4 

and C-6 point still have one nearby substituent. Therefore, the active sites of m-PD 

are less favoured than o-PD. 

 

(3) For p-PD (Figure 6.3c), since the para carbon location is already occupied by NH2 

group, only ortho carbon locations at C-2, C-3, C-5 and C-6 point are available, 

where are active sites for p-PD monomers.    

 

 

Figure 6.3. The active sites in the phenylenediamine due to the free radical: (a) o-PD, (b) m-PD, (c) p-PD. 

 

Step 3: Head to tail coupling of monomers 

According to the above analysis, the active sites in the three kinds of isomers have been 

known. The free radical at the amino groups could be considered as the “head”, and the 

active sites at carbon location could be as the “tail”. Theoretically, the head to tail 

coupling of free radicals could take place via elimination reaction of two free radicals, 

and then the monomers are connected. The possible polymerization orientations could 

be described as two modes.  

 

 The first mode is relatively more straightforward, which could be considered to be 

straight direction, as shown in Figure 6.4a, 6.5a and 6.6a. The phenylenediamine 
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monomers are connected one by one when their monomers are set in the same direction 

in order. The length of the generated material would become longer if the amount of 

free radical and monomers are enough. Because the direction of the generated material 

is one way. the structure obtained by this mode is also called ladder-like structure195.  

 

 The second mode, which is mentioned in Figure 6.4b, 6.5b and 6.6b, is relatively 

complicated. When the monomers are not set in the same direction, they may not follow 

the first mode and do not grow in one direction in order. Therefore, the structure would 

not be the ladder-like structure. The monomers could be connected with others in 

different directions, then the generated material would become larger and larger. The 

process seems to be from a single point to a large surface. Due to the random directions 

in head to tail coupling of monomers, the mode could be called the crossing direction. 

To well explain this mode process, four monomers of each phenylenediamine isomers 

are used as an example, separately. They are coupled step by step, as shown in Figure 

4b, 5b and 6b. The structure of the generated materials is quite different.  

 

 In fact, these two modes could happen at the same time. When the amount of the 

monomers are more, the coupling process would become more complicated and their 

generated structure would be more variety. In theory, the process can be controlled by 

adjusting the amount of free radicals. When the free radical is not excessive, the 

polymerization should be stopped when using all the free radicals. Then synthesized 

CNDs with different size via controlling the amount of potassium persulfate would have 

different structure and different PL properties. 
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Figure 6.4. Possible coupling orientations in o-PD: (a) straight, (b) cross. 
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Figure 6.5. Possible coupling orientations in m-PD: (a) straight, (b) cross. 
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Figure 6.6. Possible coupling orientations in p-PD: (a) straight, (b) cross.  
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6.3 Experimental procedures 

The preparation process of CNDs powder has three steps: synthesis, collect and 

purification. 

 

1. Synthesis: Firstly, 0.0015 mol p-PD (m-PD or o-PD) was dissolved in 100 mL 

distilled water, and then the solution was transferred into a round-bottom flask. The 

flask was heated in a 50 ℃ oil bath for 1.5 hours. The colour of the solution changed 

from transparent to light pink (light blue or light yellow). Meanwhile, 0.0015 mol 

K2S2O8 was dissolved in 50 mL distilled water and stirred for 0.5 hours. Then the 

solution was added dropwise in 2 hours. Immediately after the addition of several 

drops, the solution in the flask would turn dark. After all the K2S2O8 solution was 

added to the flask, the mixture was stirred for 24 hours at 50 ℃.  

 

2. Collect: The dark colour suspension with black solid was collected and separated 

by centrifugation under 8000 rpm for 20 min. The upper suspension was collected 

and filtered by the filtration paper. The bottom sediment was washed with the 

distilled water, shook, sonicated and centrifuged again. The suspension was freeze-

dried to obtain initial CNDs powder.  

