
 
 

 

 
Synthesis and Applications of Nanoscale  

Carbon Materials 

 
 

Wentai Wang 

BSc, MSc 

 

 

Griffith School of Engineering, 

Griffith University 

 

 

Submitted in fulfilment of the requirements of the degree of  

Doctor of Philosophy 

 

 
January 2015 

  



 
 

 

 

 

I dedicate this thesis to 

my mother, my wife and my daughter 

for their endless love and unconditional support. 

To my father, may he rest in peace.  

I love you all deeply. 





ii 
 

ABSTRACT 

Carbon nanomaterials are gaining more attention due to some special features, such 

as the excellent photoluminescent (PL) properties, low toxicity and biocompability of 

carbon dots (CDs) and good conductivity, high mechanical strength and stability of 

graphene based nanomaterials or membranes, inspiring emerging area for applications. 

Considering the drawbacks including limitations in large-scale synthesis, cost, low 

yields and pollutions, efforts should be devoted to improve the synthetic technique to 

achieve green, economic and mass synthesis, and explore novel applications. In this 

thesis, different types of CDs were prepared through hydrothermal/solvothermal 

method, modifying the surface of CDs to improve the chemical and optical properties. 

In addition, the performance of graphene based nanomaterials and membranes in water 

purification are investigated as well.  

Two types of CDs are synthesized in this thesis, including organosilane 

functionalized CDs (OS-CDs) and nitrogen-doped CDs (NCDs). The products show 

high quantum yields (QY) and good stability after hydrothermal treatment, with QY as 

high as 51 % for OS-CDs and around 20% for the NCDs. These CDs show sensitivity to 

some parameters such as temperature, pH value and metal ions (Hg2+ or Fe3+), which 

renders them great potential as sensors. More interestingly, the NCDs exhibit certain 

photocatalytic activity on MO degradation and can enhance the activity of TiO2, which 

means the NCDs may be a good sensitizer for photocatalyst.  

In addition to CDs, a new kind of carbon nanomaterials, carbon nanosheets (CNSs), 

were successfully synthesized through a green, economical and large-scale route of 

solvothermal method. The CNSs were applied in the treatment of water pollutants, 

using methylene blue (MB) and methyl orange (MO) as demonstration compound. The 
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dye removal results confirm the excellent adsorption ability of CNSs, with maximum 

adsorption amount of 326.7 mg/g for MB and 113 mg/g for MO.  

Graphene based membranes were fabricated through pressure driven filtration of 

aqueous mixture of graphene oxide and nanomaterials (CDs or nanowires). The CDs 

embedded GO membranes (CDs-GO) show tunable water permeability by controlling 

the particle size of CDs, highly efficient in removing organic pollutants and excellent 

rejection rate of Ag nanoparticles larger than 6 nm. The method is extended to fabricate 

graphene membranes with enhanced water permeability by incorporating nanowires, 

which can be applied in water separation. The rGO/Cu2O/TiO2 membranes are excellent 

photocatalysts for dye degradation with good stability and show advantages in the 

separation of photocatalyst from solutions after reaction. More importantly, the 

heterojunctions formed between the p-type Cu2O and n-typeTiO2 nanowires with 

incorporation of graphene sheets greatly enhance the photocatalytic activity of the 

rGO/Cu2O/TiO2 membranes. The studies on membranes provide new insight to 

fabrication of nanostructured membranes and application for water treatment. 
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Chapter 1 General Introduction 

1.1 Introduction 

    In recent years, carbon nanomaterials have received significant research interest. A 

multitude of work has been done in the areas of three-dimensional carbon nanospheres 

or mesoporous carbon materials, two-dimensional graphene or carbon nanosheets 

(CNSs), one-dimensional carbon nanotube to zero-dimensional carbon dots (CDs). 

Different types of carbon have their unique properties, for example zero-dimensional 

CDs shows fluorescence when excited by UV while two-dimensional graphene 

nanosheets (GNSs) have high mechanical strength, high thermal conductivity and high 

specific surface area. In this thesis, our research is mainly focused on zero-dimensional 

carbon dots (CDs) and two-dimensional materials such as graphene, graphene oxide 

(GO) and carbon nanosheets (CNSs).  

1.2 Zero dimensional carbon dots 

1.2.1 Background 

    CDs are a new class of fluorescent nanoparticles with a carbon based core, which was 

first reported by Sun et al. in 2006.1-2 It constitutes a fascinating class of recently 

discovered nanocarbons that comprise discrete, quasi spherical nanoparticles with sizes 

below 10 nm. CDs contain many carboxylic acid moieties on their surface, thus 

imparting them with excellent water solubility and the suitability for subsequent 

functionalization with various organic, polymeric, inorganic, or biological species.3 

These carbon dots possess high stability over time, exceptional resistance to photo and 

chemical degradation, tunable fluorescence emission and excitation, high quantum 

yields, large Stokes shifts.1 The toxicity of CDs in vitro and vivo has been investigated4-

6 and found these fluorescent dots are nontoxic to the selected cell lines. In addition to 

their apparent biocompatibility, the carbon dots exhibited competitive fluorescence 
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imaging performance to the commercially supplied CdSe/ZnS QDs, demonstrating their 

potentials for both in vitro and in vivo applications.1, 4  

1.2.2 Synthesis methods of CDs 

    Approaches for synthesizing CDs can be generally classified into two main groups: 

top-down and bottom-up methods. Through Top-down method, CDs are broken off 

from a larger carbon structure (e.g. laser ablation,7-8 chemical oxidation of activated 

carbon or candle soot9-10), while CDs can also be formed from molecular precursors 

through Bottom-up method (e.g. one-step process,11 microwave assisted synthesis12-13).  

1.2.2.1 Top-down methods for CDs synthesis 

It was first discovered by Sun et al.2 that laser-ablated, amorphous carbon 

nanoparticles can emit in the visible spectral range upon surface functionalization with 

polymer chains. They prepared carbon dots via laser ablation of graphite, surface 

oxidation with nitric acid and subsequent covalent grafting of organic moieties. These 

light-emitting dots have relatively better fluorescence properties, and can be used for 

multi-photon bio-imaging.  

 

Figure 1.1 Carbon dots synthesized by laser ablation method
11
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Koshizaki et al. modified the laser ablation method for CDs synthesis as shown in 

Figure 1.1. They prepared visible, tunable and photoluminescence stable CDs by rapid 

laser passivation in organic solvents (ethanol, acetone, water, etc.).11 

Chemical oxidation is the most commonly used method for CDs synthesis in the 

earlier reports.  Qiao et al. synthesized CDs through chemical oxidation of commercial 

activated carbon as illustrated in Figure 1.2. The activated carbon was easily etched into 

CDs nanoparticles by nitric acid treatment, and then the CDs were passivated using 

amine-terminated compounds, such as 4,7,10-trioxa-1,13-tridecanediamine (TTDDA) or 

diamine-terminated oligomeric poly ethyleneglycol (PEG1500N).10 There are many 

carbon sources, such as carbon soot9, carbon nanotubes,14 kerosene soot15 can be used to 

derive carbon dots through chemical oxidation method.  

 

Figure 1.2 Diagram for the synthesis of carbon dots by chemical oxidation method.
10

  

Bare CDs etched from large carbon structure show weak fluorescence or no 

fluorescence. Their fluorescence can only be increased through passivation by long 

chain amine terminated polymers such as 4,7,10-trioxa-1,13-tridecanediamine,10 

diamine terminated oligomeric polyethylene glycol,5 polyetherimide, etc. The synthetic 

procedures of top-down methods require multi-steps and corrosive reagents, in addition, 

the fluorescence efficiency of the CDs are normally much lower than quantum dots. 

Therefore, many other methods were investigated to solve the problems in top-down 

method. 
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1.2.2.2 Bottom-up methods for CDs synthesis 

Due to the drawbacks of top-down method including requirement of complex and 

time-consuming processes, high temperature, severe synthetic conditions and high cost, 

new methods, such as one-step approach, hydrothermal, microwave, etc. are catching 

the eyes of many researchers. These methods directly lead to oxygen-containing 

functionalized carbon dots with precisely engineered surface properties. Besides, by 

careful selection of the carbon source and surface modifier a better control of size, 

shape, and physical properties is possible. For instance, Wang et al.16 synthesized highly 

luminescent carbon dots through one-step thermal oxidation of citric acid using 

organosilane as a coordinating solvent as shown in Figure 1.3. In this way, 

nanoparticles were modified directly with organosilane after their formation during the 

reaction process. Wang et al.17 also reported a novel strategy to synthesize highly 

luminescent oil-soluble carbon dots (OCDs) by carbonizing carbon precursors in hot 

non-coordinating solvent and water-soluble CDs (WCDs) via changing the reaction 

solvent and capping agent. The obtained OCDs possess high quantum yield (QY) up to 

53%. 

 

Figure 1.3 Schematic diagram for the preparation of photoluminescent CDs, flexible 

CD film, and CDs/silica particles.
16 
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Liu et al. prepared Carbon Dots using silica spheres as carriers.18
 Triblock copolymer 

F127 was served as a binder between silica spheres and resols. The nanoparticles were 

treated through carbonization of resols and removal of silica spheres. After further acid 

treatment and passivation, CDs with multicolor photoluminescent were derived. 

 

Figure 1.4 Diagram for the synthesis of carbon dots.
18

 

Hydrothermal19-20 method was used for the oxidation of some carbonaceous (e.g. 

glucose, sucrose, starch, L-ascorbic acid, etc.) to prepare CDs. He et al.21 reported a 

facile one step hydrothermal synthetic route, where carbohydrates (glucose, sucrose, 

starch) were used as carbon source, acid/alkali as an additive and water as dispersant as 

shown in Figure 1.5. Recently, natural materials, such as orange juice,22 pomelo peel,23 

grass,24 silk,25 etc. were used as raw material to synthesize CDs as these materials are 

biocompatible and economical. Huang et al.25 reported the one-pot hydrothermal 

synthesis of nitrogen-doped carbon dots from bombyx mori silk as illustrated in Figure 

1.6. The doping of nitrogen enhanced the emission efficiency of CDs with 
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photoluminescence (PL) quantum yield of 13.9%. The CDs shows amphoteric 

properties, highly photostablility and low toxicity, which are suitable for bio-imaging. 

 

Figure 1.5 Fabrication of CNPs by acid/alkali-assisted hydrothermal oxidation of 

carbohydrate (including glucose, sucrose and starch).
21

 

 

Figure 1.6 Illustration of the formation process of CDs from Bombyx mori silk by 

hydrothermal treatment.
25

 

Microwave was also an effective way to pyrolyse some kinds of carbon source. Zhu 

et al.26 presented a facile, economical microwave pyrolysis approach to synthesize 

fluorescent carbon nanoparticles with electro-chemiluminescence properties. 

Poly(ethylene glycol) (PEG-200) and saccharide (glucose, fructose et al.) were mixed 
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well in distilled water then heated in a 500W microwave oven for 2~10min. The 

solution changed from colorless to yellow (sample A) and finally to dark brown (sample 

B), which implied the formation of CDs as shown in Figure 1.7. 

 

Figure 1.7 Microwave assisted synthesis of carbon dots.
26

 

In addition, Wang and co-workers27 further combined hydrothermal and microwave 

treatment together to facilitate the efficiency of CDs synthesis. They compared the 

properties of CDs prepared in different routes including heating carbonaceous under 

reflux in nitric acid, microwave-assisted heating under reflux and microwave–

hydrothermal synthesis. The results showed that CDs prepared using microwave-

assisted techniques exhibited increased absorption, higher quantum yield and longer 

fluorescence lifetime than those prepared by conventional heating under reflux.  

Ultrasonic was another technique used in CDs synthesis recently. Monodispersed 

water-soluble fluorescent carbon nanoparticles (CNPs) were synthesized directly from 

glucose by a one-step alkali or acid assisted ultrasonic treatment and another kind of 

water-soluble fluorescent carbon nanoparticles were synthesized from active carbon by 

a one-step hydrogen peroxide-assisted ultrasonic treatment by Li and co-workers.28-29  

1.2.3 The Applications of CDs 

   CDs can be applied in many areas. The most conventional application was in 

bioimaging. As heavy metals are the essential elements in quantum dots (QDs), serious 
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health and environmental concerns have been promoted. Carbon based CDs can 

overcome this limitation due to the excellent biocompability and non-toxicity. Sun and 

co-workers reported the first study on CDs bioimaging capabilities and followed by 

many other studies.3, 7 Li et al.6 reported a CDs as biocompatible nanoprobes for 

targeting cancer cells in Vitro. They evaluated the cytotoxicity and cellular 

internalization of three types of photoluminescent nanoformulations of CDs and found 

the nanoformulations exhibited no apparent cytotoxicity on their own and were shown 

to successfully target cancer cells by conjugation with transferrin.  

CDs as sensor for biological detection or metal ions detection have been investigated 

by many researchers. Bai et al.30 developed a new system for DNA detection by using 

CDs. Firstly they used methylene blue (MB) to bind with CDs and quench the emission 

from CDs. When DNA was added into system, the fluorescence of CDs can be restored 

because MB binds with DNA specifically. Through this method, the sensitive detection 

of ct-DNA can reach 1.0×10-6 mol/L and the linear detection range from 3.0×10-6 to 

8.0×10-5mol/L. 

 

Figure 1.8 The detection of DNA by carbon dots.
30

 

Effects of the metal ions on the fluorescence intensity of CDs15, 19, 31-32 can be applied 

in the detection of metal ions. Sun et al.33 adopted a direct and simple synthetic method 

to produce CDs and studied the fluorescence properties in variety of environmental 



CHAPTER 1 
 

 

9 
 

conditions such as pH, temperature and UV irradiation. They found that as-synthesized 

CDs exhibited high selectivity and sensitivity towards ferric ions, which can be applied 

in ferrous succinate determination. Liu et al.19 investigated the interaction between 

hydroxyls-coated CDs and metal ions as well. Their results showed that Hg2+, Cr3+, Al3+, 

and Fe3+ can easily quench the fluorescence effect, which suggested that hydroxyls-

coated CDs had a potential application in biocompatible nanosensors for measuring 

these metal ions. Mercury is one of the most hazardous and toxic cations on the 

environment and human health, therefore, the detection of  trace Hg2+ ions is an 

important issue. Li et al. applied CDs as an effective sensing platform for fluorescent 

Hg2+ and Ag+ detection with high sensitivity and specificity.32, 34 Yan et al. reported 

carbon dots-based fluorescent chemosensors for Hg2+ ions with excellent limit of 

detection (LOD) of 226 nM in the linear ranges of 1~12 M. The fluorescence of CDs 

can be turn off and turn on by Hg2+ ions and EDTA, respectively, as illustrated in Figure 

1.9.35 

 

Figure 1.9 Illustration for the quenching of CDs fluorescence by Hg
2+

, and 

fluorescence recovery by EDTA.
35

 

    CDs can also be used as probes for temperature or pH value as reported by Chen et 

al.36 The organosilane-functionalized carbon dots exhibited temperature-dependent PL 

responses in the range of 293~343 K as shown in Figure 1.10. The fluorescence 
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intensity of CDs decreased with the increase of temperature. The relationship between 

temperature and PL intensity showed linearity and inverse, which reveals the constant 

thermal sensitivity of CDs. Therefore, the CDs appear to be promising materials for 

optical temperature-sensitive devices. 

 

Figure 1.10 Temperature-dependent PL images of CDs films at various temperatures 

with excitation wavelength of (a) UV (360–370 nm), (b) blue (460–490 nm), and (c) 

green (530–550 nm).
36

 

The catalytic applications of CDs have also been studied.37-40  Liu et al.39 reported the 

synthesis of different metal nanoparticles and carbon quantum dots (CQDs) composites 

for the green oxidation of cyclohexane as indicated in Figure 1.11. Among different 

composites, Au nanoparticles/CQDs composite photocatalyst yields highest conversion 

efficiency of 63.8% and selectivity of 99.9% for the green oxidation of cyclohexane to 

cyclohexanone, using H2O2 as oxidant under visible light at room temperature. Ma et 

al.40 also found that CDs showed excellent photocatalytic property in the 

photodegradation of methyl orange under visible light. 

CDs can be used to fabricate different devices such as dye sensitize solar cells, LED, 

etc. CDs can replace the organic dyes due to the better stability and higher conversion 
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efficiency as reported by Wang et al.41 The TiO2 based photoanode sensitized by CDs is 

capable of converting near IR photon energy to photocurrent. Wang et al.42 fabricated 

white light-emitting device originating from single carbon dot components. The device 

showed a maximum external quantum efficiency of 0.083% at a current density of 5 mA 

cm2, indicating that carbon dots have great potential to be an alternative phosphor for 

white light electroluminescent devices. 

  

Figure 1.11 Au/CQDs Composites as Photocatalyst for Selective Oxidation of 

Cyclohexane in the Presence of H2O2 under Visible Light.
39 

1.3 Two-dimensional carbon nanomaterials  

1.3.1 Background 

Two-dimensional carbon nanomaterials contain single-layer graphene or graphene 

oxide and multi-layer carbon nanosheets or graphene sheets. Carbon nanosheets (CNSs) 

can be considered as free-standing graphite sheets43 containing multilayer graphene 
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films and possessing an intermediate structure between graphite and graphene, which 

might endow the CNSs with the excellent properties of both graphene and graphite, 

such as highly ordered defect-free structure, high surface area, good conductivity, high 

mechanical strength and high stability44. The one-atom-thick graphene layer is predicted 

to have a range of unusual properties. Their thermal conductivity and mechanical 

stiffness may rival the remarkable in-plane values for graphite; their fracture strength 

should be comparable to that of carbon nanotubes.45  

Graphene oxide (GO) derived from chemical exfoliation of graphite are heavily 

oxygenated, containing hydroxyl and epoxide groups on the basal planes and carbonyl 

and carboxyl groups at the edges, which makes it hydrophilic. GO is a two-dimensional 

(2D) sheet with feature sizes and thickness of approximately 1 nm, but the lateral 

dimensions can range from a few nanometers to hundreds of micrometers. Therefore, 

researchers can recognize GO as either a single molecule or a particle, depending on 

which length scale is of greater interest. At the same time, GO can be viewed as an 

unconventional soft material, such as a 2D polymer, highly anisotropic colloid, 

membrane, liquid crystal, or amphiphile. Graphene oxide is a precursor of graphene and 

can be reduced to graphene by various kinds of reducing agents such as hydrazine 

hydrate,46 Fe powder,47 glucose,48 etc. The carbonyl and carboxyl groups located at the 

sheet edges of graphene oxide make GO readily to be functionalized, therefore, attract 

intensive attention.  

1.3.2 Synthesis of two-dimensional carbon nanomaterials 

1.3.2.1 Carbon nanosheets 

Two-dimensional carbon nanomaterials can be synthesized through many approaches, 

including radio frequency plasma, mechanical exfoliation, chemical exfoliation, 

chemical vapor deposition, hydrothermal method, etc. Liu et al.49 synthesized feather-
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like CNSs arrays by radio frequency plasma technique, the nanosheet arrays consisted 

of carbon sheets with clear feather configuration, and a narrow length distribution 

ranging from 20~30µm. Zhu et al.50 discussed the formation mechanism of CNS 

produced by radio frequency plasma enhanced chemical vapor deposition. They 

proposed a growth model and described that atomically thin graphene sheets result from 

a balance between deposition through surface diffusion and etching by atomic hydrogen, 

and that the observed vertical orientation of these sheets results from the interaction of 

the plasma electric field with their anisotropic polarizability. 

Along with these techniques, many other approaches have been developed to 

synthesize CNS. Solvothermal method is a facile, gentle, economic and effective way to 

produce quantity of product, it is a versatile technique, which not only helps for scalable 

synthesis of CNS, but also helps in-situ reduction process51. Therefore, solvothermal 

synthesis of carbon nanosheets or graphene was gaining more attention recently. Kuang 

et al.52 successfully synthesized crumpled carbon nanosheets via a catalyst-free 

solvothermal technique at very low temperatures (60-100ºC), just using 

tetrachloromethane as the carbon source and potassium as the reductant. Liu et al.44 

prepared crumpled CNSs with good crystallinity at low temperature via the 

carbonization of glucose enriched at the air-solution and sodium dodecyl sulfate (SDS)-

capsule interfaces through hydrothermal reaction. 

1.3.2.2 Graphene oxide 

A typical approach to synthesize graphene oxide is chemical exfoliation of graphite 

powder. Brodie first demonstrated the synthesis of GO in 1859 by adding a portion of 

potassium chlorate to a slurry of graphite in fuming nitric acid. In 1898, Staudenmaier 

improved on this protocol by using concentrated sulfuric acid as well as fuming nitric 

acid and adding the chlorate in multiple aliquots over the course of the reaction. This 



CHAPTER 1 
 

 

14 
 

small change in the procedure made the production of highly oxidized GO in a single 

reaction vessel significantly more practical. In 1958, Hummers reported the most 

commonly used method today: the graphite is oxidized by treatment with KMnO4 and 

NaNO3 in concentrated H2SO4. In 2010, Daniela C. Marcano et al.53 reported an 

improved hummers methods to synthesize GO and compared this method with hummers 

method and modified hummers method, as shown in Figure1.12.  

 

Figure 1.12 Representation of the procedures followed starting with graphite flakes 

(GF). Under-oxidized hydrophobic carbon material recovered during the purification of 

IGO, HGO, and HGO. The increased efficiency of the IGO method is indicated by the 

very small amount of under-oxidized material produced.
53  

    Other methods were also applied to synthesize GO. Wang et al.54 synthesized 

hydrophobic graphene oxide nanosheets via functionalising with phenylisocynate 

(C6H5NCO) through a solvothermal synthesis process. The formation of hydrophobic 

graphene oxide nanosheets is a critical technique for application as additives in 

polymer-based composites and other functional applications. Bao et al.55 reported a 

“hydrothermal Hummers method” named as pressurized oxidation to prepared GO and 

multiplex reduction to produce graphene. They also fabricated polymer nanocomposites 
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by master batch based melt blending. The process of their experiment was shown in 

Figure 1.13. 

 

Figure 1.13 Illustration for the preparation of graphene and PLA/graphene 

nanocomposites.
55

 

1.3.2.3 Graphene 

Graphene can be derived through different methods, including mechanical exfoliation 

of graphite, chemical vapour deposition (CVD), reduction of graphene oxide, epitaxial 

growth on electrically insulating surfaces, annealing SiC substrates, etc. Among which, 

CVD and reduction methods are the most commonly used due to the advantages such as 

large scale production,  high quality, and easy to be functionalized.  

A. Exfoliation of graphite materials 

Geim et al.56 first reported the method to prepare graphene films by mechanical 

exfoliation (repeated peeling) of small mesas of highly oriented pyrolytic graphite, 

which is highly reliable and with thicknesses down to a few atomic layers. Mechanical 

exfoliation of graphite can only yield small samples of graphene for fundamental study, 

which is not suitable for the large-scale production of graphene.  Therefore, some 

modified exfoliation methods were developed as well to achieve the large scale 
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synthesis of graphene by exfoliation method. Hernandez et al.57-58 reported the liquid 

phase exfoliation of graphite in organic solvents, which resulted in high-quality, 

unoxidized monolayer graphene. The organic solvents or surfactants assisted sonication 

can facilitate the exfoliation successfully.  

Thermal exfoliation techniques are very efficient methods for the preparation of 

graphene and have been applied to exfoliate graphite materials into single layer 

graphene materials.59 Dai et al.60 exfoliated commercial expandable graphite by rapid 

heating to 1000°C in forming gas (3% hydrogen in argon) to produce graphene 

nanoribbons. The violent formation of gas from the intercalant in the rapid heating step 

is critical and responsible for the formation of the single and few-layer graphene. To 

improve the yield of single layer graphene, further treatments were performed after 

rapid heating such as surfactant assisted sonication in organic solvents,61 re-intercalation 

and re-exfoliation.62  

Microwave irradiation and solvothermal methods are also used to assist the thermal 

exfoliation of graphite. Janowska et al.63 synthesized few-layer graphene sheets with 

sizes exceeding several micrometers by exfoliation of expanded graphite in aqueous 

solution of ammonia under microwave irradiation in the temperature range 120-200 oC. 

The ammonia solution first infiltrated into the graphene sheets of the expanded graphite, 

and then decomposed to gaseous NH3 and H2O under microwave radiation, which 

leaded to the exfoliation. Zheng et al.64 demonstrated a solvothermal approach for 

exfoliation of graphite, using oleyl amine as solvent and intercalating reagent as shown 

in Figure 1.14. The graphite may be exfoliated more easily under rigorous conditions of 

solvothermal reaction than mild conditions. This method resulted in a high quality 

monolayer graphene with large size and high concentration. There are still other 



CHAPTER 1 
 

 

17 
 

exfoliation methods that have been used to synthesize graphene materials, such as 

supercritical fluid exfoliation and electrochemical exfoliation. 

 

Figure 1.14 (a) Scheme showing the chemical route to graphene dispersions, (b) 

scheme showing the process of graphene exfoliation aided by ordinary sonication.
64

 

B. Chemical vapor deposition 

Chemical vapor deposition (CVD) is the most frequently used method to produce 

high quality single layer graphene since it was first reported in 2008/2009, which has 

the potential on large scale synthesis.50, 65-67 The disadvantages of CVD method are high 

cost on special equipment and harsh reaction conditions.68 Normally, the graphene 

layers are grown on the substrates of Ni, Cu or Co. In addition, oxide substrates such as 

MgO and SiO2 can also be used.69 Li et al.70 grew large-area graphene films of the order 

of centimeters on copper substrates using methane. Cu is used as a catalyst in the 

reaction. The film is predominantly single-layer graphene with <5% of the area having 

two- and three-layer graphene flakes. Lee et al.71 prepared large amount of graphene 
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through CVD method, using Ni powder as sacrificial template and PMMA as solid 

carbon source. PMMA is much safer, convenient, cheaper and highly productive, 

comparing with traditional CVD methods that use flammable gases as carbon source.  

 

Figure 1.15 a) Copper foil wrapping. The lower image shows the copper foil reacts 

with CH4 and H2 gases at high temperatures. b) Roll-to-roll transfer of graphene films 

from a thermal release tape to a PET film. c) Transparent ultralarge-area graphene film. 

d) Screen printing process of silver paste electrodes on graphene/PET film. The inset 

shows graphene/PET panels patterned with silver electrodes before assembly. e) An 

assembled graphene/PET touch panel showing outstanding flexibility. f) A graphene-

based touch-screen panel.
72
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CVD is the most reliable technique that can bring the mass-production of graphene 

production of high-quality graphene films into practical applications. Bea et al.72 

demonstrated the roll-to roll production of graphene on ultralarge copper substrates. The 

graphene films exhibit excellent conductivity of 125 /sq and optical transmittance of 

97.4%. The roll-based synthesis and transfer process and applications of graphene films 

in electronic devices are shown in Figure 1.15. The scalability and processability of 

graphene films through roll-to-roll CVD methods are expected to enable the continuous 

production of graphene-based electronic devices at large scales. Some modified 

chemical-vapor deposition techniques such as plasma-enhanced chemical-vapor 

deposition73 were also developed to fabricate high quality 2D graphene materials. 

C. Reduction of exfoliated graphite oxide  

    Apart from CVD processes, reducing of exfoliated graphite oxide is another most 

widely studied approach to prepare graphene materials. Many techniques have been 

reported to reduce graphene oxide, including thermal reduction, chemical reduction and 

multi-step reduction.74  

Thermal reduction is a green method to prepare graphene. It is reported that GO can 

be reduced by thermal treatment without using any hazardous chemicals. The oxygen-

containing functional groups decompose at high temperature, which achieve the 

reduction of GO. Lv et al.75 investigated the reduction of graphite oxide under different 

conditions. The gases generated by the decomposition of oxygen-containing groups 

facilitate the exfoliation of graphite oxide. The graphene oxide can be reduced under 

both high temperature (above 1000 °C) and low temperature (as low as 200 °C). 

However, thermally reduction of GO is still challenging due to the harsh conditions and 

low reduction degree. Shen et al.76 further improved the low temperature (130 °C ) 
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exfoliation and reduction of GO. The reduction was conducted under ambient 

atmosphere, no high-vacuum or any other special atmosphere was needed.  

 

Figure 1.16 Thermal reduction of graphite oxide in high temperature under 

atmospheric pressure and in low-temperature (as low as 200 
o
C) under high vacuum.

75
 

Chemical reduction of GO is based on the chemical reactions of reducing agents with 

GO. Comparing with thermal reduction, chemical reduction normally does not require 

costly equipment and critical conditions. Hydrazine is a conventional reducing agent 

that has been used for the reduction of GO.77 By adding the reductant to GO aqueous 

dispersion, GO was reduced slowly and agglomerated graphene-based nanosheets were 

formed. When dried, the black powder showed electrically conductivity of ~2×102 S m-1, 

and atomic C/O ratio of 10,77 indicating reduced graphene oxide is not the same as 

pristine graphene. There are still some oxygen containing groups remained in the 
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reduced GO. Hydrazine hydrate, dimethylhydrazine , hydroquinone, hot strong alkaline 

solutions, as well as NaBH4 etc. were also applied in the reduction of GO.78 Recently, 

hydroiodic acid (HI) was found an excellent reducing agent for GO, especially suitable 

for the reduction of GO films.79 The reduction of GO films by HI at low temperature did 

not destroy their integrity and flexibility. The conductivity and C/O ratio are much 

higher than films reduced by other chemical methods. However, these reagents are 

highly toxic, corrosive, explosive or not stable, which are harmful to human body and 

environment. Eco-friendly materials are preferred as reducing agents such as Vitamin 

C,80 glucose,81 polyphenol in tea solution.82 Ascorbic acid (Vitamin C) is considered to 

be an ideal substitute for hydrazine.80 Vitamin C is found to yield highly reduced 

suspensions in a way comparable to those reduced by hydrazine. Reduction with 

vitamin C can be conducted not only in water, but also in some common organic 

solvents. Furthermore, no aggregation of rGO sheets occurs in the reduction, which is 

beneficial for further applications.  Metallic Zn and Fe powder can be used as reducing 

agent due to the mild reductive ability and nontoxic property as reported by Yang et 

al.83 and Fan et al.47 This method is eco-friendly, with high yield, low cost and short-

time processing. 

Solvothermal reduction is reported more effective, resulting in lower oxygen and 

defect levels in graphene sheets, more graphene domains, and higher conductivity. In 

solvothermal process, physiochemical properties could be changed greatly by changing 

of pressure and temperature, and the overheated supercritical solvent can play the role 

of reducing agent. Long et al.84 prepared nitrogen-doped graphene sheets through 

hydrothermal reduction of colloidal GO dispersions in the presence of hydrazine and 

ammonia at pH of 10. They found that the structure and surface chemistry graphene 

sheets were strongly dependent on the reaction temperature. Up to 4% of nitrogen was 
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successfully doped into graphene using ammonia as nitrogen source in the sealed 

autoclaves. Nethravathi et al.51
 opened up new avenues to one-pot synthesis of graphene 

or graphene-based composites in various solvents, such as water, ethanol, ethylene 

glycol and 1-butanol. The solvothermal reduction of GO occurs at relatively low 

temperatures (120-200 oC). The highest C/O ratio can reach 14, indicating the highly 

reduction of GO in water under 200 oC. Cheng et al.85 reported hydrothermal treatment 

of graphene oxide sheets with the assistance of thiourea to assemble graphene sponges, 

which showed strong mechanical strength, tunable pore structure and surface properties. 

The graphene sponges are good adsorbents for contaminations such as oil and organic 

dyes. Generally, solvothermal methods provide an efficient approach for the reduction 

of GO and show the great potential in large scale production. 

 

Figure 1.17 Colour changes of 10 mM solution of TiO2 nanoparticles, TiO2 with 0.5 

mg/mL GO before and after UV irradiation for 2 h in ethanol. Dried samples of TiO2-

GO and TiO2-GR powders obtained after solvent evaporation at room temperature.
86

 

    Photocatalytic reduction of GO with the assistance of a photocatalyst is an emerging 

method. Williams et al.86 reduced the graphene oxide suspensions in ethanol under UV 

irradiation with the assistance of TiO2. The reduction is accompanied by changes in the 

absorption of graphene oxide, the colour of the suspension changed from brown to 

black, as observed in Figure 1.17. The photocatalytic methodology opens up a new way 
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to obtain photoactive graphene-semiconductor composites, however, pure graphene 

sheets cannot be derived through this method. 

 

Figure 1.18 Proposed synthetic protocol for free-standing graphene. Bottom: 

Repetition motifs of an ideal g-C3N4 plane (middle) and of graphene (right); C black or 

gray, N blue.
87

 

    Recently, other bottom-up methods, apart from CVD method, were developed to 

synthesize graphene materials from small molecular carbon precursors. Stride et al.88 

reported a gram scale production of graphene using solvothermal and sonication 

technique. A typical synthesis consists of heating a 1:1 molar ratio of sodium (2g) and 

ethanol (5ml) in a sealed reactor vessel at 220oC for 72 h to yield the the graphene 

precursor. This material is then rapidly pyrolysed. The final yield of graphene is 

approximately 0.1g per 1 ml of ethanol-typically yielding 0.5g per solvothermal 

reaction. Li et al.87 synthesized monolayer-patched graphene by calcination of glucose. 

In this synthesis only dicyandiamide (DCDA) was added for the temporary in situ 

formation of layered graphic carbon nitride (g-C3N4), which serves as a sacrificial tem-

plate. The overall formation process is depicted in Figure 1.18. 
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    Bulk synthesis of graphene was also achieved by the method of magnesium 

combustion in a CO2 atmosphere as reported by Chakrabarti et al.89 and Cunning et al.90 

Typically, Mg ribbon was ignited inside a dry ice bowl, covered with another dry ice 

slab. After the Mg was completed combusted in CO2, the black products were collected 

and transferred to a beaker containing 100 ml of 1 M HCl to remove the combustion 

product MgO and the Mg residual. The mixture was filtrated and washed several times 

to neutral and dried under high vacuum overnight at 100 oC. This methodology may 

have bright future owing to the many-gram quantities production and the cheap starting 

materials. 

1.3.3 Applications of two-dimensional carbon nanomaterials 

The two-dimensional carbon nanomaterials may have potential in similar applications 

owing to the similar structure and morphology. For example, carbon nanosheets can be 

considered as free-standing graphite sheets containing multilayer graphene films and 

having an intermediate structure between graphite and graphene. These materials have 

been reported applied as catalyst91 or photocatalyst, gas or liquid adsorption materials,92, 

93 and in bio-applications,94 etc. 

1.3.3.1 Clean Energy Devices   

Clean energy devices are highly desired with the development of modern industry 

and social life, such as mobile devices, hybrid electric vehicles (HEVs), plug-in HEVs, 

and electric vehicles (EVs). Graphene-based anode has been proposed as one of the 

promising alternatives in Li-ion batteries, as graphene has superior electrical 

conductivity than graphitic carbon, high surface area and chemical tolerance. Wang et 

al.95 have shown self-assembled TiO2-graphene hybrid nanostructure to enhance high 

rate performance of electro-chemical active material. They used anionic sulfate 

surfactants to assist the stabilization of graphene in aqueous solutions and facilitate self-
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assembly of in situ grown nanocrystalline TiO2 with graphene. The specific capacity 

was 87mAh/g, which is more than double the high rate capacity (35mAh/g) of the 

control rutile TiO2. The specific capacity of the anatase TiO2-functionalized graphene at 

the rate of 30C is as high as 96mAh/g compare with 25mAh/g of control anatase 

TiO2.Wu et al.96 found that heteroatom (N, B) doping can improve the performance of 

graphene as anode for high-power and high-energy lithium ion batteries under high-rate 

charge and discharge conditions, which shows a high reversible capacity of >1040 mAh 

g-1 at a low rate of 50 mA g-1. Another attractive property is the quick charge and 

discharge rate with high-rate capability and excellent long-term cyclability. Graphene 

based composites (eg. Graphene/Fe2O3, TiO2/graphene, V2O5/graphene, etc) also exhibit 

excellent performances in lithium ion batteries and efficient photocatalysis.97-99 Idris et 

al.100 prepared LiV3O8/carbon nanosheet composite. An appropriate quantity of malic 

acid (C4H6O5, 99%) was dissolved in toluene (C7H8, 99.5%) and stirred for 2h. LiV3O8 

nanosheet powder was added to the solution, which was continuously stirred for 12h. 

The mixture solution was heated at 50°C in vacuum for 12h and then heated again at 

180°C for 6h. The performance of this composite as cathode material for lithium-ion 

batteries was studied. Electrochemical tests showed that the LiV3O8/carbon composite 

cathode features long-term cycling stability (194mAhg-1 at 0.2C after 100 cycles) and 

excellent rate capability (110mAhg-1 at 5C, 104mAhg-1 at 10C, and 82mAhg-1 at 20C 

after 250 cycles), indicating the enhanced ionic conductivity of the LiV3O8/carbon 

composite. They attributed the enhanced cycling stability is to the fact that the 

LiV3O8/carbon composite can prevent the aggregation of active materials, accommodate 

the large volume variation, and maintain good electronic contact.  