 

3. Purification: It was necessary to remove K2SO4 salt that had formed from K2S2O8 

during the synthesis reaction. The initial CNDs powder was dissolved in 200 mL of 

the ethanol and sonicated for several minutes. Because of the insolubility of the 

K2SO4 in ethanol, the salt could be separated by filtration. Then the ethanol 

suspension was dried in a rotary evaporator. The ethanol was removed and the pure 

CNDs powder was left in the flask. To collect the powder from the inner wall of the 

flask, distilled water was added to dissolve the powder again. Finally, the 

suspension was freeze-dried to obtain relatively pure p-CNDs (m-CNDs or o-CNDs) 

powder. 
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6.4 Results and analysis 

6.4.1 Morphology 

The AFM images of resultant CNDs displayed in Figure 6.7 reveals that the synthesized 

CNDs are spherical, with an average size of around 30-40 nm in diameter (see Table 6-

1). Among these three CNDs, the diameter of p-CNDs is relatively larger. The diameter 

of m-CNDs is relatively smaller than that of o-CNDs. We have discussed that p-PD has 

four active sites due to the free radicals, which is more than o-PD and m-PD. The active 

sites of o-PD are more favoured than that of m-PD. Therefore, the coupling process 

between p-PD monomers occurs most and between m-PD does least, which resulting 

in the difference of the size. The average thickness of CNDs is around 2-4 nm. 

 

Figure 6.7. The AFM images of CNDs. Scale: 2 μm × 2 μm. 
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Table 6-1.The diameter of the CNDs-50. Unit: nm. 

 

 

6.4.2 Structure 

The FTIR spectra of raw chemicals and their corresponding polymers are shown in 

Figure 6.8. The three kinds of phenylenediamine monomer have similar characteristic 

peaks (see Figure 6.8a). The sharp absorption peaks appear at around 3373 and 3297 

cm-1, which are attributed to the N-H asymmetric stretching. Peaks at around 1628 and 

821 cm-1, which can be regarded as the C-C stretching of the aromatic structure. The 

absorption peaks at 1127 and 1310 cm-1 are considered to be the C-N asymmetric 

stretching. The peaks at 1510 cm-1 are due to in-plane C-H bending vibration from the 

phenyl rings.193,196 

 

 After polymerization, the FTIR spectra of synthesized CNDs have some changes, 

as shown in Figure 6.8b. The characteristic peaks of amino groups (NH2) at 3373 and 

3297 cm-1 disappear. In the meanwhile, there are two new peaks at about 2853 and 2592 

cm-1, which could be attributed to the C-H stretching bands and N-H vibration bands, 

separately. C-N asymmetric stretching at 1127 and 1310 cm-1 disappears. On the 

contrary, a wide absorption peak at around 1020 cm-1 can be easily seen in the spectrum 

of the CNDs. Usually, that position would be explained to be the C-O stretching. 

Besides, the exist of C=O stretching bands at around 1740 cm-1 also demonstrates that 

the oxygen element was introduced to the phenylenediamine during the reaction. The 

appearance of oxygen-containing functional groups is able to improve the water 

solubility of the CNDs. The last part to be noted is the in-plane C-H bending vibration 

band at 1510 cm-1. After the reaction, the absorption peak intensity weakens. This 
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change can be attributed to the loss of C-H because the phenylenediamine monomer 

was coupled with others through the C-H position during the polymerization. 
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Figure 6.8. FTIR spectra of the raw chemicals: o-PD, m-PD and p-PD (a), and their corresponding CNDs o-

CNDs, m-CNDs and p-CNDs (b). 
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 By comparison, we can find much difference in the FTIR spectra between Figure 

6.8a and 6.8b, demonstrating that the three kinds of CNDs were successfully prepared 

by the chemical polymerization with the help of potassium persulfate. In the meantime, 

these three kinds of CNDs also have different characteristic peaks, revealing that the 

structure of synthesized CNDs derived from different isomers is not the same. This is a 

good demonstration for the different mechanism of the isomer coupling process, which 

is mentioned in the previous section. 
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Figure 6.9. Full-range XPS spectra of CNDs (a) and raw materials (b). 