Graphene is also a good candidate for the collection and transport of photogenerated 

charges in solar cells. Guo et al.101 fabricated a novel layered nanofilm of graphene/QDs 
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electron transfer system using graphene as acceptor as shown in Figure 1.19.  The 

incident photon-to-charge-carrier conversion efficiency (IPCE) of this system reaches as 

high as 16% and photocurrent response is of 1.08 mAcm-2 under light illumination of 

100 mWcm-2, which may meet the requirements of high-performance light-harvesting 

devices for the next generation solar cells.  

 

Figure 1.19 Fabrication of the layered graphene/QDs on ITO glass for solar cells.
101

 

Guo et al.102 found that a small piece of graphene sheet about 30×16 μm2 immersed in 

flowing water with 0.6M hydrochloric acid can produce voltage∼20 mV. Besides, they 

found experimentally that gas-flow-induced voltage in monolayer graphene is more than 

twenty times of that in bulk graphite103. The results draw a bright future for harvesting 

energy from water flow over graphene. 

1.3.3.2 Absorbents 

Carbon materials are traditional adsorbents for water pollutants, for example 

activated carbon and carbon nanotube.104-105 The high surface area of graphene materials 

makes graphene an ideal adsorbent for gas and liquid adsorption. Graphene sponge (GS) 

prepared by Chen et al.85 showed high adsorption ability for various water 
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contaminations such as dyes, oils and many other organic solvents. The adsorption 

capacity of methylene blue and diesel oil by GSs can reach 184 mg/g and 129 mg/g, 

respectively. Moreover, the GSs can be repeatedly used by simple treatment without 

obvious structure and performance degradation. Sohn et al.106 also reported a graphene 

capsule by spray pyrolysis from dispersion of GO and polystyrene colloids for 

adsorption of oils. Graphene oxide is a kind of excellent adsorbent material and can be 

used for the removal heavy metal and organic pollutants. Yang et al.107 investigated its 

adsorption performance on the removal of methylene blue and found the absorption 

process of MB onto GO is fast with high absorption capacity of 714 mg/g. 

Recently, adsorption of gases by carbon materials has been widely investigated, such 

as the capture of CO2 and the storage of H2.90, 108-109 Srinivas et al.109 synthesized 

graphene-like nanosheets through the reduction of colloidal suspension of exfoliated 

graphite oxide with a BET surface area of 640 m2/g. The isotherms show that the 

maximum hydrogen storage capacities at 10 bar are 1.2 wt.% and 0.1 wt.%, at 77 K and 

298 K, respectively. The H2 uptake capacity is of 0.72 wt.% at 100 bar at room 

temperature. Raidongia et al.110 reported a new analogue of graphene containing boron, 

carbon and nitrogen with BET surface area of 2911 m2/g, through the reaction of high-

surface-area activated charcoal with a mixture of boric acid and urea at 900 oC. This 

material exhibits excellent adsorption ability of CO2 (100 wt %) at 195 K and high H2 

uptake of 2.6 wt % at 77 K.  

1.3.3.3 Sensors 

Graphene is reported an ideal candidate for the ultra-sensitive detection of different 

gases existing in various environments due to the outstanding electronic properties of 

graphene, including extremely high electron mobility and low electrical noise.111 The 

detection of gas is based on the changes in the electrical conductivity of graphene due to 
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the adsorption of gas molecules on the surface. Graphene based sensors have been 

reported to be applied in the detection of many gases, such as ethanol, NH3, H2O, I2, Cl2, 

CO, NO2 and NO, etc.111-112    

Bergveld et al. first reported a Biomolecular Field Effect Transistors (BioFET), which 

is a label-free, real-time sensing platform. Figure 1.20 describes the working 

mechanism of a BioFET. With the binding of charged molecule, intrinsic charge on the 

gate is generated. The charge transfers from the target molecule that shifts the 

transconductance of the gate. 112  

 

Figure 1.20 (A) Schematic of a functionalized graphene BioFET before and after 

binding of the charged target molecule. (B) The binding of the molecule dopes the 

graphene causing a shift in the Dirac point and consequently a change in the measured 

resistance.
112

 

Lu et al.113 fabricated a high-performance gas detection device by casting a few drops 

of GO suspension onto Au interdigitated electrodes with both finger width and 

interfinger spacing of about 1 μm, then partially reducing by annealing at ∼300 °C in 

argon flow at atmospheric pressure. The morphology of GO sheet bridging a pair of 
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neighboring Au electrode fingers and the NO2 detection results are shown in Figure 1.21. 

Gases with different concentration are detected by measuring the change in the current 

by a constant DC bias to the device. The rGO shows p-type semiconducting behavior in 

ambient conditions and is responsive to low concentration NO2 diluted in air at room 

temperature. The sensitivity is attributed to the electron transfer from the rGO to 

adsorbed NO2, which leads to enriched hole concentration and enhanced electrical 

conduction in the rGO sheet. 

 

Figure 1.21 (A) SEM image of a GO sheet bridging two Au fingers of an interdigitated 

electrode. (B) The response of GO sensor for NO2 detection in 25−100 ppm range at 

room-temperature.
113

 

In addition to be applied as chemical sensors, graphene based materials can also be 

applied as biosensors to detect various biological species under physiological 

conditions.114-115 Dong et al.116 used CVD-grown large-sized graphene films to fabricate 

liquid gated transistors for DNA sensing. They found the graphene based sensors are 

able to detect the hybridization of target DNAs to the probe-DNAs pre-immobilized 

with a detection sensitivity of 0.01 nM and capability to distinguish single-base 

mismatch. Furthermore, the detection sensitivity can be extended from 10 to 500 nM by 

decoration of Au nanoparticles on graphene. The detection mechanism is attributed to 

the electronic-doping (n-doping) introduced by target DNAs. Wen et al.117 reported a 



CHAPTER 1 
 

 

30 
 

fluorescence sensor for Ag(I) ions based on the target-induced conformational change 

of a silver-specific cytosine-rich oligonucleotide (SSO) and the interactions between the 

fluorogenic SSO probe and graphene oxide. 

1.3.3.4 Catalysts 

A. Photocatalyst     

    Graphene materials can be used to enhance the efficiency of semiconductor 

photocatalysts owing to the unique optical and electrical properties of the two-

dimensional carbon materials. 

An and Yu118 classified graphene-based photocatalytic composites into four types: 

TiO2/graphene photocatalysts, metal oxide/graphene and metal sulfide/graphene 

photocatalysts, metallate/graphene photocatalysts and other graphene-based 

photocatalysts. The applications of graphene-based photocatalysts are mainly in three 

fields as shown in Figure 1.22, including photodegradation of pollutants, photocatalytic  

 

Figure 1.22 The photocatalytic applications of photocatalysts. (a) Degradation of 

organic pollutants; (b) Photocatalytic hydrogen generation; (c) Photocatalytic 

conversion of CO2 to hydrocarbon fuels.
118

 

hydrogen generation and photocatalytic conversion of CO2 to hydrocarbon fuels. Liu et 

al.119 presented a novel nanoporous composite of carbon   nanosheets and functional 

titania nanoparticles, which successfully combine properties of carbon nanosheets and 
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titania nanoparticles, exhibiting enhanced adsorption and good photocatalytic property 

toward organic dyes due to its unique structure, better porosity, and compatible surface 

affinity. 

Graphene oxide nanosheets are another promising nanomaterial owing to their 

interesting chemical and physical properties. GO nanosheets are suitable components 

for fabricating hybrid nanomaterials due to the presence of oxygen containing 

functional groups.120 Matsumoto et al.120 investigated the phtocatalytic property of GO 

for water splitting and found H2 and CO2 were generated from an aqueous suspension of 

GO nanosheets when irradiated with UV light. The mechanism of photoprocess is 

similar to that of semiconducting photocatalyst. In addition, both anodic and cathodic 

photocurrents were observed for a GO nanosheet (GO/ITO) electrode during the 

photoelectrolysis reaction.  

B. Heterogeneous catalyst  

Graphene based catalysts can also be used in some organic reactions and 

electrochemical reactions as a heterogeneous catalyst. Dhakshinamoorthy et al.121 used 

GO as an acid catalyst for the room temperature ring opening of epoxides with 

methanol and other primary alcohols as nucleophile and solvent. The regioselectivity 

was high, rendering the expected product from an acid catalyzed SN1 ring-opening 

mechanism. Li et al.122 modified graphene with palladium nanoparticles in a facile 

manner by reducing palladium acetate in the present of sodium dodecyl sulfate. Pd–

graphene hybrids exhibited excellent catalytic activity in the Suzuki reaction performed 

in water under aerobic condition, acting as an efficient and easily recovered catalyst for 

the low-cost and environmentally-friendly synthesis of biaryls. The catalysts can be 

regenerated simply by washing with deionized water.  
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Highly active catalysts for oxygen reduction reactions (ORR) are regarded as a key to 

optimize the performance of fuel cells. Graphene-based materials were reported a 

potential metal-free catalyst for ORR owing to the superior electrical conductivity. Yang 

et al.67 synthesized graphene-based carbon nitride (G–CN) nanosheets with enhanced 

electrical conductivity, using graphene-based mesoporous silica nanosheets (GM–silica) 

as template and ethylenediamine and carbon tetrachloride as CN precursors. The G–CN 

nanosheets exhibit excellent electrocatalytic properties for ORR, including high 

electrocatalytic activity, long-term durability, and high selectivity, all of which are 

superior to the CN sheets without graphene and the commercially Pt–C catalysts. 

1.3.3.5 Bio-applications 

    Two-dimensional (2D) carbon nanomaterials such as graphene, graphene oxide and 

their derivative have been widely explored in various directions of biomedicine in 

recent years. Several research efforts have been focused on analyzing the 

biocompatibility of GO and graphene. Liu et al.123 have shown that chemically 

functionalized graphene not only converts water-insoluble drug molecules into water-

soluble ones, but also can release the drug molecule in a controlled way. Jin et al.91 

functionalized GO with different amine terminated polyethylene glycols (PEG) and 

investigated its interactions with serine proteases. They found PEGylated GO could 

selectively improve the trypsin activity and thermostability, while barely effect on 

chymotrypsin or proteinase K. The interactions of nanomaterials with 

biomacromolecules are closely associated with their surface chemistry or nano-

interfaces and can be regulated through modifying surface. Ma et al.124 modified the GO 

by depositing Ag nanoparticle on the surface of GO nanosheets, which can keep well-

dispersion of Ag nanoparticles on GO and enhance the antibacterial activity through the 

synergistic effect of Ag nanoparticles and GO. The results indicated excellent 
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antibacterial properties towards E. coli.by Ag–GO nanosheets. This material is eco-

friendly to the environment and expected to be applied beyond water purification. 

Akhavan et al.81 reduced graphene oxide by glucose and investigated photothermal 

therapy of LNCaP prostate cancer cells in vitro. They found that the glucose-reduced 

GO with a high (low) concentration of 1 (0.05) mg/mL requires only 0.5 (12) min for 

complete destruction of the cancer cells under irradiation of an 808 nm laser source with 

power density of 7.5 W/cm2. The results indicate the biocompatibility of the glucose-

reduced GO without cytotoxic effects and the effective NIR photothermal nano-therapy 

of cancer cells. 

1.3.3.6 Membranes 

A. Conductive membranes  

Graphene-based conductive membranes are far more flexible than traditional indium 

doped tin oxide films and have attracted considerable attention due to their potential 

application in bendable electronic and optoelectronic devices, transparent conductors, 

sensors, supercapacitors, etc.79 Xiao et al.125 fabricated high-performance flexible 

electrodes by structurally integrating 2D-assemblies of nanoparticles with freestanding 

graphene paper. The gold nanoparticles at oil-water interfaces are transferred on the 

graphene oxide paper through dip coating, forming a uniform monolayer of gold 

nanoparticles. The Au NPs coated graphene oxide membranes are sensitive and 

selective to glucose and hydrogen peroxide secreted by live cells. Li et al.126 grew 

vertically aligned carbon nanotubes (VACNTs) on graphene paper (GP) using CVD 

method and investigated its performance as an anode in lithium-ion batteries (LIBs) and 

as a counter electrode in dye-sensitized solar cells (DSSCs). The LIBs with VACNT/GP 

film as the anode showed stable discharge capacity of 290 mAhg−1 at 30 mAg−1 after 40 

cycles, with a Coulombic efficiency of ∼ 95%, which is much higher than bare GP or 
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CNTs. The VACNT/GP film as counter electrode shows superior FF, Jsc and Voc for the 

DSSC. The efficiency of the DSSC reached 83% of that with a Pt film electrode.  

B. Filtration membranes  

Graphene/GO membrane exhibits highly desirable properties for membranes 

including high solute rejection rate, excellent mechanical strength, good flexibility, 

chemical and thermal stability, which makes it highly interesting and promising to 

separate gas, remove large particles, most organic and inorganic compounds, bacteria, 

virus and even metal ions from water. Qiu et al.127 fabricated permeation-tuneable 

nanofiltration membranes through controlling the amplitude of corrugation of 

chemically converted graphene (CCG) sheets by hydrothermal treatment. The water 

permeation rate increased with increasing of hydrothermal treatment temperature of 

CCG dispersion, as higher temperatures treated CCG sheets appear more corrugated. 

The particle rejection tests confirm the tunable pore size of graphene membranes by 

controlling the amplitude of corrugation of CCG sheets.  

Figure 1.23 A) Weight loss for a container sealed with a GO film (h≈1 mm; aperture’s 

area≈1cm
2
). B) Permeability of GO paper to water and various small molecules. Inset: 

Schematic representation of the structure of monolayer water inside a graphene 

capillary.
128 
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Nair et al.128 found that submicrometer-thick graphene oxide membranes were 

completely impermeable to liquids, vapors, and helium gases, but with unimpeded 

permeation to water. The permeation of many liquid and gases through GO membranes 

was studied as shown in Figure 1.23. In Figure 1.23A, no weight loss was detected for 

ethanol, hexane, etc., but water evaporated from the container as freely as through an 

open aperture, which caused weight loss for water. The membrane can be used many 

times for different liquids, always exhibiting unimpeded permeation for water and zero 

evaporation for other molecules. As observed in Figure 1.23B, the permeation rate of 

water through the membranes was at least 1010 times faster than He. 

1.4 Objectives of the thesis 

The primary aim of this work is to develop new synthetic routes of low dimensional 

carbon nanomaterials and broaden their application in environmental areas. The specific 

objectives are: 

(1) Develop new methods to synthesize carbon dots with high luminescent properties 

in a facile manner.  Investigate the application as sensors for water pollutants. 

(2) Develop new method for 2D carbon nanosheets. Investigate its properties and 

applications. 

(3) Develop novel graphene or graphene oxide based membranes for water 

purification.  

(4) Synthesize metal oxide nanomaterial and graphene/metal oxide composites as 

photocatalysts for photochemical degradation of organic dyes in aqueous solution. 

1.5 Thesis organization 

    Chapter 1 mainly introduced the major synthetic techniques and application areas of 

carbon dots and two-dimensional carbon nanomaterials. 
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Chapter 2 showed the synthesis and characterization of an organosilane 

functionalized carbon dots. Solvothermal method was used to achieve low temperature 

synthesis of CDs with high quantum yield, excellent stability and amphiphilic properties. 

The application of CDs as fluorescence probes was investigated and found it showed 

high selectivity and high sensitivity to Hg2+ ions in pure water and other critical 

solutions, such as brine water and real municipal wastewater. 

Chapter 3 presented a solvothermal synthesis of nitrogen doped CDs without the 

requirement of passivation process. The nitrogen doped CDs showed excellent 

selectivity to Fe3+ ions as well as good sensitivity. 

Chapter 4 reported a bottom-up one-step solvothermal synthesis of thin layered CNS 

from common, inexpensive chemical reagents. The optimum synthesis conditions were 

discussed. The roles of the reactants in the formation of layered sheets structure were 

also investigated. Furthermore, the adsorption tests of CNS to methylene blue and 

methyl orange indicated that CNS is a highly effective adsorption material. 

Chapter 5 described the fabrication of GO membrane with tunable permeation via 

embedding carbon dots into the interspaces to tune the spaces and channels between GO 

layers. The fabrication process and separation performance of CDs embedded GO 

membranes were evaluated in this work.  

Chapter 6 studied the fabrication of photocatalytic membranes for water treatment 

through embedding Cu2O and TiO2 nanowires into graphene membranes. The 

membranes can be used for water treatment through both nanofiltration and 

photocatalytic to remove the pollutants in wastewater. The permeability and 

photocatalytic performance were evaluated in this chapter. 

Chapter 7 summarized the overall outcomes of this thesis.  
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Chapter 2 Synthesis and Characterization of Organosilane Functionalized Carbon 

Dots and Its Applications 

2.1 Introduction 

Carbon dots (CDs) are a class of carbon-based nanoparticles that comprise 

discrete carbogenic nanoparticles with sizes below 10 nm. CDs have emerged as 

versatile fluorescent nanoparticles possessing unique features such as high 

quantum yields, nontoxicity, non-blinking, high photostability and vast 

accessibility,1-3 with strong potential to be applied in bioimaging, sensing and 

optoelectronic devices.2, 4-5 CDs can be synthesized through several methods 

including laser ablation,6 electrochemical exfoliation,7 carrier-supported aqueous 

route,2 combustion route,8 hot injection,9 hydrothermal treatment,10 microwave 

treatment,11 etc. Often a post-functionalization procedure is required for 

imparting desired functional moieties to the nanoparticles.2-3  

Despite being one of the most toxic heavy metal ions, mercury (Hg2+) ion is 

widespread and widely used in industry and causes serious environmental and 

health concerns.12-15 In fact the maximum contamination limit for Hg2+ in 

drinking water is set at 2 ppb (~ 10 nM) by the United States Environmental 

Protection Agency. Therefore, the detection and remediation of Hg2+ in water has 

always been an important issue in environment and public health. The increased 

necessity in wastewater recycling in recent years has further increased the 

urgency of developing facile and accurate Hg2+detection methods. The safety and 

public acceptance of the use of recycled wastewater demands monitoring of the 

presence and concentration of toxic chemicals, such as Hg2+, in both wastewater 

and recycled water. In addition, it is also of high importance to monitor the 

quality of wastewater discharge into the coastal estuary area because of the 
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bioaccumulation effect for Hg2+. Hence, it is imperative to develop a facile and 

accurate method for the detection of trace amounts of Hg2+ in water and 

wastewater.  

Many analytical methods for Hg2+ detection have been developed including 

surface-enhanced Raman scattering (SERS) technique,16 surface plasmon 

resonances,17 inductively coupled plasma mass spectrometry,18 fluorescence 

chemosensors19 and electrochemical methods,20 etc. Among them, fluorescence-

based sensing probe is most desired owing to the advantages such as high 

sensitivity, fast response, non-destructiveness and convenient operations.21 Most 

of the Hg2+ fluorescence probes are metal-based, such as gold and silver 

nanoparticles and nanowires.22-24 Organic molecules and semiconductor quantum 

dots were also applied as fluorescence probes for Hg2+ detection.24-25 However 

the above fluorescence probes possess some disadvantages, which greatly limit 

their practical applications, such as high cost, toxicity of the probe materials, poor 

stability and complex synthesis procedure. Therefore, new Hg2+ fluorescent 

probes that can overcome the above limitations are highly desirable.  