 

Table 6-2. The atomic ratio of the C, N and O elements in raw materials (a) and synthesized CNDs (b). 
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 Figure 6.9 shows the full-range XPS spectra of the CNDs and raw materials. The 

main binding energy peaks of C1s at 285 eV, N1s at 400 eV, and O1s at 532 eV can be 

seen. The atomic ratios of the main elements: C, N and O are shown in Table 6-2. The 

XPS surveys of the CNDs further confirm the FTIR results that oxygen was introduced 

to the phenylenediamines during the polymerization. In theory, the raw chemicals only 

have carbon, nitrogen and hydrogen elements. However, the oxygen element signals 

are also found in the characterization of the raw material. This result should be 

considered that the phenylenediamine is not stable and easily oxidized in the 

atmosphere, due to the very active amino groups on the aromatic structure. Usually, the 

oxygen would react with the amino groups and form the N-oxide structure, which 

contains an N-O coordinate covalent bond with two additional hydrogen, as shown in 

Figure 6.10. The attached oxygen increases the water solubility of phenylenediamine. 

 

 

Figure 6.10. Possible N-oxide structure in phenylenediamine. 

 

 Meanwhile, the appearance of the oxygen functional groups in the FTIR results 

demonstrate that the oxygen element is introduced via another outside route. Because 

the potassium persulfate was used in this work, its strong oxidizing property could be 

the main factor for the initiation of polymerization and the introduction of the oxygen 

element. Besides, the amino groups on the benzene are active groups, which are easy 

to be attacked. To obtain a better understanding of the introduction process of the 

oxygen element, the Boyland–Sims oxidation process197 can be considered to help 

explain it, as shown in Figure 6.11. Under the effect of the K2S2O8, the hydroxyl is 

added to the aromatic hydrocarbon on the ortho or para substitution. When the oxidizing 
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agent has enough amount, the C=O structure can be further formed on the basis of the 

ortho-hydroxyl aromatic hydrocarbon, as shown in Figure 6.12.  

 

 

Figure 6.11. The reaction mechanism of the Boyland-Sims oxidation.198 

 

 

Figure 6.12. The potential formation mechanism of the C=O structure. 
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Figure 6.13. High-resolution C1s spectra of (a) o-CNDs, (b) m-CNDs and (c) p-CNDs; (d). The percentage 

of the peaks deconvoluted from the C1s spectra. 

 

Table 6-3. XPS data analyses of the C1s spectra of CNDs samples. 

 

 

 Figure 6.13 shows the high-resolution C1s spectra of the CNDs, which were 

between 282 eV and 292 eV. These spectra could be deconvoluted into several peaks, 

including C-C/C=C (~285 eV), C-N (~286.2 eV), C-O (~287 eV), and C=O (~288.4 

eV). The XPS results further demonstrate that the oxygen functional groups exist on 
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the CNDs, which is consistent with the previous FTIR results. Besides, the accurate 

value and changes of the different structure of the three kinds of CNDs could be found 

in Figure 6.13d and Table 6-3. The C-N content (13.3%) for m-CNDs is quite lower 

than that of the other two CNDs, which could consider that the amount of coupling 

connection between amino groups and carbon location in the aromatic molecules is less 

than that of other two isomers. In the meantime, the C-O content (14.6%) and C=O 

content (8.8%) are more than those of o-CNDs and p-CNDs. From the comparison of 

C-O and C=O content, it can be noted that m-CNDs have more oxygen-containing 

functional groups and less C-N bonding than o-CNDs and p-CNDs. The reason for this 

may be related to the different coupling process due to the different position of the -

NH2. Besides, the occupation of the oxygen-containing functional groups on the 

aromatic molecules could lead to the less coupling and affect the polymerization.  
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Figure 6.14. High-resolution N1s spectra of (a) o-CNDs, (b) m-CNDs and (c) p-CNDs; (d). The percentage 

of the peaks deconvoluted from the N1s spectra. 
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Table 6-4. XPS data analyses of the N1s spectra of CNDs samples. 

 

 

 As shown in Figure 6.14, the nitrogen bonding composition is also investigated, 

and the spectra consist of three main peaks (see Table 6-4), including pyridinic-N at 

around 399.6 eV, quaternary-N at about 401.5 eV and N-oxide at about 403.4 eV. The 

m-CNDs have the most pyridinic-N content (26%), which means that there are much –

NH left. The o-CNDs have the most quaternary-N content (79.4%), which indicates 

that the amino groups could be more easily connected with other aromatic hydrocarbons 

and two hydrogens of the amino groups were substituted and used to couple. The reason 

for the different nitrogen bonding composition is still considered as the different 

coupling process, which is due to the different position of the amino groups (-NH2). 

6.4.3 Summary 

According to the structural analysis from FTIR and XPS results, it can demonstrate that 

three kinds of CNDs derived from phenylenediamine isomers were successfully 

synthesized via the chemical polymerization method. Different from theoretical 

speculation, oxygen element was found in the synthesized CNDs due to the effect of 

the potassium persulfate and the formation of N-oxide. The different positions of the 

amino groups and the occupation of the oxygen-containing functional groups on the 

aromatic molecule can both affect the coupling process and lead to synthesize the 

different structure. The structure and oxygen-containing functional groups would be 

considered to the main factors for determining optical properties.    
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6.4.4 Optical properties 

 

Figure 6.15. Photograph of (1) o-CNDs, (2) m-CNDs, (3) p-CNDs dispersed in water (0.08 mg/mL) and (4) 

distilled water. 

 

The synthesized CNDs derived from phenylenediamine could be well dispersed in 

water and be stable for several days. As shown in Figure 6.15, the aqueous suspension 

is clear and their colours are quite different. The o-CNDs aqueous is yellow, m-CNDs 

is close to transparent, and p-CNDs is pink. 

 

 Figure 6.16 shows the UV-Vis absorption spectra of three synthesized CNDs and 

their raw materials in aqueous suspension. For the raw materials, there is an obvious 

peak at around 250-280 nm, which is a characteristic absorption peak of benzene ring 

structure. After polymerization, the three kinds of CNDs have new and different 

absorption peaks. For o-CNDs (Figure 6.16a), there is a new peak at around 452 nm 

and the peak position of benzene ring structure shifts from 280 nm to 266 nm. For p-

CNDs (Figure 6.16c), a new and broad peak appears at around 517 nm and its benzene 

peak position moves from 278 nm to 255 nm. For m-CNDs (Figure 6.16b), its benzene 

peak position just shifts from 290 nm to 284 nm and there is no new peak in other range. 

Because of the coupling process, the carbon in the aromatic molecule was connected 
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with the amino groups. The delocalized system was broken, and then the amount of 

delocalization in benzene ring structure decreased, which moves the characterization 

peak to shorter wavelengths. These changes could also demonstrate that the CNDs were 

successfully synthesized by the coupling process. 
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Figure 6.16. UV-Vis absorption spectra of (a) o-CNDs and raw chemicals o-PD, (b) m-CNDs and raw 

chemicals m-PD, (c) p-CNDs and raw chemicals p-PD in aqueous suspension. 

 

 The range between 300 and 400 nm should also be noticed. It can be found that all 

three kinds of synthesized CNDs have a certain degree of absorbance in that range. 

From the previous chapter, we can know that the broad absorption peak in that range 

could be attributed to the C=O structure. These results verify the existence of oxygen-

containing functional groups on the synthesized CNDs again. 

 

 The PL properties of synthesized CNDs were investigated and the results are 
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displayed, separately. Three kinds of synthesized CNDs perform different PL behaviour. 

 

 The excitation-dependent PL behaviour of o-CNDs is displayed in three graphs 

according to the different excitation wavelength range. The first emission peak appears 

at around 570 nm when the excitation wavelength is from 360 nm to 430 nm, as shown 

in Figure 6.17. 380 nm excitation wavelength can produce the strongest PL emission 

intensity.  
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Figure 6.17. The excitation-dependent PL behaviour of o-CNDs (Ex: from 360 nm to 430 nm). 