Owing to the rich surface functional groups, CDs have been demonstrated as an 

effective fluorescence probe for the detection of copper ions,26 ferric ions,27 silver 

ions,28 as well as mercury ions29 in water. The presence of the cation analyte 

quenches the CD fluorescence with the fluorescence intensity being proportional 

to the concentration of analytes. In terms of Hg2+ sensing, CDs provide many 

advantages such as high sensitivity, better water solubility, economic and green 

synthesis routes, convenient detection procedure, and compatibility with optical 

fibre devices.30 However, there is still much room for improvements of CDs to 

bring them closer to practical applications. These improvements include simpler 
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and more efficient synthesis methods, improved optical properties such as tunable 

emission bands and enhanced quantum yield, heightened sensitivity, specificity 

and durability in complex fluids. The ability of CDs to sense Hg2+ in municipal 

wastewater effluent with highly complex structure containing large amounts of 

organic matters, bacteria and viruses is yet to be tested.  

In this chapter, we report a new kind highly photoluminescent (PL) 

organosilane functionalised CDs (OS-CDs) for Hg2+ detection, which was 

synthesized by a low temperature solvothermal treatment of citric acid in 

coordination solvent N-(β-aminoethyl)-γ-aminopropylmethyldimethoxysilane 

(AEAPMS). High quantum yield (QY) and excellent stability of the OS-CDs 

were observed. The resultant OS-CDs show amphiphilic properties; can be 

dissolved into most of the common water-based and oil-based solvents. 

Importantly, the as-prepared OS-CDs is an effective fluorescence probe with high 

selectivity and high sensitivity to Hg2+ with a detection limit of 1.35 nM and a 

linear range of 0~50 nM. Furthermore, the OS-CDs’ sensing ability to Hg2+ in 

real municipal wastewater and brine water of high salinity is preserved, still 

achieving nanomolar sensitivity. Our work may broaden the potential of OS-CDs 

in practical use for Hg2+ detection.  

2.2 Experimental 

2.2.1 Materials and methods  

Citric acid anhydrous was purchased from Sigma-Aldrich. N-(β-aminoethyl-γ-

aminopropylmethyldimethoxysila (AEAPMS) was purchased from Beijing 

Shenda Fine Chemical Co., Ltd. Sodium hydroxide, sodium chloride, potassium 

chloride, calcium chloride, magnesium sulfate, zinc sulfate heptahydrate, copper 

sulfate pentahydrate, cadmium chloride hydrate and chromium trichloride were 
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purchased from Chem-Supply. Hydrochloride acid, silver nitrate, mercury (II) 

chloride and cobaltous oxalate dihydrate were purchased from Alfa Aesar. All 

chemicals and reagents were used as received without any further purification. 

The solvents, dimethylsulfoxide (DMSO), methanol, dimethyl formamide (DMF), 

acetone, ethanol, tetrahydrofuran (THF), toluene and hexane were purchased 

from Alfa Aesar. All chemicals and reagents were used as received without any 

further purification. 

2.2.2 Synthesis of organosilane-functionalised CDs     

The typical procedure of solvothermal synthesis of OS-CDs is described as 

follows: 0.5 g citric acid anhydrous was added into 10ml AEAPMS with 

continuous stirring. The mixture was then transferred into an autoclave with a 

PTFE inner vessel and placed in 150 °C oven for 4 h. Brownish liquid was 

obtained after the reaction process. The product was dispersed in Milli-Q water or 

other appropriate solvent and purified by an Al2O3 filled chromatographic column 

three times to separate the unreacted AEAPMS with OS-CDs. The collection was 

filtered by a syringe filter with a pore size of 0.22 µm to remove the large 

particles. Finally, the solution was centrifuged for 30 min at 12000 rpm for 

further purification and the supernatant was collected and kept for further 

characterization.  

2.2.3 Characterization 

The hydrodynamic particle size was measured by Malvern Instrument Zetasizer 

Nano-ZS at room temperature. Atomic force microscopy (AFM, Dimension 3000) 

analysis was carried out with tapping mode on a platinum coated mica substrate. 

FT-IR spectra were collected on Perkin-Elmer Spectrum 100 with resolution of 

4 cm-1 in transmission mode at room temperature. A baseline correction was 
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applied after the measurement. X-ray photoelectron spectroscopic (XPS) 

measurements were performed on a Kratos Axis Ultra photoelectron spectrometer, 

which uses Al Kα (1253.6 eV) x-rays. Nuclear Magnetic Resonance 

Spectroscopy (NMR) was performed on Agilent 600 MHz instrument equipped 

with a triple resonance 1H (13C/15N) 5 mm cold probe. 

Absorption was measured by Jasco V670 UV-VIS spectrometer and 

fluorescence spectra were measured by Thermal Scientific Lumina Fluorescence 

Spectrometer. Quantum yield was calculated by comparing the integrated 

photoluminescence intensity values and the adsorption values with quinine 

sulphate reference solution. 

2.2.4 Amphiphilic property test 

The dispersibility of OS-CDs in different solvents: 100 L of OS-CDs was 

dropped into 5 ml of solvent, including DMSO, methanol, DMF, acetone, ethanol, 

THF, toluene and hexane as well as Milli-Q water, respectively and mixed 

uniformly. The samples were kept at the room temperature for two weeks. 

The amphiphilicity of CDs: First, 100 L of OS-CDs was dispersed into 5 ml 

toluene, then 5 ml of Milli-Q water was slowly added into above solutions. An 

interface was clearly observed between water and toluene. The mixture was kept 

under UV to observe the movement of OS-CDs between oil and water phase. 

2.2.5 Procedures for Hg2+ Sensing 

Detection of Hg2+ in pure water: The detection of Hg2+ was performed at room 

temperature. OS-CDs solution with a given concentration was prepared before 

measurement. A volume of 2 ml OS-CDs solution was collected into a cuvette 

followed by the addition of calculated amount of Hg2+ solution. After mixing 

uniformly and incubating for 30 min, the PL emission spectra were collected. 
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Detection of Hg2+ in municipal wastewater effluent: The wastewater after 

secondary treatment was collected from Redland Wastewater Treatment Plant, 

Brisbane, Australia. The wastewater sample was filtered with a 0.22 µm syringe 

filter first to remove the large particles including bacteria. A given concentration 

of OS-CDs in wastewater was then prepared. A volume of 2 ml of above OS-CDs 

in wastewater solution was transferred to a cuvette for PL measurement. Hg2+ 

solution was added into the vial step-wisely to increase the concentration from 1 

nM. Each time after adding Hg2+ solution, 30 minutes time intervals were given 

to allow a good diffusion-driven mixing in the vial, before the PL measurement. 

2.3 Results and discussion 

2.3.1 Synthesis Procedure of OS-CDs 

It is well known that even small changes of reaction parameters will lead to 

different properties of nanomaterials, especially in the synthesis of CDs.31 In this 

work, solvothermal method was employed using citric acid as the carbon source 

and N-(β-aminoethyl)-γ-aminopropylmethyldimeth-oxysilane (AEAPMS) as the 

coordination solvent to produce a highly photoluminescent CDs at a low 

temperature of 150 oC. It is worth noting that with the same carbon precursor and 

the same solvent, previous study that used an open reaction system at 240 ˚C 

resulted in hydrophobic CDs.23   The difference between the two synthesis 

strategies is that in solvothermal method the reactor is tightly sealed, therefore the 

water produced when citric acid condenses into the carbon cores is trapped in the 

autoclave under pressure. A fraction of the trapped water is very likely to stay at 

the interface between carbon nucleates and organosilane solvent through 

hydrogen bonds, forming a thin water layer, which facilitates the formation and 

retention of these hydrophilic functional groups (-OH and -COOH). Meanwhile, 
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the organosilane molecules will be hydrolyzed with the thin water layer and 

attach onto the surface of CDs through Si-O-Si or Si-O-C bonding.32 The overall 

synthesis procedure is illustrated in Figure 2.1. 

 

Figure 2.1 Illustration of possible formation process of OS-CDs from citric acid 

and AEAPMS by solvothermal treatment. 

2.3.2 Morphology Analysis of OS-CDs 

The analysis of the OS-CDs morphology by transmission electron microscopy 

was challenging because the AEAPMS passivated OS-CDs tend to draw moisture 

from the air and hydrolyze, self-condense to gel-type material, similar to previous 

reports.
23

 The AFM images of the carbon dots in Figure 2.2A provide two-

dimensional (2D) morphology of the OS-CDs, the height profile along the line 

was also shown in Figure 2.2A, showing the height of particles ranging from 0.5 

to 3 nm. 3D morphology was also displayed in Figure 2.2B. 
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Figure 2.2 A) AFM image of OS-CDs with height profile along line. B) 3D 

morphology of OS-CDs. 

 

Figure 2.3 The size distribution of OS-CDs (A) and OS (B) in water measured by 

DLS. 

    The dynamic light scattering (DLS) analysis of a water diluted OS-CD sample 

shows a narrow size distribution of 0.5-2 nm, as shown in Figure 2.3A. The DLS 
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was also applied to measure the size distribution of AEAPMS dispersed in water 

for comparison. As shown in Figure 2.3B, large particles with a size ranging from 

500-1000 nm were observed, which may be due to aggregation.  

2.3.3 Structural Characterization of OS-CDs 

2.3.3.1 FTIR Analysis of OS-CDs 

 

Figure 2.4 FTIR spectra of citric acid, OS-CDs and AEAPMS. 

    Figure 2.4 shows the FT-IR spectra of OS-CDs in comparison with the 

reactants, namely citric acid and AEAPMS. It is clear that C=O stretching 

vibration of the -COOH groups appeared at 1745 cm
-1

 after the reaction. The 

broad absorption between 3200~3600 cm
-1

 was attributed to hydroxyl groups or 

N-H. The peaks at 1630, 1565 and 1460 cm
-1

 belonging to the C=O, N-H and C-
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H stretching of amide bond, respectively, suggest the formation of R-C=ONR 

between AEAPMS and carbon core, as illustrated by the red branches in Scheme 

1. It should be highlighted that there is a distinctive, broad peak between 856 cm
-1

 

and 1140 cm
-1

, which could be attributed to Si-O-Si and Si-O-C peaks, 

suggesting the formation of siloxane groups by hydrolization, which may lead to 

the attachment of organosilane long chain onto the carbon core surface, as 

illustrated by the blue branches in Scheme 1. The vibrational fingerprints of C-N 

(1180, 1250 cm
-1

) and -NH2 (3300 cm
-1

) stretching vibration belonging to the 

amine-terminated long chains were both observed in the spectra of AEAPMS and 

OS-CDs. The Si-O-Si and Si-O-C peaks as well as the terminal amine further 

confirm the attachment of amine-terminated long chains onto surface of OS-CDs 

through hydrolization of organosilane. 

2.3.3.2 XPS Results of OS-CDs 

    The XPS surface scan of OS-CDs shown in Figure 2.5A reveals the elementary 

composition and atom percentages of OS-CDs, namely C 61.17 %, N 13.93 %, O 12.95 % 

and Si 11.95 %, confirming the framework of the OS-CDs are mainly constructed by 

carbon. High resolution spectrum of Si 2p was shown in Figure  2.5B, the fitting peak at 

101.9 eV is attributed to Si-O-CCDs,
33

 suggesting the covalent attachment of silane end 

to the carbon core, and the peak at 104.9 eV is assigned to Si-O-Si
34

 of the silica 

network generated during the hydrolyzation of organosilane. High resolution spectra of 

C 1s, N 1s and O1s detailing the chemical bonding states were also shown in Figure 

2.5C-E. In the C 1s spectra, the peak at 284.6 eV is assigned to C-C/C=C bonds of the 

framework, whereas the peaks at 285.6 eV and 287.8 eV can be attributed to C-N/C-O 

and C=O bond, respectively.  N 1s spectra show peaks at 399.1 eV and 400.0 eV for C-
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N and -NH2, respectively. In O1s spectra, peaks at 530.6 eV and 532.0 eV are ascribed 

to N-C=O and C-O, respectively. 

 
Figure 2.5 XPS survey scan (A) and high resolution spectra of Si 2p (B), C 1s (C), N 1s 

(D) and O 1s (E).       
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Figure 2.6 The 
13

C-NMR and 
1
H-NMR spectra of as-prepared CDs and AEAPMS. 

 

 

2.3.3.3 NMR Results of OS-CDs 
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The NMR results in Figure 2.6 confirm the formation of R-C=ONR group by 

amidation reaction through the peak of 171 ppm in 
13

CNMR. In addition, the 

intensity decrease of the H belonging to -OCH3 group was observed in 
1
HNMR, 

indicating the less amount of -OCH3 groups. This decrease can be attributed to 

the hydrolyzation of -Si(OCH3)2CH3 on carbon core surface in the presence of 

water, which was generated by the condensation of citric acid. 

Overall, the chemical analyses have suggested that the solvothermal synthesized OS-

CDs are constructed by mainly by carbon with dual long chains attached through R-

C=ONR bond originated from amidation as well as Si-O-C and Si-O-Si bonding due to 

silane hydrolization on the surface of CDs as illustrated in Scheme 1. The co-existence 

of both amine terminated and Si(OCH3)2CH3  terminated long chains on the surface of 

as-prepared OS-CDs afford them unique properties and functionalities. 

2.3.4 The Optical properties of OS-CDs 

The as-synthesized OS-CDs show a distinctive absorption peak centred at 360 nm 

in the UV-Vis absorption spectrum and maximum emission peaks at 465 nm in 

the emission spectra as shown in Figure 2.7. In contrast to earlier reported OS-

CDs,
9
 the as-prepared OS-CDs are excitation-independent. When the excitation 

wavelength was in range of 320~420 nm, no noticeable position shift in emission 

peaks was observed with the maximum emission wavelength remained at 465 nm. 

Further increasing excitation wavelength to 440 nm and above, the OS-CDs was 

almost non-fluorescent, indicating that only one fluorescence centre dominates 

the fluorescence of these nanoparticles. The excitation-independence may also be 

ascribed to the narrow particle size distribution. 360 nm was selected as the 

excitation wavelength in the following experiment as it induced the highest 

fluorescent intensity of OS-CDs.  
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Figure 2.7 UV-Vis absorption spectrum and PL emission spectra of OS-CDs at 

different excitation wavelengths, the inset is the picture of OS-CDs under room 

light and 365 nm UV lamp.  

    The QY of the as-prepared OS-CDs in Milli-Q water is 51 %, higher than most 

other reported CDs.
24,35

 The fluorescence lifetime of OS-CDs in water under the 

excitation of 360 nm can be fitted by a multi-exponential function as shown in 

Figure 2.8. Two fitting decay times were acquired, namely τ1=5.45 ns (5 %) and 

τ2=15.49 ns (95 %) with the average lifetime of 14.99 ns. Its extraordinary long 

fluorescence lifetime compared to the other CDs
36

 is likely due to the abundant 

long chain surface functional groups, which provide better trapping effect. 
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Figure 2.8 The fluorescence lifetime of OS-CDs. 

2.3.5 The Optimization of Synthesis Parameters 

    In order to get optimized CDs, many experiments were conducted to optimize 

the synthesis conditions of CDs. Quantum yield was used as a standard to 

evaluate the quality of CDs. We first investigated the effect of ratio of reactants 

through changing the amount of citric acid, during the procedure of experiments, 

the volume of AEAPMS was kept at 10 ml, the results were displayed in Table 

2.1. The PL intensity increased when increasing citric acid amount, but after 

reaching 0.3 g, there was not large difference in the fluorescence property. The 

best amount of citric acid was 0.5 g, which got highest QY of 49 %. Then, we 

studied the CDs synthesized at different temperature (120~240 oC), and found 

CDs synthesized at 180 oC showed strongest fluorescence (as shown in Figure 

2.9A). Hence, 180 oC was selected as the optimal reaction temperature. The effect 

of reaction time was also investigated and found the QY of CDs reacted for 4 h at 
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180 oC was the highest (shown in Figure 2.9B), therefore, 4 h was the optimal 

reaction time. 

Table 2.1 The effect of ratio of reactants on quantum yields 

 

Reactant 
QY（%） 

AEAPMS（ml） Citric acid（g） 

10 0.05 31 

10 0.1 37 

10 0.3 46 

10 0.5 49 

10 0.7 46 

10 1 43 

 

 

Figure 2.9 The effect of reaction temperature (A) and reaction time (B) on quantum 

yields. 

2.3.6 Amphiphilicity and Stability of OS-CDs 

2.3.6.1 Amphiphilicity of OS-CDs 

    OS-CDs can be well dispersed in both polar and apolar solvents. Figure 2.10A 

shows that OS-CDs can be well dispersed in DMSO, methanol, DMF, acetone, 

ethanol, THF, toluene and hexane as well as Milli-Q water, with no sediment or 

layering phenomenon were observed after two weeks, which shows the excellent 
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multi-solvent solubility and stability. The amphiphilicity of OS-CDs was vividly 

observed by mixing OS-CDs in toluene and water mixture, as shown in Figure 

2.10B. Fluorescence disappeared completely in toluene phase but transferred into 

aqua phase after 1 day, indicating the better solubility of OS-CDs in water than in 

toluene. The strong amphiphilicity of the as-synthesized OS-CDs further 

confirms the dual long chain surface chemistry illustrated in Figure 2.1.  

 

Figure 2.10 A) The dispersion of OS-CDs in different solvents. B) The 

amphipathic performance of OS-CDs in toluene and water phase.  

The PL intensity of CDs in all above solvents were characterized and shown in Figure 

2.11.  It was observed that the freshly dispersed CDs had higher PL intensity in organic 

solvents than water as shown in Figure 2.11A. However, the PL intensity of CDs in 

organic solvents decreased sharply after two weeks as shown in Figure 2.11B. The PL 

degradation of the CDs in organic solvents is probably caused by the unhydrolyzed 
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amine terminated long AEAPMS chains attached on the surface of CDs, which were 

gradually dissolved in organic solvents and removed from the surface of CDs, therefore 

caused sharp decrease of PL intensity. A red shift of emission peak in MQ water was 

observed in Figure 2.11C. This might be because of the formation of hydrogen bond 

due to the -OH, -COOH or -NH groups of CDs when dispersed in water. The emission 

peaks of CDs in different solvents are almost fixed, which means the emitting centers of 

CDs are chemical stable in all solvents, only emitting blue fluorescence when excited 

by 360 nm UV light. There was no obvious regularity for the intensity changing of CDs 

in different solvents. The irregular behaviors might be due to the complex of CDs. 