 

 When continuing to increase the excitation wavelength, the second emission peak 

appears at around 580 nm, which is quite near to the first one. The emission PL intensity 

gradually become strong with increasing the excitation wavelength from 490 nm to 525 

nm, and 525 nm excitation could make its strongest (see Figure 6.18). Meanwhile, the 

emission spectrum is very broad. When using 540 nm excitation wavelength, it is easy 

to notice that the emission spectrum consists of two peaks. One is at around 570 nm, 

and another is at around 610 nm.  
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Figure 6.18. The excitation-dependent PL behaviour of o-CNDs (Ex: from 490 nm to 540 nm). 

 

 The last excitation wavelength range is from 550 to 600 nm. A relatively narrow 

emission peak appears at around 610 nm, and the strongest PL intensity is produced by 

560 nm excitation wavelength. A quite small emission peaks appear at around 660 nm 

when using 600 nm excitation wavelength. 
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Figure 6.19. The excitation-dependent PL behaviour of o-CNDs (Ex: from 550 nm to 600 nm). 
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 According to the PL behaviour results, it can summarize that there are two main 

emission peaks at around 570 nm and 610 nm for o-CNDs. Therefore, two S1 states for 

the two peaks exist. The possible mechanism of PL behaviour of o-CNDs derived from 

o-phenylenediamine is shown in Figure 6.20. S1 state is for 570 nm emission peak and 

S1* state represents 610 nm emission peak. In the previous chapter, a speculative 

conclusion is that 570 nm emission range is related to the effect of O-C=O structure. 

Due to the existence of C-O and C=O structure in the CNDs, it is still considered that 

S1 state is related to the oxygen-containing functional groups. About the S1* state for 

610 nm emission, the reason is still not clear. To investigate this reason, more 

characterization and simulation can be done to analyze the structure and PL in the future 

work. 

 

 

Figure 6.20. The possible mechanism of PL behaviour of o-CNDs. 

 

 The excitation-dependent PL behaviour of m-CNDs is displayed in two graphs. 

When the excitation wavelength is from 330 nm to 360 nm, the emission peak position 

is at around 450 nm (see Figure 6.21a). When increasing the excitation wavelength 

from 370 nm to 450 nm, the emission peak position slowly shifts from 475 nm to 520 

nm, as shown in Figure 6.21b. There are no new peaks when using other excitation 

wavelengths.  
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Figure 6.21. The excitation-dependent PL behaviour of m-CNDs. 

 

 The PL behaviour of this kind of CNDs is quite similar to that of the graphene 

oxide quantum dots treated with hydrothermal method. It is sensitive to the violet colour 

(330-450 nm) and can produce emission spectra with very strong PL intensity. The 

emission range also belongs to blue and green colour. In the previous chapter, a 

conclusion is stated that blue colour is related to carbon matrix and the green colour is 

due to C=O structure. For m-CNDs derived from m-phenylenediamine, more C=O 

content has been mentioned in the structural analysis, which demonstrates the C=O 
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structure could affect the green colour in PL behaviour once again. Meanwhile, more 

C=O structure occupies the carbon location on the aromatic molecule and reduce the 

coupling with the amino groups. More benzene ring structure could be retained, which 

means the delocalization system like carbon matrix is more than other two kinds of 

CNDs. The more content of delocalization system is, the more absorbance of violet 

colour is. More photons, which means more energy, could be absorbed in. Therefore, 

the PL intensity is much higher than that of other two kinds of carbon dots. 

 

 For p-CNDs derived from p-phenylenediamine, its PL behaviour is relatively 

simple. The emission peak position is only in the range between 575 and 610 nm, as 

shown in Figure 6.22. The emission peak with maximum PL intensity is at around 578 

nm when the excitation wavelength is 530 nm. With increasing the excitation 

wavelength, the emission peak could slightly move to longer wavelengths (around 600 

nm). Compared with o-CNDs, their PL emission peak range is close, but the PL 

behaviour is different. 570 nm and 610 nm emission peaks of p-CNDs are not easy to 

distinguish and separate, which means the excited states corresponding to these two 

emission peaks are close together. The reason for this is still considered to be the 

difference structure of the synthesized CNDs due to the different coupling process and 

different distribution of oxygen functional groups  
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Figure 6.22. The excitation-dependent PL behaviour of p-CNDs. 
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6.5 Conclusion 