Hence, there exists more than one type of interaction between CDs and solvents, for 

example, solvent polarity, hydrogen bonding, CDs solubility, etc. It can be concluded 

that these solvothermal synthesized silane-functionalized CDs are amphiphilic; they can 

be well dispersed in both organic and aqueous solvents. But they are more stable in 

water. 

 
Figure 2.11 A) The emission spectra of CDs freshly dispersed in different solvents, B) 

the emission spectra of CDs after seven days, C) normalized spectra of CDs 

2.3.6.2 UV stability test of OS-CDs 

    The stability of CDs was evaluated before studying its application. First, the 

photoluminescent stability of CDs including short term and long term UV 

stability were evaluated respectively and shown in Figure 2.12. The fluorescent 



CHAPTER 2 
 

 

72 
 

intensity of CDs was stable in short term of 160000 ms duration with only 3 % 

decrease as indicated in Figure 2.12A. Figure 2.12B showed the results of long 

term UV stability test performed by placing CDs aqueous under a 365 nm UV 

light for 7 days. A sharp decrease on PL intensity was observed in the first 3 days 

then the PL intensity stabilized during the continuous illumination with 55 % of 

the fluorescence remains. 

 

Figure 2.12 A) short term and B) long term UV stability 

2.3.6.3 Thermal stability test of OS-CDs 

    The thermal stability of OS-CDs in water at different temperature (25, 45, 65 

and 85 oC) was investigated and the results were shown in Figure 2.13. The PL 

intensity decreases with increasing solution temperature due to thermal diffusion 

and collision, as shown by the emission spectra of OS-CDs in Figure 2.13A. 

However, when the temperature of solution was cooled down from 85 to 25 oC, 

the PL intensity was restored to more than 95% of its original level after the first 

cycle. In the following temperature ramping cycles, the PL intensity did not 

change further as shown in Figure 2.13B, with over 99 % of the PL recovered in 

the following cycles. The PL thermal stability within the tested range from 25 to 
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85 oC indicates that the fluorescence quenching of OS-CDs under high 

temperature are mainly ascribed to the physical changes such as lower viscosity 

of solution, faster diffusion and hence larger amounts of collision between OS-

CDs particles at high temperature, while the structure of the as-synthesized OS-

CDs is well preserved in this process. 

 

Figure 2.13 A) PL spectra of as-prepared OS-CDs aqueous at various 

temperatures. B) Fitting curve of PL intensity changes at various temperatures 

under heating and cooling cycle running.  

2.3.6.4 The pH sensitivity of OS-CDs 

    We also investigated the fluorescence response of OS-CDs to the pH of a 

solution. As depicted in Figure 2.14A, the OS-CDs showed reduced PL intensity 

at lower pH. The PL intensity increased linearly with the increase of pH from 1 to 

5 (adjusted by adding NaOH), indicating the quenching effect of acidity. The 

further increase of pH from 5 to 12.6 leaded to a gradual decrease of PL intensity. 

Figure 2.14B shows the linear fitting of pH value versus PL intensity, with the pH 

value in range of 1 to 5. The correlation coefficient R2 of the fitting curve is 

0.9942, indicating the goodness of the fit on the relationship between pH and PL 

intensity. We postulate that the sensitivity of as-prepared OS-CDs to pH is due to 
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the protonation and deprotonation of -NH2 terminal group on the long functional 

chain. As mentioned earlier, this orientation of the organosilane chain with -NH2 

towards outside is a result of solvothermal synthesis, in contrast to the OS-CDs 

synthesized by ‘hot injection’ method. Such pH sensitivity was not observed with 

OS-CDs before. This result suggests that the as-prepared OS-CDs can also be 

used as a simple pH probe for weak acidic solutions. We postulate that the 

sensitivity of as-prepared OS-CDs to pH is due to the protonation and 

deprotonation of -NH2 terminal group, and the electron transfer upon protonation, 

as illustrated in Figure 2.1. 

 

Figure 2.14 A) The pH effect on photoluminescence intensity of as-prepared OS-

CDs. B) Linear fitting curve of pH value to PL intensity. The error bars represent 

the standard deviation. 

2.3.6.5 The ionic stability of OS-CDs 

    The as-synthesized CDs can fluoresce even in solutions of very high ionic 

strength. As shown in Figure 2.15, when the concentration of NaCl in the solvent 

was below 1 M, there was almost no noticeable change in the PL intensity. 

Further increasing the concentration to 5 M, the PL intensity decreased by 
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approximately 10%, but still considerably high. This PL stability in salty 

environment is highly desirable in fluid tracer applications. 

 

Figure 2.15 The PL intensity of OS-CDs in NaCl solutions of different 

concentrations.  

2.3.6.6 The effect of different metal ions to the fluorescence of OS-CDs 

    The as-synthesized OS-CDs fluorescence sensitivity to metal cations were first 

assessed by adding a series of 100 µM aqueous solutions containing Ag
+
, K

+
, Na

+
, 

Ca
2+

, Mg
2+

, Zn
2+

, Cu
2+

, Hg
2+

, Co
2+

, Cd
2+

, Fe
3+

 and Cr
3+

. As shown in Figure 

2.16A, the PL of the OS-CDs was insensitive to most of the metal cations but 

Hg
2+

 and Fe
3+

. To further verify the effect of the co-presence of some common 

mineral elements such as K
+
, Na

+
, Ca

2+
 and Mg

2+
 on OS-CDs’ sensing selectivity 

to Hg
2+

, the PL intensities of OS-CDs in pure water, and in solutions containing 

K
+
, Na

+
, Ca

2+
, Mg

2+
 and a mixture of all above (100 µM) with and without Hg

2+
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were compared as shown in Figure 2.16B. The result clearly demonstrates that 

the presence of one or more above common metal ions has no adverse impact on 

OS-CDs’s sensitivity to Hg
2+

 ions. In addition, anions such as SO4
2-

, NO3
-
, Cl

-
 

and C2O4
2-

 were found to have no effect on the fluorescence of OS-CDs (data not 

shown). All these lead to the conclusion that the as-prepared OS-CDs possess 

excellent selectivity to Hg
2+

.  

 

Figure 2.16 A) Effect of metal ions (100 µM) on the fluorescence of OS-CDs. B) 

PL intensity of OS-CDs in water, K
+
, Na

+
, Ca

2+ 
and Mg

2+
 aqueous (100 µM) with 

and without Hg
2+

 ions, Mixed ions including K
+
, Na

+
, Ca

2+ 
and Mg

2+
, with the 

concentration of 100 µM. 

2.3.7 The Application of OS-CDs in Hg2+ detection  

2.3.7.1 The detection of Hg2+ in pure water 

    Although Fe
3+

 also induced the fluorescence quenching of OS-CDs, Hg
2+

 can 

be selectively identified by adding sodium hexametaphoshpate as the masking 

agent of Fe
3+

 ions
37

 as shown in Figure 2.17.  
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Figure 2.17 The PL intensity of OS-CDs in water, Hg
2+

, Fe
3+

, Hg
2+

-Fe
3+

  and 

Hg
2+

-Fe
3+

-SHPP; the concentration [Hg
2+

]=1 µM, [Fe
3+

]=100 µM, 

[SHPP]=1mM. 

    The sensitivity of the as-prepared OS-CDs to Hg
2+

 concentration in the range 

of 0~5 µM was evaluated. As shown in Figure 2.18A, concentration-dependent 

quenching was observed: with the increase of Hg
2+

 concentration from 0 to 5 µM, 

the PL intensity decreased gradually. The fluorescence quenching data can be 

fitted by the Stern-Volmer equation: 0 1 SV

F
K c

F
  , where KSV is the Stern-

Volmer quenching constant, c is the concentration of Hg
2+

, F0 and F is the PL 

intensity of OS-CDs without Hg
2+

 and with different concentration of Hg
2+

, 

respectively. As shown in Figure 2.18B, a good linear correlation (R
2
=0.9977) 

was obtained over the concentration range of 0~50 nM, with a quenching 

constant KSV of 6.49×10
-3

 L/mol.  
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Figure 2.18 A) Emission spectra of OS-CDs in water with different Hg
2+

 

concentrations of 0~5 µM. B) The linear region of Stern-Volmer plot within the 

range of 0~50 nM; Inset: The relationship between F0/F-1 and Hg
2+

 

concentrations within the range of 0~1 µM.  

    The detection limit of Hg2+ was calculated with the following equation: 3𝜎/𝑚, 

where m is the slope of fit curve of the fluorescence quenching values (Fo-F) vs. 

Hg2+ concentration. 𝜎 is the standard deviation of the fluorescence of the sample 

without addition of Hg2+. As shown in Figure 2.19, the m value was obtained to 

be 32.4,  𝜎 (averaged from nine times measurement) was obtained to be 43.85. 

The detection limit was thus calculated to be 1.35 nM. The time-dependant 

quenching of OS-CDs was observed as shown in Figure 2.20, indicating 30 min 

was required for the complete interaction between OS-CDs and Hg
2+

 ions due to 

a slow diffusion and combination. 
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Figure 2.19 Fluorescence quenching value (Fo-F) vs. Hg
2+

 concentration. 

 

Figure 2.20 Time-dependant quenching of OS-CDs by Hg
2+

 with concentration 

of 0.5 µM. 
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    The as-prepared OS-CDs by solvothermal method showed a significantly 

better sensitivity to Hg
2+

 than that of the OS-CDs prepared by ‘hot injection’ 

method.
38

 As depicted in Figure 2.1, the solvothermal synthesized OS-CDs have 

amine-terminated alkyl chain due to the silane reaction with carbon surface with 

the presence of water layer, in contrast to the OS-CDs by ‘hot injection’.
25

 It is 

known that the binding affinity between Hg
2+

 and -NH2 /-NH groups is stronger 

than that between Hg
2+

 and hydroxyl or carboxylate groups.
39

 In addition, the 

spatial distribution of these terminal amino groups and the amine groups in the 

middle of the alkyl chain is very likely to trap Hg
2+

 and forms complexations, as 

illustrated in Figure 2.21. Such a binding event would facilitate the non-radiative 

electron/hole recombination annihilation through an effective electron transfer 

process, causing fluorescence quenching.  

 

Figure 2.21 Schematic illustration of the Hg(II) complexation on OS-CDs 

surface. 

2.3.7.2 The detection of Hg2+ in brine solutions 

    The high ionic strength PL stability of OS-CDs is highly desirable in real 

applications such as water quality measurement at mining sites. Therefore, we 

further evaluated the sensitivity of OS-CDs to Hg
2+

 ions in salty solutions (with 

NaCl concentration of 1 M).  As shown in Figure 2.22, the PL of the as-prepared 
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OS-CDs maintains excellent response to the concentration of Hg
2+

 in the range of 

0~50 nM with a good linearity (R
2
=0.9987). The detection limit was determined 

as 1.7 nM, very close to the result in pure water, confirming the stability of OS-

CDs in solutions of high ionic strength as a result of the steric effect. 

 

Figure 2.22 A) Emission spectra of OS-CDs salty solution (in 1M NaCl) in the 

presence of different concentrations of Hg
2+

 in range of 0~5 µM; B) The linear 

region of Stern-Volmer plot within the range of 0~50 nM; Inset: The relationship 

between F0/F-1 and Hg
2+

 concentrations within the range of 0~1 µM.  

2.3.7.3 The detection of Hg2+ in municipal wastewater effluent 

    To further increase the complexity of the sample composition, wastewater after 

secondary treatment was employed, which contains many kinds of bacteria, 

viruses, metal ions and fluorescent organic molecules. The fluorescence 

quenching of OS-CDs by different concentration of Hg
2+

 in the wastewater 

sample were investigated. As shown in Figure 2.23A, the decrease of PL intensity 

with the increase of Hg
2+

 concentration indicating that the OS-CDs can still 

detect the Hg
2+

 ions from 0.2 µM to 40 µM. The Stern-Volmer plot show the 

linear range of 0 to 1 µM with R
2
=0.9978 and KSV=0.26 L/mol according to 
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Figure 2.23B. The detection limit for Hg
2+

 in wastewater was calculated to be 50 

nM, highly sensitive for wastewater quality monitoring. The preserved excellent 

Hg
2+ 

sensitivity in wastewater effluent suggests the as-synthesized OS-CDs are 

largely non-interactive with the microorganisms and organic molecules in 

wastewater, owing to the negative charge, long chain surface functional groups. 

The slight loss of Hg
2+

 sensitivity of OS-CDs in wastewater is likely due to the 

high background fluorescence caused by the organic molecules in wastewater. 

 

Figure 2.23 A) Emission spectra of OS-CDs in waste water with different 

concentrations of Hg
2+

 in range of 0~40 µM. B) The linear region of Stern-

Volmer plot within the range of 0~1 µM; Inset: The relationship between F0/F-1 

and Hg
2+

 concentrations within the range of 0~40 µM. 

2.3.8 The Application of OS-CDs in Fe3+ detection 

As the OS-CDs showed the best response to iron ions, we also investigated the 

application of OS-CDs on iron ions detection. The results were given in Figure 

2.24. Similar to Hg2+, the quenching of OS-CDs by Fe3+ showed concentration 

dependent as well. Figure 2.24A showed the decrease of PL intensity of OS-CDs 

by different concentration of Fe3+ in the range of 0~100 µM . Figure 2.24 B 
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displayed the PL data versus the concentration of Fe3+ ions. The data in the range 

of 1~50 µM were linear fitted with R2=0.9911. The detection limit was 

determined to be 0.63 µM. The results imply that as-prepared OS-CDs could be 

used as probe to detect Fe3+. 

 

Figure 2.24 A) Emission spectra of CDs in the presence of increasing Fe
2+

 

concentrations; B) The relationship between F/F0 and Hg
2+

 concentrations; Inset: 

linear region of the curve. The error bars represent the standard deviation.  

2.4 Conclusions 

    In summary, a new kind of OS-CDs was formed by a low temperature (150 ºC) 

solvothermal synthesis of citric acid in AEAPMS. The as-synthesized OS-CDs 

have dual long chain functional groups with both -NH2 and -Si(OCH3)3 as 

terminal moieties. An enclosed synthesis system such as the autoclave traps water, 

a by-product of carbon core formation, therefore, it enables the organosilane, 

AEAPMS, to covalently attach on carbon surface by both ends, namely the -NH2 

end by amidation and the -Si(OCH3)2CH3 end by hydrolization and Si-O-C 

formation. The resultant OS-CDs are amphiphilic, stable in solutions of high 

ionic strength with QY up to 51 %.  More significantly, they exhibit excellent 
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selectivity and sensitivity to Hg
2+

 with a linear detection range of 0~50 nM and 

detection limit of 1.35 nM. The sensitivity and selectivity to Hg
2+

 is preserved in 

highly complex fluids with a detection limit of 1.7 nM in spiked 1 M NaCl 

solution and a detection limit of 50 nM in municipal wastewater effluent.  Our 

results demonstrate that by tuning the arrangement of the surface functional 

groups, the as-prepared OS-CDs can be devised into an effective fluorescence 

probe for Hg
2+

 detection in complex samples. 
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Chapter 3 Hydrothermal Synthesis and Applications of Water Soluble Nitrogen-

doped Carbon Dots  

3.1 Introduction 

    Carbon dots (CDs) is an emerging material and has drawn increasing attention due to 

the attractive properties, such as tunable and stable fluorescence, low toxicity, 

biocompatible and chemical inert.1-4 CDs have been applied in various potential areas 

including bioimaging,5-6 photocatalyst,7-8 sensing,9 10 and optoelectronic devices.11 

Many methodologies to produce CDs have been reported, such as ‘top-down’ method 

including laser ablation,2 electrochemical exfoliation,12 etc. and ‘bottom-up’ methods 

including carrier-supported aqueous route,4 combustion route,13 hot injection,14 etc. Due 

to the drawbacks in traditional synthesis, including time-consuming process, severe 

experimental conditions, high cost and low quantum yields, new approaches were 

developed for CDs synthesis, eg. microwave and ultrasonic assistant method.15-16 

Recently, hydrothermal method became the most widely investigated route to synthesis 

CDs due to the low cost, easy operation and highly effective.17-18 In addition, many 

reactions can only be conducted in solvothermal system due to the limitation of solvents 

or reactants. Many types of materials can be used as precursors including carbonhydrate 

chemicals15-16, 19-20 as well as biomass6, 21 with complex component to produce 

fluorescent carbon nanoparticles. Among which citric acid is reported one of the most 

important carbon precursors to produce high quality carbon dots or graphene quantum 

dots.22, 23  

Doping heteroatoms, especially nitrogen, into CDs can change the electronic and 

transport properties and provide improved fluorescence efficiency, which will enrich the 

potential applications in bio-imaging,24 solar cells25 and photocatalysis.26 Nitrogen-

doped CDs (NCDs) can be synthesized through different method including 
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hydrothermal,27 electrochemical,28 one-pot method,25 high temperature carbonization,24 

etc. Different precursors, such as most commonly used aqueous ammonia, ammonium 

citrate, as well as recently developed natural materials including grass, soy milk and 

silk,6, 26-27, 29 were used as nitrogen source to achieve the doping of nitrogen. Although 

the approaches to synthesize NCDs have been well developed, higher nitrogen doping 

content, higher emission efficiency, more economical, facile and green method are still 

highly desired. 

 Iron is the fourth most common element on the earth and the second most important 

trace metal elemental in human body. It is widely used in agriculture and industry, the 

excessive use or disposal of industrial waste water may cause contamination of water 

source. In addition, both deficiency and overtake of iron in human body will also lead to 

serious diseases.30 Therefore, it is important for environment and human health to 

develop a practical and efficient method with high sensitivity and selectivity to the 

detect iron ions. Fluorescent probes have been reported attractive in Fe3+ sensing due to 

the convenient process, fast response, high selectivity and sensitivity.31-32 However 

more improvements are still required because of the drawbacks such as complex 

synthesis procedure, high cost, toxicity, poor detection limit, etc.9, 32-33 

In this chapter, we present a simple, facile and efficient approach to obtain NCDs by 

using solvothermal method, no further passivation was needed. Citric acid was 

employed as carbon source and melamine as nitrogen source. Ethanol was applied as 

coordination solvent and reducing agent to facilitate the generation of more sp2 clusters. 

Because of the low boiling point of ethanol, the reaction has to be conducted in a sealed 

hydrothermal autoclave. Our method can successfully synthesize NCDs with nitrogen 

content of 9.55 % and enhanced quantum yield of 24 %. Additionally, as-prepared 
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NCDs showed excellent selectivity to Fe3+ ions as well as good sensitivity with 

detection limit of 9.95 nM. 

3.2 Experimental 

3.2.1 Materials and Reagents 

    Citric acid anhydrous and melamine were purchased from Sigma-Aldrich. 

Sodium hydroxide, sodium chloride, potassium chloride, calcium chloride, 

magnesium sulfate, zinc sulfate heptahydrate and copper sulfate pentahydrate were 

purchased from Chem-Supply. Chromium trichloride, cadmium chloride, mercury 

(II) chloride and cobaltous oxalate dihydrate were purchased from UNIVAR. Silver 

nitrate, iron (II) choloride and iron (III) chloride were perchased from Alfa Aesar. 

Ethanol absolute and hydrogen chloride were purchased from Alfa Aesar.  

3.2.2 Synthesis of CDs 

    The NCDs was synthesized directly from the hydrothermal reaction. Ethanol was 

used as coordinate solvent. Melamine was employed as the nitrogen source and co-

precursor for forming fluorescent nanoparticles. In a typical procedure, 0.6g 

melamine and 0.6g citric acid were added in 10ml ethanol under stirring. The 

solution was then transferred to a 23ml PTFE inner vessel of autoclave and heated 

at a constant temperature of 180oC for 12h. The autoclave was cooled to ambient 

temperature and brownish supernatant solution was collected after filtration to 

remove the solid impurities. The product was purified by dialysis against 3500 and 

1000 MWCO membrane respectively and collected the fraction between 1000 and 

3500.  

3.2.3 Characterization 

    The size and morphology of the CNPs were collected from Dimension 3000 

AFM with tapping mode. The size distribution was measured by Malvern 
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Instrument Zetasizer Nano-ZS at room temperature. The photoluminescence spectra 

were obtained at room temperature by using Perkin Elmer LS55 fluorescence 

spectrometer. The Absorption was measured by Jasco V670 UV-VIS spectrometer. 

FTIR spectra were performed on Perkin-Elmer Spectrum 100 with a resolution of 4 

cm-1 in transmission mode at room temperature, a baseline correction was applied 

after measurement. X-ray photoelectron spectroscopic (XPS) measurements were 

performed on a Kratos Axis Ultra photoelectron spectrometer that use Al Kα 

(1253.6 eV) x-rays.  

3.2.4 The determination of quantum yield 

    The quantum yield (Φ) was measured by comparing the integrated 

photoluminescence intensities and the absorbance values with the reference quinine 

sulfate. The quinine sulfate (literature Φ = 0.54) was dissolved in 0.1M H2SO4 

(refractive index η = 1.33) and the CDs were dissolved in distilled water (η = 1.33). 

 2
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where Φ is the quantum yield, I is the measured integrated emission intensity, η is 

the refractive index, and A is the optical density. The subscript R refers to the 

reference fluorophore of known quantum yield. 

3.2.5 The determination of limit detection 

    The detection limit of Fe3+ can be calculated with the following equation: 3σ/m, 

where m is the slope of fitting curve of the fluorescence quenching values (F0-F) vs. 

Fe3+ concentration and σ is the standard deviation of the fluorescence of NCDs 

without addition of Fe3+. 

3.2.6 Procedures for Fe
3+

 Sensing 

    Detection of Fe
3+

 in pure water: The detection of Fe
3+

 was performed at room 

temperature. NCDs solution with a given concentration was prepared before 
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measurement. 2 ml of NCDs solution was transferred into a quartz cuvette 

followed by addition of calculated amount of Fe
3+

 solution. After mixing 

uniformly and incubating for 30 min, the PL emission spectra were collected. 

    Detection of Fe
3+

 in municipal wastewater effluent: The wastewater after 

secondary treatment was collected from Redland Wastewater Treatment Plant, 

Brisbane, Australia. The wastewater sample was filtered with a 0.22 µm syringe 

filter first to remove the large particles including bacteria. A given concentration 

of NCDs in wastewater was then prepared. 2 ml of above NCDs in wastewater 

solution was transferred to a quartz cuvette for PL measurement. Fe
3+

 solution 

was added into the vial step-wisely to increase the concentration from 50 nM. 

Each time after adding Fe
3+

 solution, a 25 minutes time interval was given to 

allow a good diffusion-driven mixing in the vial, before the PL measurement. 

3.3 Results and Discussion 

3.3.1 The Morphology Analysis of CDs 

The morphology of NCDs was acquired through atomic force microscopy (AFM). 

Figure 3.1A shows the AFM image of NCDs on mica substrate. It was clearly observed 

that NCDs were well dispersed and the feature sizes were uniform and mainly 

distributed in the range of 0.5~4 nm and centred at around 1 nm (as shown in Figure 

3.1B).  

The overall size distribution of NCDs can be further confirmed by dynamic light 

scattering (DLS) as shown in Figure 3.2, revealing the size was in range of 0.5~5 nm 

and centred at around 1.5 nm, a little bit larger than AFM result, which might be due to 

the hydration of NCDs leading to larger hydrated radius. 
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Figure 3.1 A) AFM images of NCDs on mica substrate. B) The size distribution of 

NCDs by accounting 200 particles.. 

 
Figure 3.2 DLS results of NCDs. 

3.3.2 The Structure Characterization of NCDs 

3.3.2.1 FTIR analysis results 

To better understand the structure of NCDs, chemical identification of NCDs was 

investigated. Fourier transform infrared spectroscopy (FTIR) was used to characterize 

the surface functional groups. The FTIR spectra of melamine, citric acid and NCDs are 

displayed in Figure 3.3. The finger print peaks of triazine rings34 at 810 cm-1 and 

between 1420~1650 cm-1 were also observed in NCDs, indicating the incorporation of 

triazine rings into NCDs carbon frame. The broad peak at 3200~3600 cm-1 was 

attributed to -OH and -NH2 groups. Together with the -OH peak, the peak at 1745 cm-1 

belonging to C=O confirm the existence of carboxyl groups. The C-O stretch at 1050 
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cm-1 was also observed, indicating the presence of hydroxyl groups. The attempts to get 

Raman data failed due to the strong fluorescence of NCDs, which cover the 

characteristics of Raman signals.29  

 

Figure 3.3 FTIR spectra of citric acid, melamine and NCDs. 

3.3.2.2 XPS analysis results 

Furthermore, X-ray photoelectron spectroscopy (XPS) measurements were carried out 

to analyse the composition of NCDs. The surface scan provided the elemental 

information on the surface of NCDs indicating the NCDs consist of 68.38 % C, 22.07 % 

O, and 9.55 % N as displayed in Figure 3.4A. The content of nitrogen confirms the 

successful doping of nitrogen. The atomic ration of C/O is 3, indicating the main frame 

of NCDs are constructed by carbon. The high-resolution scan of C1s in Figure 3.4B 

display four peaks at 284.1 eV, 284.7 eV, 285.6 eV and 287.7 eV, which are attributed 

to C-C, C-N, C-O and C=N bond,25 respectively. The C=N and C-N bond might be from 

the incorporated triazine rings of carbon frame.  
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Figure 3.4 A) XPS survey spectrum of NCDs. B) High resolution XPS C1s spectra of 

NCDs. 

3.3.3 Optical Properties of NCDs 

The NCDs exhibit strong fluorescence as other reported CDs. As displayed in Figure 

3.5A, the UV-Vis absorption spectrum of NCDs shows no absorption features, which 

are quite similar to our previous work.25 The inset shows the optical images of NCDs 

under sun light and UV light emitting bright blue fluorescence. Figure 3.5B shows the 

PL emission spectra of NCDs excited by various excitation wavelengths from 300 to 

460 nm. The emission intensity increased with the increase of excitation wavelengths 

from 300 to 360 nm, then decreased continuously to nearly no fluorescent with the 

excitation wavelengths increasing from 360 to 460 nm. The maximum emission peak 

appeared at 425 nm when excited by 360 nm wavelength. The photographs of NCDs 

under different excitation wavelengths were shown in Figure 3.5C. The emission range 

was quite narrow, only in blue and greenish range, which was in accordance with the 

emission spectra. The normalized spectra in the inset of Figure 3.5B indicate that NCDs 

exhibit excitation-dependant PL behaviors, which is a typical property of fluorescent 

carbon dots.1 Red shift was observed when the excitation wavelengths increased from 
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300 to 460 nm. The quantum yield was calculated to be 24%, which is higher than many 

water soluble CDs.  

 

Figure 3.5 A) UV-Vis absorption and PL emission spectra of NCDs. Inset: the 

image of NCDs dispersion under UV light (365 nm). B) PL emission spectra 

(with progressively longer excitation wavelengths from 300 nm to 460 nm in 20 

nm increment) of NCDs. Inset: the normalized PL emission spectra. C) 

Photographs of NCDs under excitations with different wavelengths.  

3.3.4 The Mechanism of Fluorescence 

The origin of the fluorescence property of the CDs hasn’t been clearly explained till 

now, but the widely accepted fluorescent mechanism is the radiative recombination of 

electron-hole in localized electronic states of sp2 clusters (act as emitting centres) 

dispersed in the sp3 matrix.22 The doping of nitrogen atom into sp2 carbon clusters 

probably lead to more defect sites in the sp2 conjugated carbon frame, thus enhance the 

fluorescence property of NCDs. 
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3.3.5 The Optimal Reaction Conditions of NCDs 

3.3.5.1 The evaluation of reaction temperature 

To get optimized NCDs, many experiments were conducted to optimize the 

synthesis conditions of CDs using quantum yield as the parameter of quality of 

NCDs. The effects of reaction temperature (120~240 oC) on the quantum yield of 

product were evaluated first. The amounts of melamine and citric acid were both 

0.2 g, the reactions were performed for 12 h. As shown in Figure 3.6A, the NCDs 

synthesized at 200 oC showed strongest fluorescence. Hence, 200 oC was selected 

as the optimal reaction temperature.  

 

Figure 3.6 The effect of reaction temperature 

3.3.5.2 The evaluation of reaction time 

The effects of reaction time were then studied under 200 oC with the amounts of 

melamine and citric acid both 0.2 g. As shown in Figure 3.6B, the quantum yield 

of NCDs reacted under 200 oC for 8~12 h were quite close. Therefore, the 

optimal reaction time can be set to 8 h. 
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Figure 3.7 The effect of reaction time. 

3.3.5.3 The evaluation of reactants amounts 

Table 3.1 The effect of ratio of reactants on quantum yield 

Reactants 
Quantum Yield（%） 

Melamine (g) Citric acid（g） 

0 0.2 0.37 

0.2 0 0.58 

0.2 0.2 18.64 

0.4 0.4 22.93 

0.6 0.6 24.58 

0.8 0.8 23.87 

The effects of ratio of reactants were investigated through changing the amount 

of melamine and citric acid, during the procedure of experiments, the volume of 

ethanol was kept at 10 ml, the reaction were conducted at 200 oC for 12 h, the 

results were displayed in Table 3.1. Only using melamine or citric acid couldn’t 
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generate fluorescent materials, the quantum yield of products were less than 1 %. 

With the presence of both melamine and citric acid, the quantum yield of 

products increased sharply. Further increasing the amount of melamine and citric 

acid, the PL intensity increased slightly. The optimal amount of melamine and 

citric acid is 0.6g, which leads to highest quantum yield of 24.58 %.  

3.3.6 The Stability Test of CDs 

    Stability is an important parameter for CDs. Hence, we further evaluated the stability 

of NCDs under various conditions. 

3.3.6.1 UV Stability test 

    The UV stability performance of NCDs was tested. As shown in Figure 3.8. the PL 

intensity of NCDs did not change significantly under continuous illumination under a 4 

Watt UV lamp for 72 h, indicating the good stability of synthesized NCDs. 

 

Figure 3.8 The stability of NCDs exposure under UV lamp. 

3.3.6.2 Thermal Stability test 

    The thermal stability of NCDs were tested under different temperature (25, 45, 65 

and 85 
o
C), the results were shown in Figure 3.9. The PL intensity of NCDs decreased 
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with the increasing of solution temperature as shown in the emission spectra of NCDs in 

Figure 3.9A. However, a recovery of PL intensity was observed when the temperature 

was cooled down to 25
 o

C, indicating that the fluorescence of NCDs was only affected 

by the temperature, which leads to thermal diffusion and collision of fluorescent 

particles and causes self-quenching. Figure 3.9B displayed the PL intensity in four 

heating-cooling cycles further confirming the good thermal stability of NCDs. 

 

Figure 3.9 A) The emission spectra of NCDs at different temperature. B) The intensity 

changes of NCDs in four cycles running. 

3.3.6.3 The pH Stability test 

The pH is an important factor that affects the fluorescence of carbon dots as the 

functional groups acting as emitting center are sensitive to pH value. The fluorescence 

emission spectra of NCDs at different pH values were displayed in Figure 3.10A, 

showing the decrease of PL intensity at certain pH value. A histogram was made 

according to the highest PL intensity of NCDs at different pH as shown in Figure 3.10B. 

A platform was observed within the pH range between 4 and 10, illustrating the PL 

property of NCDs was stable in both weak acidic and weak alkali solutions. The 

decrease of PL intensity at strong acidic and alkali could be attributed to their reaction 
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with fluorescence species of NCDs. Therefore, the NCDs can be applied in the solutions 

of weak acidic to weak alkali. 

 

Figure 3.10 A) The emission spectra of NCDs at different pH value. B) PL intensity of 

NCDs at different pH value. 

3.3.6.4 The ionic stability test 

 

Figure 3.11 The PL intensity of NCDs in different concentration of NaCl aqueous. 
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The PL intensity of NCDs was quite stable in NaCl solutions with different 

concentrations up to 1 M as shown in Figure 3.11, indicating the excellent ionic stability 

in salty surroundings, which is highly desirable in fluid tracer applications. Therefore, 

NCDs can be applied in the extreme wild conditions such as mining site or saline and 

alkaline land. 

3.3.7 Synthetic Procedure of NCDs 

According to the structure analysis results, we speculated a possible reaction 

mechanism as illustrated in Figure 3.12. Amidation reaction happened between citric 

acid and melamine molecules under high pressure and high temperature to form 

intermediates, which incorporated the triazine ring into the polymer-like carbon frame, 

nitrogen was doped in this process. At the same time, carbonization happened between 

above intermediates and citric acid as well as citric acid themselves23 to form small 

graphitic carbon frame with abundant carboxyl and hydroxyl groups at high pressure 

and high temperature, leading to excellent water solubility. The small pieces of carbon 

frames will agglomerate and form large carbon cores due to the strong forces between 

nanoparticles.  

 
Figure 3.12 Reaction mechanism of NCDs 

3.3.8 The Application of NCDs for Fe
3+

 Detection 

3.3.8.1 The effect of metal ions 

The PL intensity of CDs in the presence of different metal ions including Ag+, 

K+, Na+, Ca2+, Mg2+, Zn2+, Cu2+, Hg2+, Co2+, Cd2+, Fe2+, Fe3+ and Cr3+ ions were 

measured and recorded in Figure 3.13A, respectively, with a high concentration 
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of 1 mM. The results indicated significant fluorescence quenching of NCDs upon 

Fe3+ ions, while other metal ions only induced slightly fluorescence quenching or 

enhancement, confirming the feasibility of using NCDs for Fe3+ detection.  

As demonstrated in Figure 3.13B, the interference of other metal ions on the 

fluorescence quenching of NCDs by Fe3+ were evaluated as well. We mixed all 

other metal ions together with and without Fe3+, the final concentration of all 

metal ions are about 150 µM. It was found the NCDs can still detect Fe3+ in the 

presence of other ions indicating that the detection of Fe3+ was not interrupted by 

other metals. NCDs showed high selectivity to Fe3+ ions on the fluorescence 

quenching, which might be applied in Fe3+ sensing. 

 

Figure 3.13 A) The different PL intensity ratios (F/F0) of the NCDs solutions in 

the presence of various metal ions. B) The PL intensity of NCDs in mixed ions 

solution with and without Fe
3+

. 

3.3.8.2 The quenching mechanism of NCDs by Fe
3+

 ions 

The quenching of NCDs by Fe3+ probably due to the hydroxyl groups 

generated from the carbonization of citric acid,23 as citric acid is a widely used 

complexing agent for iron ions. The hydroxyl groups will form complex with 
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Fe3+ and lead to the high selectivity of NCDs to Fe3+ ions.31, 35 The observations 

in Figure 3.14 confirm the formation of Fe3+ complex in which brownish yellow 

sediments were observed after adding NCDs into 1 mM Fe3+ solutions but the 

sediments are not stable and can be re-dispersed by strong shaking. 

 

Figure 3.14 A) The Fe
3+

 solution with concentration of 1 mM. B) The observations of 

Fe
3+

 solution after adding NCDs. C) The re-disperse of the sediment by strong shaking. 

3.3.8.3 The Sensitivity of Fe3+ Detection 

 

Figure 3.15 The time-dependent emission spectra of NCDs after adding Fe
3+

. 

The sensitivity of NCDs to Fe3+ ions was explored. The response time of NCDs 

to Fe3+ was first investigated as shown in Figure 3.15. The PL intensity decreased 
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with the time and became stable after 10 min, indicating a fast combination 

between NCDs and Fe3+ ions.  

As the spectra shown in Figure 3.16A, the NCDs were sensitive to the Fe3+ ions 

concentration, the PL intensity decreased gradually with the increase of Fe3+ ions 

concentration from 0 to 5 µM. Figure 3.16B presented the PL data F/F0 versus the 

concentration of Fe3+ ions, where F and F0 stand for the fluorescence intensity of 

NCDs with and without Fe3+ ions, respectively. The decrease of PL intensity ratio 

(F/F0) exhibited a good linear relationship (R2=0.9905) to the Fe3+ concentration 

in the range of 0~1000 nM as shown in the inset of Figure 3.16B.  

 
Figure 3.16 A) The emission spectra of CDs with different concentrations of Fe

3+
. B) 

The dependence of F/F0 on the concentrations of Fe
3 

ions within the range of 0~5 µM; 

inset: the linear fitting of F/F0 on the concentration of Fe
3+ 

ions within the range of 

0~1000 nM. 

The determination of limit detection 

The detection limit of Fe3+ can be calculated with the following equation: 3σ/m, 

where m is the slope of fitting curve of the fluorescence quenching values (F0-F) 

vs. Fe3+ concentration and σ is the standard deviation of the fluorescence of 

NCDs without addition of Fe3+. As shown in Figure 3.17, the m value was 
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obtained to be 1.2651 while σ (nine times measurement) was determined to be 

4.1956. The detection limit can be calculated to be 9.95 nM, which was much 

lower than most of the reported CDs, satisfying the sensitivity requirement of 

Fe3+ ion detection for drinking water (5 µM) defined by EPA.32 Table 3.2 

summarizes the methods for detection of Fe3+ by fluorescent materials. 
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Figure 3.17 Fluorescence quenching value (F0-F) vs. Fe
3+

 concentration. 