To the best of my knowledge, this is the first time that CNDs are synthesized via the 

chemical polymerization with the help of the potassium persulfate. Compared with the 

hydrothermal method, this method can precisely control the synthesis in theory via 

controlling the amount of free radicals that is potassium persulfate. The optical 

properties of resultant CNDs derived from phenylenediamine isomers have been 

studied. Especially, the three kinds of CNDs perform different PL behaviour. For o-

CNDs and p-CNDs, they mainly emit 570 nm to 600 nm range spectrum, which is 

yellow and orange colour. For m-CNDs, it could emit 420 nm to 525 nm range spectrum, 

which belongs to blue and green colour. The PL intensity of o-CNDs is relatively 

weaker than that of others. However, it could emit 620 nm and 660 nm, which belongs 

to red colour. The possible mechanism of PL behaviour for three kinds of generated 

CNDs has been investigated. Oxygen-containing functional groups have a key role in 

determining the PL properties. Some results also demonstrate the conclusion mentioned 

in the previous chapter. Moreover, the CNDs are stable in the water for several days. 

These features make CNDs potentially used in numerous imaging applications.  
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7 Conclusions and suggestions for future 

work 

In this thesis, two kinds of luminescent carbon-based dots were successfully prepared 

via two routes.  

 

 Luminescent graphene oxide quantum dots were synthesized with graphite powder 

via chemical oxidation method. With the help of a high temperature, long reaction time 

and high concentration of sulfuric acid and nitric acid, graphite powder was cut into 

smaller pieces with a size of around 70-120 nm in diameter, and oxygen-containing 

functional groups were introduced onto the edge or surface of matrix including carboxyl, 

epoxy, ketone and hydroxyl groups. A high amount of oxygen-containing functional 

groups made GOQDs disperse in water very well and stable. The GOQDs emitted green 

and yellow fluorescence. The maximum photoluminescence emission peak occurred at 

around 531 nm when the excitation wavelength was 470 nm. When the excitation 

wavelength was longer and the concentration of GOQDs in aqueous suspension was 

high, weak PL emission spectra in orange or light red colour could be observed. In 

addition, cell viability test revealed that 1mg/mL of GOQDs aqueous suspension still 

make 80% HeLa cells alive, demonstrating that GOQDs did not impose considerable 

toxicity to cells. Meanwhile, GOQDs had the ability to produce reactive oxygen species 

when excited with visible light. By comparison, GOQDs showed better ROS-

generation ability than a classic photosensitizer, protoporphyrin IX. Based on these 

features, GOQDs have potential in bioimaging and photodynamic therapy applications. 

 

 By adjusting the reaction temperature and reaction time, six series of GOQDs 

samples were obtained with the nanoparticle size varying between 15-80 nm. The 

composition of carbon bonding was also changed. Different oxygen-containing 

functional groups showed different stabilities for specific reaction temperature and time. 
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Epoxy groups were not stable and were the easiest to reduce. The content of carboxyl 

groups increased when the reaction temperature was higher and the reaction time was 

longer. However, carboxyl groups would be partially reduced to ketone when the 

oxidation environment was too harsh. These six series of GOQDs samples had similar 

PL emission ranges of green and yellow colour. However, their PL intensities were 

different. GOQDs-3 and GOQDs-4 samples which were produced at 100 ℃ showed 

stronger PL intensities compared to those prepared at 80 ℃ and 120 ℃. All the samples 

had a quantum yield of ~0.2-0.4% and GOQDs-4 had the highest. It was considered 

that the quantum yield of GOQDs for 530 nm green colour was related to their oxygen-

containing functional groups on the GOQDs, specifically the content of C=O bonding. 

ROS generation ability was also discussed. The oxygen-containing functional groups 

and the light wavelength were considered to be primary factors affecting the ability. 

 

 Another six GOQDs-M and GOQDs-ML (lower nitric acid dosage) samples were 

subsequently prepared following the modified experimental procedures. To better 

separate the layers of graphite oxide, sulfuric acid was first used to treat the graphite 

powder to increase the interlayer spacing. A greater interlayer spacing made graphite 

sheets separate efficiently under the 100 ℃ heating and stirring. Meanwhile, the strong 

oxidizing H2SO4 molecular was considered to also help oxidize the graphite sheet. 