To further increase the complexity of the sample composition, wastewater after 

secondary treatment was employed, which contains many kinds of bacteria, 

viruses, metal ions and fluorescent organic molecules. The fluorescence 

quenching of NCDs by different concentration of Fe3+ in the wastewater sample 

were investigated and shown in Figure S8. The PL intensity also decreased with 

the concentration of Fe3+, which means NCDs can also detect Fe3+ ions even in 

really complicated environment. But the sensitivity was not as good as in pure 

water. This is probably due to the interference of fluorescent organic molecules in 
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the waste water that will not be quenched by Fe3+ ions. However, as-synthesized 

NCDs still exhibit high selectivity and sensitivity to Fe3+ ions, which have great 

potential for Fe3+ sensing in water. 

Table 3.2 Comparison of detection limit of Fe
3+

 by different fluorescent materials. 

Materials Detection limit Detection range Reference 

GO 17.86 µM 14 ~ 143 ppm 35 

CNPs 11.2 µM 50 ~ 500 µM 9 

RBD–UCNPs 1.2 µM 5 ~ 400 µM 36 

CNPs 0.32 µM 0 ~ 20 µM 37 

CQDs 2 nM 0 ~ 1 µM 31 

F-g-C3N4 Dots 1 nM ~ 50 µM 32 

NCDs 9.95 nM 0~1 µM This work 

 

Figure 3.18 PL intensity changes of NCDs in the presence of different concentration of 

Fe
3+

 in municipal wastewater effluent. 
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3.4 Conclusions 

In summary, we demonstrate a facile, productive route to produce water soluble 

nitrogen-doped carbon dots. The NCDs possess excellent optical property and show 

relatively high quantum yield of 24% due to the doping of nitrogen atoms with content 

of 9.55%. The optical property was stable under various conditions such as UV 

exposure, thermal treatment, ionic strength as well as weak acidic and weak alkali 

solution. Therefore, NCDs can be applied under various conditions. More notably, the 

NCDs can serve as an excellent probe for Fe
3+

 ions sensing with fast response, high 

selectivity and high sensitivity with detection limit  of as low as 9.95 nM and a linear 

range between 0~1 µM. NCDs exhibits photocatalytic activity on MO degradation and 

can also cause the enhancement on the photocatalytic activity of TiO2. 
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Chapter 4 A Novel Bottom-up Solvothermal Synthesis of Carbon Nanosheets and 

Application in Water Treatment 

4.1 Introduction 

    Carbon nanosheets (CNS) are two-dimensional (2D) carbon nanostructures consisting 

of free-standing carbon-containing sheets with graphene as the most distinguished 

member possessing extraordinary electrical and mechanical properties.1-2 The 2D sheet 

structure also provides enormous accessible surface area, facilitating adsorption,3-4 

catalytic reactions5-6  and sensing7-8 etc. These unique features and versatile applications 

have stimulated intense research on developing simple and low cost methods for large-

scale synthesis of graphene and graphene-like materials. 

    Both top-down and bottom-up approaches have been extensively employed to 

synthesize CNS. In top-down methods, CNS is obtained from larger carbon structure, 

typically graphite. For graphene synthesis, typical top-down methods is exfoliation, 

including mechanical exfoliation,1 sonication or microwave assisted exfoliation,9-11 

chemical oxidative exfoliation,12-14 chemical intercalation15-16 and thermal exfoliation.17 

Though chemical exfoliation offers a scalable and effective production avenue, the 

harsh chemicals involved in the processes are not favorable. Among the bottom-up 

methods, chemical vapor deposition (CVD) of various carbon-containing molecules is 

the most established route, which generally produces high quality, large area layered 

carbon structures,18-20 but is often costly. Developing simple chemical methods to build 

up atomic-layered carbon structures from carbon-containing molecules is highly 

desirable in large-scale synthesis. Though significant improvements have been made in 

exclusive 2D polymerization from carbon precursors,21-25 various challenges in 

producing large-quantity and high quality remain. Most of these bottom-up syntheses 

involve employing metal reduction reagents to assist layered formation of graphene, 
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which is often associated with high cost and impurity issues. To synthesize CNS 

entirely from organic matters, formation of removable separation layers between the 

carbon nanosheets has been demonstrated as a successful strategy by Antonietti and 

coworkers26 and Zhao et al.27   

    In this chapter, we report a bottom-up one-step solvothermal synthesis of thin layered 

CNS from common, inexpensive chemical reagents, namely glycerol, concentrated 

sulfuric acid and melamine. In this synthesis, we found melamine plays a critical role in 

the formation of the layered sheets structure. Moreover, our process has several 

advantages such as high yield, low cost, and short time processing. Furthermore, we 

found that the CNS is a highly effective adsorption material: its adsorption of methylene 

blue (MB) is considerably faster than GO, with a maximum adsorption capacity of MB 

as high as 585 mg/g.  

4.2 Experimental section 

4.2.1 Materials  

    Glycerol, melamine and graphite powder were purchased from Sigma-Aldrich. 

Concentrated sulfuric acid (98 %) was purchased from Alfa Aesar. Methylene blue (MB) 

was supplied by Chem-Supply. All chemicals were used as received without any further 

purification. 

4.2.2 Synthesis of CNS 

    A typical experimental procedure is as follows: 0.5 g of melamine and 10 ml of 

glycerol were mixed together and stirred until melamine was totally dissolved into 

glycerol, followed by addition of 10 ml of 98 % sulfuric acid under vigorous stirring. 

The mixture was then transferred into a 50 ml PTFE (polytetrafluoroethylene) inner 

vessel of an autoclave and placed into oven at 180 oC for 4 h. This step was recognized 

as pre-carbonization of carbon precursor and the product was named as CNS. The 
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obtained black solid product was then washed with Milli-Q water and ethanol three 

times to remove the impurities for measurement and application test. The as-synthesized 

CNS were then calcinated at 800 oC for 2 h with heating rate of 10 oC/min under argon 

gas protection for further carbonization. The final product was named as CNS-800.  

4.2.3 Charaterization  

Morphology: Field Emission Scanning Electron Microscope (FESEM) image was 

captured through Zeiss Neon 40EsB. High Resolution Transmission Electron 

Microscope (HRTEM) image was obtained on JEOL JEM2100 LaB6 TEM. X-ray 

diffraction (XRD) measurement was taken on Bruker D8 Advance Diffractometer (Cu 

Ka radiation, 2o 2 per min). Atomic force microscopy (AFM) analysis was carried out 

on Dimension 3000 with tapping mode to obtain the morphology of the samples.  

Chemical Composition: FT-IR spectra were collected on Perkin-Elmer Spectrum 100 

with a resolution of 4 cm-1 in transmission mode at room temperature. A baseline 

correction was applied after measurement. Raman spectra data was collected on 

Olympus BX40 using 514 nm laser excitation. X-ray photoelectron spectroscopic (XPS) 

measurements were performed on a Kratos Axis Ultra photoelectron spectrometer, 

which use Al Kα (1253.6 eV) X-rays. Curve fitting and background subtraction were 

performed using Casa XPS version 2.2.73 software. Thermogravimetric analysis (TGA) 

was performed by heating the samples in an Argon flow at a rate of 25 mL/min using a 

Perkin-Elmer Diamond TG/DTA thermal analyzer with a heating rate of 10 ºC/min.  

4.2.4 Adsorption experiments 

    Dye adsorption experiment was performed by using as-synthesized CNS as adsorbent. 

Dye solutions (MB or MO) of different concentration were prepared.  40 mg of 

adsorbent were added into 50 ml of dye solution, which was then subjected to 300 rpm 

stirring at room temperature. 3-4 ml dye solution was withdrawn at a certain time 

http://www.jeol.com/products/electronoptics/transmissionelectronmicroscopestem/200kv/jem2100lab6/tabid/123/default.aspx
http://www.jeol.com/products/electronoptics/transmissionelectronmicroscopestem/200kv/jem2100lab6/tabid/123/default.aspx
http://www.jeol.com/products/electronoptics/transmissionelectronmicroscopestem/200kv/jem2100lab6/tabid/123/default.aspx
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interval and filtered with 0.45 µm syringe filter to separate the dye solution and 

adsorbent. The collected dye solution was diluted 10 times before the absorption 

measurement by a Varian Cary 300 Bio UV-Visible Spectrometer (MB at 663 nm and 

MO at 464 nm).  

The equilibrium concentration (Ce) of dye was calculated according to the calibration 

curve of dye. The equilibrium adsorption capacity (qe) and removal efficiency of dye 

was calculated by the following equations: 

𝑞𝑒 =
(C0 − Ce)V

W
 

Removal % = (1 −
Ce

C0
) × 100% 

where C0 is the initial concentration of dye; V the volume of the added solution; and W 

the mass of the adsorbent. 

4.3 Results and discussion 

4.3.1 Morphology Analysis of CNS 

    As shown in Figure 4.1, the raw product after solvothermal synthesis, CNS (as shown 

in Figure 4.1A), appears as a fluffy block of carbon, and it was easy to be broken into 

powder after washing by water and ethanol as shown in Figure 4.1B. The calcinated 

product, CNS-800 sustained the block morphology with strong mechanical strength, and 

its volume is about 1/3 of the original as-synthesized CNS block as shown in Figure 

4.1C.  

Figure 4.2 shows the XRD patterns of as-synthesized CNS and CNS after calcination 

(CNS-800). No diffraction peak is observed on CNS (before calcination), indicating 

amorphous nature, while diffraction peaks of carbon appeared around 24.3o (002) and 

43o (100) in CNS-800 that was treated at 800 oC in argon for 2 h. These two bands are 
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rather broad, indicating highly disordered but mainly sp2-hybridized carbon.28 The (002) 

peak of the calcinated CNS-800 suggests a layered 2D carbon structure with a basal 

spacing in the range of 3.5 to 3.8 Å.  

 

Figure 4.1 The optical images of CNS block (A), washed CNS powder (B) and CNS-800 

block. 

 

Figure 4.2 XRD patterns of the CNS and CNS-800. 

    Figure 4.3 is the FESEM image of CNS, which reveals that the as-synthesized carbon 

material is of a fluffy morphology with thin layers forming bubble-like pockets on the 
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surface as shown in Figure 4.3A. The inset image provides a close-up view of the 

crumbled thin-sheet morphology of CNS. The formation of bubbles is most likely due 

to the trapped gas that was released in the solvothermal process. It has been observed in 

Figure 4.3B during SEM imaging that the bubbles expanded and burst due to electron 

irradiation. 

 

Figure 4.3 A) FESEM image of CNS showing bubble-like layer structure; the inset is 

close-up FESEM image of the thin-sheets-like morphology of CNS. B) The crack of the 

layer pocket during FESEM image capture. 

 

Figure 4.4 HRTEM images of CNS (A) and CNS-800 (B) shows layer structure, the 

insets show corresponding SAED. 

    The HRTEM image shown in Figure 4.4 A further confirms the layered morphology 
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of the as-synthesized CNS, with the selected area electron diffraction (SAED) 

suggesting its amorphous nature. With the calcinated sample CNS-800, the thin-layered 

morphology remains as shown by the FESEM in Figure 4.4B and the carbon shows a 

slight degree of ordering as captured by the inset SAED as in Figure 4.4B, which is 

consistent with the broad peaks observed in XRD. The thickness of the multilayer CNS 

ranges from 1 to 5 nm according to the AFM characterization shown in Figure 4.5. 

 

Figure 4.5 AFM image of CNS, reflecting the layer thickness. 

4.3.2 Structural Analysis of CNS 

    The FT-IR spectra of CNS after washing by DI water and ethanol and CNS-800 in 

comparison with the raw materials melamine and glycerol were shown in Figure 4.6. In 

the CNS, the absorption peak from 3000~3400 cm-1 is related to -OH groups, while the 

peaks at 1700 cm-1 corresponding to carbonyl C=O confirms the formation of -COOH 

group. The fingerprints of triazine29 between 1400cm-1 and 1600 cm-1 appeared in both 

melamine and CNS samples, which suggests that the triazine rings originated from 

melamine are incorporated into CNS. The calcinated CNS-800 does not show sharp 
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peaks, indicating the decomposition of functional groups in the sample, e.g. the 

hydroxyl and carbonyl groups. One of the triazine characteristic peaks can be observed 

at 1450 cm-1, though most of its fingerprints may be covered by the broad peak after 

calcination.  

 

Figure 4.6 FT-IR spectra of glycerol, melamine, CNS and CNS-800. 

    Both Raman spectra of the CNS and CNS-800 in Figure 4.7 show the G band at 1588 

cm-1 arising from the first order scattering of the E2g phonon of sp2 C atoms, an 
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indication of  graphitic carbon,30 and the D band at 1370 cm-1 arising from a breathing 

mode of k-point photons of A1g symmetry, reflecting the presence of disorder and the 

edges and boundaries of amorphous carbon domains31. The ratio of the intensities of D-

G peak, ID/IG, increased from 0.61 to 0.95 after calcination, implying a significant 

decrease of the size of in-plane sp2 domains and an increase of disorder.32 It was noted 

that after calcination the volume of CNS-800 shrank to almost 1/3 of as-prepared CNS. 

The drastic volume shrinkage upon calcination suggests a degree of collapse of the 

original layered structures, hence a decrease of in-plane sp2 domain size. The increase 

of disorder can also be attributed to the defects generated by the decomposition of 

oxygen-containing groups during pyrolysis. 

 

Figure 4.7 Raman spectra of the CNS and CNS-800 using 514nm laser excitation. 

XPS measurements were carried out to reveal more details on the chemical bonding 

states before and after calcination. As shown in Figure 4.8A, the XPS survey spectra 

over a wide range of binding energies (0~1200 eV) for both of CNS and CNS-800 show 
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a predominant narrow C 1s peak at 284.5 eV, O 1s peak at 531.5 eV and N 1s peak at 

400.5 eV. In addition, S 2p peak is also observed at 167.5 eV. The percentages of these 

atoms are enlisted in Table 4.1, where a >50% reduction in oxygen content after 

calcination can be observed, which is attributed to the decomposition of oxygen-

containing groups  group, consistent with the FT-IR interpretation.  

Table 4.1 Carbon, oxygen, nitrogen and sulfur atomic percentages from CNS and CNS -

800. 

Sample 

name 

C%  

(atomic %) 

O% 

(atomic %) 

N% 

(atomic %) 

S% 

(atomic %) 

 

C/O ratio 

 

 

C/N ratio 

 

CNS 82.65 14.49 1.75 1.11 5.70 47.23 

CNS-800 85.81 9.09 3.33 1.77 8.44 25.77 

 

The high resolution C 1s and N 1s peaks of CNS and CNS-800 are presented in 

Figure 4.8 for comparison. The C 1s peak of CNS can be fitted into seven peaks, 

corresponding to C=C (284.1 eV), C-C (284.6 eV), sp2C-NH2 (285.6 eV),33 C-

O/C=N(286.2 eV), C-N (287.2 eV), O-C=O(288.8 eV)30 and π-π* shake-up satellite of 

the sp2 band (290.9 eV).34 The C 1s peak of CNS-800 was divided into six peaks, 

corresponding to C=C (284.1 eV), C-C (284.5 eV), C-O/C=N (286.2 eV), C-N (287.2 

eV), C=O (288.3 eV)35-36 and π-π* shake-up satellite of the sp2 band (290.9 eV). The 

existence of sp2C-NH2 bond in as-synthesized CNS suggests that there may be 

melamine that are not incorporated into the main framework of the sheets, and they may 

exist between the layers and facilitate the formation of the sheet structure, similar to the 

function of carbon nitride (g-C3N4) in other report26. It was observed that sp2C-NH2 and 

O-C=O peak disappeared after calcination, confirming the de-ammoniation of the 
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adsorbed melamine37 and decomposition of -COOH at high temperature. Analysis on N 

1S peaks reveals that there are three kinds of nitrogen bonds in CNS -800, 

 

Figure 4.8 A) Survey XPS spectra of CNS and CNS-800; C 1s spectra of CNS and CNS-

800; N 1s spectra of CNS and CNS-800. 

namely, pyridinic-N (398.5 eV), pyrrolic-N (399.8 eV) and graphitic-N(401.2 eV), 

while there are only two types of nitrogen bonds in CNS, namely pyridinic-N (398.5 
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eV), in-plane pyrrolic-N (399.8 eV). This difference shows that the graphitic-N was 

generated upon calcination. The XPS results are in agreement with FT-IR data, 

revealing the existence of sp2 carbon and triazine structures that constitute the 2D 

structure in the carbon nanosheets. The S atoms and some of the O atoms are most 

likely originated from the H2SO4 and adsorbed SO2 gas, a byproduct of the reaction, as 

well as the adsorbed H2O molecules. 

    The thermal decomposition of CNS under argon and air were studied by TGA as 

shown in Figure 4.9. CNS totally decomposed in the air while 70 % of the weight 

loosed in the argon in accordance with the 2/3 volume shrinkage of the original as-

synthesized CNS block. The amount of gas adsorbed in the as-synthesized CNS can be 

observed from the TGA result, where a 18 % weight loss is observed when temperature 

below 120˚C under argon. 

 

Figure 4.9 TGA curves of the CNS performed in Argon and air atmosphere. 

4.3.3 Optimization of CNS synthesis 

    Experiments were conducted to investigate the effect of reaction temperature. The 

autoclaves were placed into 150, 180 and 200 oC oven separately and heated for 2 h. 
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The surface of the product obtained at 150 oC was wet and there was also dark brownish 

liquid (as shown in Figure 4.10 A) showing fluorescence when it was irradiated by UV 

light. The fluorescence came from the unreacted intermediate product acrolein that 

covered the surface of product. Acrolein was generated through the reaction of glycerol 

and concentrated sulfuric acid. Meanwhile the volume of the product didn’t expand, all 

of these indicated that the reactants were not totally reacted at this temperature. The 

morphology in Figure 4.11 A indicated the formation of layers at 150 oC. The product 

derived at 200oC was totally dry with dense block morphology, which can be confirmed 

from Figure 4.11 C. This product was hard and difficult to be broken into powder. The 

product derived at 180oC was fluffy (as shown in Figure 4.10 B and Figure 4.11 B) and 

the volume expanded a lot (from 10 to 20ml). Although the surface appeared a little bit 

wet, no fluorescence was observed when induced by UV light. Therefore, 180oC was 

selected as a typical reaction temperature.  

 

Figure 4.10 The morphology of the incomplete reacted product (A), carbon nanosheets 

synthesized at 180 
o
C (B) and  carbon nanosheets after washing by water and ethanol 

(C). 
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Figure 4.11 FESEM images of CNS reacted at different temperature150

 o
C (A), 180

 o
C 

(B) and 200
 o

C (C). 

    The influence of heating time of 2, 4 and 12 hours was further investigated separately 

at 180oC. The appearance of the products indicated a better reaction time of 4 h, which 

showed most fluffy morphology and dry surface as shown in Fig.6.12 B.  