Hydroxyl and epoxy groups were found to be produced first. After 24 h and 100 ℃ of 

sulfuric acid treatment, the epoxy groups on the graphite sheets were easily broken 

when the high concentration nitric acid was added. Therefore, the smaller size and high 

oxidization degree of nanoparticles were obtained even using lower nitric acid dosage. 

GOQDs-M samples showed similar PL emission range to that of the previous GOQDs 

samples. The maximum PL emission spectra peak was located at around 530 nm. 

However, the PL intensities for all GOQDs-M samples were increased. GOQDs-ML 

samples have an obvious PL emission peak at around 570 nm, corresponding to more 

content of carboxyl groups. The QY of GOQDs-M increased to 0.3%-0.5%, which was 

slightly higher than that of GOQDs samples. From the ROS test, GOQDs-M samples 
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under blue and green light irradiation showed similar ROS generation abilities to those 

of the previous GOQDs samples. 

  

 It is the first report that the GOQDs are as raw materials and further treated by the 

hydrothermal method. Different treatment conditions were set to make a comparison 

for the analysis of their effect on the GOQDs structure and PL behaviours. Under the 

hydrothermal treatment, the size of the GOQDs-H could be decreased to 20-50 nm. 

Interestingly, oxygen-containing functional groups were still on the GOQDs-H samples, 

although, most carboxyl groups had been transformed to ketone groups. The peak of 

the PL emission moved to 420 nm, which belongs to blue colour. The QY significantly 

increased to 2%-5%, among which GOQDs-H3 and GOQDs-H4 had a highest QY. Due 

to the high temperature and long reaction time, GOQDs-H3 and GOQDs-H4 were 

further reduced and had more content of the carbon matrix, which has sp2 hybridization 

structure. More sp2 hybridization structure can increase the QY. 

 

 According to the analysis of the obtained results, the mechanism of PL of GOQDs 

was simply summarized. Carbon matrix could influence the PL emission (blue colour) 

at around 450 nm. PL emission at around 530 nm (green colour) and 575 nm (yellow 

colour) could correspond to C=O structure and O-C=O structure, respectively.  

 

 Another three series of luminescent carbon nanodots derived from 

phenylenediamine isomers were successfully synthesized via chemical polymerization 

with the help of potassium persulfate. To the best of my knowledge, it is the first time 

to discuss and speculate the mechanism of the coupling process of three kinds of 

phenylenediamine isomers, and prepare CNDs with potassium persulfate. The 

hypothetical coupling process and potential structure were analyzed according to the 

theory and publications. The optical properties of synthesized carbon nanodots had 

been studied. Especially, the three kinds of carbon nanodots performed different PL 

behaviours. For o-CDs-50 and p-CDs-50, they mainly emit 570 nm to 600 nm range 
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spectra, which correspond to yellow and orange colour respectively. For m-CDs-50, it 

could emit 420 nm to 525 nm range spectrum, which belong to blue and green colour. 

The PL intensity of o-CDs-50 is relatively weaker than that of others. However, it could 

emit 620 nm and 660 nm, which is red colour. Oxygen-containing functional groups 

were considered to be a key role in determining the PL properties. Based on the unique 

PL features and good water dispersibility, these carbon nanodots could have potential 

in various imaging applications. 
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Suggestions for future work 

1. Try to find a method to remove a certain kind of oxygen-containing functional 

groups and analyze the effect of each kind of functional groups on PL properties. 

2. Try to use computer simulation software to study the effect of each kind of the 

oxygen-containing functional groups on PL properties. 

3. To increase the QY value of carbon dots by further treatment, such as introduce 

heterocycle structure molecules. 

4. To further study the reason for the difference PL behaviour of the carbon dots 

derived from three isomers by using computer simulation and more characterization 

for structure. 

5. To increase the water solubility of carbon nanodots derived from phenylenediamine 

by introducing suitable amount of oxygen-containing functional groups. 
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