 
Figure 4.12 FESEM images of CNS of different reaction time 2h (A), 4 h (B) and 12 h 

(C).   

Although the exact reaction mechanism is still under investigation, it appears that the 

introduction of melamine into the reactants is crucial for forming layered CNS. The 

reaction without addition of melamine did not result in CNS but coke-like carbonaceous 

blocks as shown in Figure 4.13 A. Melamine has played an important role as the planar 

structure template or nucleates. The effect of the amount of melamine (with 10 ml 

glycerol and 10 ml H2SO4) was evaluated. As revealed by the FESEM images shown in 

Figure 4.13, when the melamine amount was reduced to 0.25g or increased to 1g, a 

large amount of carbon spheres were produced accompanied by some thin sheets. In the 

tested system, melamine: glycerol: H2SO4 set at 0.5 g : 10 ml : 10 ml yields the best 
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outcome, with majority as thin sheets accompanied by some carbon spheres. It appears 

that the SO2 and H2O gas produced in the reaction also facilitates the separation 

between the layers. It’s worth noting that the amount of added sulfuric acid is also 

important to the formation of layered structure. With the same reactants but only one 

drop of concentrated sulfuric acid, we have previously successfully synthesized highly 

fluorescent N-doped carbon nanodots.29
 

 

Figure 4.13 FESEM images of the products prepared under different amount of 

melamine reacted with 10ml glycerol and 10 ml H2SO4, A) 0 g melamine, B) 0.25 g 

melamine, C) 0.5 g melamine, and D) 1 g melamine. 

4.3.4 Electronic property of CNS 

It was also noted that graphitization of CNS through pyrolyzing at 800 ˚C caused 

certain degree of conductivity, with a resistance of 56 Ω measured by a typical 

multimeter as shown in Figure 4.14A. As a reference, we applied the same measurement 

method to reduced GO (rGO),38 which has a resistance of 55 Ω, as shown in Figure 
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4.14B. The comparable conductivity between CNS-800 and rGO film further confirms 

their structural similarity. We believe the calcinated samples may be used as electrode 

materials or super capacitor due to the similar electronic property as graphene. 

 

Figure 4.14 Resistance test of CNS-800 (A) and reduced graphene film reduced by HI 

(B) using avometer. 

4.3.5 Adsorption performance of CNS 

    Graphene materials are reported a kind of excellent adsorbent to remove variety of 

pollutant including heavy metals, dyes, organic molecules, etc., due to the high specific 

surface area. Here, we studied the performance of our CNS on removal of dyes. Two 

different types of dyes were selected, methylene blue, a widely investigated cationic dye, 

and methyl orange, a typical anionic dye. 

4.3.5.1 The adsorption of methylene blue on CNS 

a. Time dependant adsorption performance of MB on CNS 

As-prepared CNS showed more efficient adsorption property comparing to the 

calcinated CNS-800. Therefore, the adsorption of MB from aqueous solutions using the 

as-prepared CNS was investigated. After mixing 40 mg of CNS and 50 ml of MB 

solution, the colour of the MB solution changed from deep blue to light blue or 
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colourless depending on the adsorption time of MB solution as indicated in Figure 4.15. 

 

Figure 4.15 The colour of MB collected at different time of adsorption. 

 

Figure 4.16 The colour of MB collected at different time of adsorption. 

Figure 4.16 shows the dynamic adsorption of MB on CNS and GO with a 150 mg/L 

MB initial concentration. It can be observed that the adsorption of MB on CNS 

increased rapidly within the first 30 min due to the fast surface adsorption, afterwards 

the adsorption rate slowed down and reached equilibrium slowly, during which the 

adsorption rate appears to be largely dependent on the migration of MB molecules from 
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the surface to internal nanosheets in this stage.30 The CNS shows faster adsorption 

dynamics than GO, as depicted by the rising curves in Figure 4.16. The adsorption of 

MB on CNS and GO achieved equilibrium after 200 min and 300 min, respectively. 

This fast adsorption dynamics of CNS makes it a very attractive adsorbent over other 

carbon-based MB adsorbents including GO.39 

    b. Effect of CNS dosage on MB removal 

 

Figure 4.17 The effect of CNS dosage on adsorption amount and removal efficiency. 

The effect of adsorbent dosage on MB removal was evaluated as well. 5 mg, 10 mg, 

20 mg, 30 mg and 40 mg of CNS were mixed with 40 ml of MB with concentration of 

150 mg/L, respectively. The adsorption amount and removal efficiency of MB were 

shown in Figure 4.17. The removal efficiency of MB increased with the increase of 

CNS amount, over 99.9% of the MB had been adsorbed by CNS when the amount of 

adsorbent was sufficient, which had larger total surface area for adsorption. However, 

the equilibrium adsorption amount of MB onto CNS decreased when the CNS amount 

increasing, probably due to the stack and agglomeration of nanosheets that leaded to the 

decrease of effective specific surface area. In addition, the stacking of nanosheets may 
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cause difficulties of MB molecules entering the spaces between carbon sheets. 

c. Effect of MB initial concentration and contact time on the adsorption by CNS 

 

Figure 4.18 The effect of initial concentration of MB on equilibrium adsorption amount 

(A) and removal efficiency (B). 

    According to the dosage test results, we can see that a given amount of adsorbent can 

only adsorb fix amount of adsorbate after equilibrium. Therefore, the initial 

concentration of MB is an important factor on adsorption. Respectively, 40 mg of CNS 

was used to adsorb 50 ml MB solution with different concentration. Concentration 

gradient of MB on CNS and in MB solution is the driving force of MB adsorption. 

Therefore, the equilibrium amount of MB was greatly increased with the initial 

concentration until the concentration was 150 mg/L, as shown in Figure 4.18A. To 

certain amount of adsorbate, the effective adsorption sites are limited. Once all the 

adsorption sites are occupied, the adsorption reaches equilibrium.  In the experiments, 

MB molecules adsorbed on CNS reached highest value when initial concentration was 

150 mg/L, no further enhancement occurred when further increasing the initial 

concentration to 200mg/L. These results indicate that concentration gradient driving 

force only works before all the adsorption sites of CNS are occupied. We can also get 
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information of the effect of contact time from Figure 4.18A. 

d. Effect of pH on the adsorption of MB by CNS 

 

Figure 4.19 The effect of pH of MB solution on equilibrium adsorption amount. 

The pH value of solution is important in adsorption procedure as it will affect the 

dissociation of functional groups, change the surface charge of adsorbents, influence the 

molecular structure and ionization degree of pollutants. As shown in Figure 4.19, the 

equilibrium capacity of MB on CNS was about 326 mg/g, stable at pH 5 to 7. Lower pH 

leaded to lower capacity while the capacity greatly increased by increasing pH to over 9. 

It was obvious that the adsorption of MB was highly affected by pH, which can be 

attributed to the changing of surface charge tuned by solution pH. In acidic solutions, 

the negative charge on the surface of CNS was neutralized by H+ and the over amount 

of H+ in solution.   

e. Effect of temperature on the adsorption of MB onto CNS 

    The adsorption can also be affected by temperature. Therefore, the performance of 

CNS was evaluated under different temperature (25 oC, 35 oC, 45 oC and 55 oC). 50 ml 
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of MB solution with concentration of 100 mg/L was mixed with 40 mg of CNS for the 

adsorption test. The results in Figure 4.20 showed that the adsorption rate was increased 

with the temperature. However, the equilibrium adsorption amount as well as the 

removal efficiency reduced when the temperature increased. This observation could be 

attributed to the enhancement of the movement of MB molecules in solution at higher 

temperature, which facilitated the absorption and desorption rate. The increase of 

absorption and desorption rate is negative to the total adsorption amount of MB as the 

molecules are much easier to desorbed from the adsorbent.  

 

Figure 4.20 The effect of temperature on the kinetic adsorption of MB (A) and 

equilibrium adsorption amount and removal efficiency of MB (B) 

f. The kinetic study of MB adsorption on CNS 

    The adsorption kinetics of CNS was fitted by the pseudo-first-order model (eq.1) and 

pseudo-second-order model (eq.2):   

ln (qe − qt) = lnqe − k1                                                                                              eq.1 

t

qt
=

1

k2qe
2 + (

1

qe
)                                                                                                            eq.2 

where qe and qt are the amounts of solute adsorbed (mg/g) at equilibrium and time t 
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(min), respectively, k1 (min-1) and k2 (mg/g·min) are the rate constant of the pseudo-

first-order and pseudo-second-order adsorption, respectively. 

    Table 4.2 summarizes the kinetic constants of different concentration obtained by 

linear fitting. The calculated value qe,cal derived by pseudo-first-order model were quite 

different with the experimental value. While the adsorption of MB on CNS follows the 

pseudo-second-order kinetics better according to the value of R2 (>0.999), which 

implies the surface chemistry dominated adsorption behavior. The maximum calculated 

value qe,cal for CNS, 344.83 mg/g, is very close to the experimental qe,exp value, 332.67 

mg/g.  

Table 4.2 Kinetic adsorption parameters of MB removal at different concentration. 

MB 

(mg/L) 

qe exp 

(mg/g) 

pseudo-first-order pseudo-second-order 

k1 

(min-1) 

qe cal 

(mg/g) 
R2 

k2 

(mg/g·min) 

qe cal 

(mg/g) 
R2 

50 135.85 0.0497 16.56 0.8700 6.27×10-3 136.99 0.9998 

80 196.47 0.0378 70.94 0.7450 1.344×10-4 200.00 0.9995 

100 236.22 0.0244 193.45 0.7472 4.858×10-4 243.90 0.9996 

120 277.02 0.0273 251.69 0.6980 4.767×10-4 285.71 0.9997 

150 332.67 0.0135 135.76 0.9202 2.628×10-4 344.83 0.9995 

200 330.09 0.0114 101.54 0.3865 3.371×10-4 333.33 0.9996 

The kinetic adsorption at different temperature (25 oC、35 oC、45 oC、55 oC) was 

also studied. 50 ml of MB solution with concentration of 100 mg/L was mixed with 40 

mg of CNS for the adsorption test. The fitted parameters were provided in Table 4.3. 

The R2>0.999 confirmed the better fitting by pseudo-second-order model. The rate 

constant of the pseudo-second-order adsorption, k2 (mg/g·min), increased with the 

temperature, indicating faster adsorption of MB on CNS at higher temperature. 

However, the fitting data of equilibrium adsorption amount of MB decreased with the 
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increase of temperature. The calculated values were in accordance with the 

experimental data. 

Table 4.3 Kinetic adsorption parameters of MB removal at different temperature. 

Temperature(oC) 
qe experimental 

value (mg/g) 

qe calculated 

value (mg/g) 
k2 (g/(mg/g·min) R2 

25 236.215 240.964 4.973×10-4 0.99962 

35 231.248 236.407 7.137×10-4 0.99988 

45 226.147 228.311 1.077×10-3 0.99994 

55 215.894 219.298 3.437×10-3 0.99996 

g. The isothermal study of MB adsorption on CNS 

    It is important to find the most appropriate correlation for the equilibrium curves. 

Two isotherm equations are used to describe the equilibrium adsorption, including 

Freundlich isotherm (eq.4) and Langmuir isotherm (eq.5), respectively. 

ln qe = ln KF +
1

n
ln Ce                                                                                                           

eq.4 

Ce

qe
=

1

KLqm
+

Ce

qm
                                                                                                                      

eq.5 

Where KF is Freundlich constant, 1/n is the heterogeneity factor, KL is Langmuir 

adsorption constant (L/mg), qm is the signifies adsorption capacity (mg/g). 

Freundlich isotherm is derived by assuming a heterogeneous surface with a non-

uniform distribution of heterogeneous adsorption over the surface. Langmuir isotherm is 

based on the assumption that the sorption takes place at specific homogeneous sites 

within the adsorbent, once an adsorption site was occupied by dye molecule, no further 

adsorption happened on this site.20 
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The adsorption data at different temperature were fitted by Freundlich model and 

Langmiur model, respectively. The fitting curves are shown in Figure 4.21 and the 

parameters were shown in Table 4.4. The R2 coefficients of Langmiur model are higher 

than Freundlich model, which means the adsorption of MB on CNS can be described by 

the Langmiur model. Hence the adsorption of MB on CNS is determined to be chemical 

adsorption, where single layer adsorption occurred. All the adsorption sites over the 

CNS are the same. The activation energy and free energy of adsorption and desorption 

do not change with the fraction of coverage. This conclusion is in accordance with the 

results indicated in the kinetic study. From Table 4.4, we can also observe that the 

adsorption capacity decreased with the increase of temperature. The fitted maximum 

adsorption capacity qm is 327.87 mg/g, which is close to the experimental data, 332.67 

mg/g. The adsorption property is much better than previously reported CNTs and 

MCM-22 zeolite whose maximum adsorption capacity qm are 59.7 mg/g and 57 mg/g, 

respectively. 

 

Figure 4.21 Linear isothermal plot at different temperature, A) Freundlich isotherm; B) 

Langmuir isotherm 
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Table 4.4 Freundlich and Langmuir isotherm parameters for MB adsorption at different 

temperature. 

Temperatur

e (oC) 

Freundlich Langmuir 

KF 1/n R2 qm (mg/g) KL (L/mg) R2 

25 179.98 0.18888 0.81497 326.797 3.563 0.99958 

35 107.39 0.1654 0.87585 212.766 0.558 0.99704 

45 90.02 0.18539 0.99621 209.644 0.287 0.99575 

55 67.83 0.24143 0.94591 195.695 0.259 0.99596 

 

4.3.5.2 The adsorption of methyl orange on CNS 

    Methylene blue is a kind of cationic dye. To broaden the application of CNS, we 

further investigated the adsorption property of CNS to an anionic dye - methyl orange 

(MO), which has the opposite charges to MB. 

a.  Effect of MO initial concentration and contact time on the adsorption by CNS 

    The adsorption tests were performed under 25 oC, in which 20 mg of CNS was mixed 

with 50 ml of MO with different concentration. As shown in Figure 4.22 A, the 

adsorption rate were fast in the first 50 min, then getting slowly and reached equilibrium 

in the following time. The adsorption equilibration point prolonged with the increase of 

MO concentration. Figure 4.22 B demonstrated the equilibrium adsorption amount and 

the removal efficiency of MO after 24 h. The equilibrium adsorption amount (qe) 

increased with the MO concentration due to the stronger concentration gradient driven 

force at high MO concentration. The maximum qe was obtained, which is 113 mg/g for 

20mg CNS in 50 ml of MO with concentration of 200 mg/L. From Figure 4.22 B, we 

can also observe the decrease of removal efficiency with MO concentration. 
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Figure 4.22 A) Adsorption curve of methylene orange (MO) at different initial 

concentration, B) Adsorption amount and removal efficiency curve of MO 

b.  Effect of CNS dosage on MO removal 

 

Figure 4.23 The effects of N-CNS dosage on MO removal 

The effect of adsorbent dosage on MO removal was evaluated as well. 5 mg, 10 mg, 

20 mg, 30 mg and 40 mg of CNS were mixed with 40 ml of MO with concentration of 

75 mg/L, respectively. The adsorption amount and removal efficiency of MO were 

shown in Figure 4.23. The removal efficiency of MO increased with the increase of 

CNS amount, which could be attributed to the increase of total surface area and active 
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adsorption sites. However, the equilibrium adsorption amount of MO onto CNS 

decreased when the CNS amount increased, probably due to the stack and 

agglomeration of nanosheets, which leaded to the decrease of effective specific surface 

area per unit (m2/g). In addition, the stacking of nanosheets may cause difficulties of 

MO molecules entering the spaces between carbon sheets. 

c. Effect of temperature on the adsorption of MO onto CNS 

 

Figure 4.24 Temperature effect on MO removal 

    The adsorption of MO on CNS was investigated under different temperature (25 oC, 

35 oC, 45 oC and 55 oC). 40 ml of MO solution with concentration of 100 mg/L was 

mixed with 20 mg of CNS for the adsorption test. The results were shown in Figure 

4.24.  Same as the adsorption of MB, higher temperature was disadvantage for the 

adsorption rate of MO. The equilibrium adsorption amount (qe) reduced when the 

temperature increased. This observation can also be attributed to the enhancement of the 

movement of MO molecules in solution at higher temperature, which facilitated the 

absorption and desorption rate. The MO molecules are easier to be desorbed from the 

adsorbent.  
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d. Effect of pH on the adsorption of MO on CNS 

 

Figure 4.25 The effect of pH value on MO removal 

The equilibrium adsorption amount and the removal efficiency of MO at different pH 

value were investigated. As shown in Figure 4.25, the equilibrium adsorption capacity 

and removal efficiency of MO were higher when the MO solution was acidic. When the 

pH of MO solution was adjusted to alkaline, the equilibrium adsorption capacity was 

declined significantly. These observations indicate that the adsorption of MO is 

significantly affected by pH that can tune the surface charge of CNS through the 

adsorption of H+ ions or OH- ions on CNS. In acidic solutions, the negative charges on 

the surface of CNS are neutralized by the H+ ions and changed to positive charged by 

the over amount of H+ ions which facilitate the adsorption of anionic dye. In alkaline 

solutions, the OH- ions are adsorbed onto CNS, which further increases the 

electronegativity of CNS. The anionic MO molecules are repelled by the negative 

charged CNS, causing sharp decreased on MO adsorption capacity and removal 

efficiency. The higher the pH value, the lower the adsorption capacity and removal 
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efficiency. 

e. The kinetic study of MO adsorption on CNS 

The adsorption kinetic study investigates the adsorption rate of solute on adsorbents 

as well as the adsorption mechanism through the fitting of adsorption data by pseudo-

first-order model and pseudo-second-order model. Table 4.5 summarizes the kinetic 

constants of different concentration obtained by linear fitting. The calculated 

equilibrium adsorption values qe,cal are close to the experimental values qe,exp. The 

coefficient values R2 (>0.99) of pseudo-second-order fitting indicate that the adsorption 

of MO on CNS follows the pseudo-second-order kinetics better, which implies the 

surface chemistry dominated adsorption behavior. The rate constant of pseudo-second-

order adsorption (k2) was 2.018×10-3 mg/g·min when the concentration of MO was 10 mg/L, 

indicating that the adsorption was faster at 10 mg/L than higher concentration. 

Table 4.5 Kinetic adsorption parameters of MO removal at different concentration 

MO 

(mg/L) 

qe exp 

(mg/g) 

pseudo-first-order model pseudo-second-order model 

k1 

(min-1) 

qe cal 

(mg/g) 
R2 

k2 

(mg/g·min) 

qe cal 

(mg/g) 
R2 

10 21.737 0.0212 22.283 0.8517 2.018×10-3 23.095 0.9999 

25 40.409 0.0220 50.039 0.8323 8.513×10-4 43.668 0.9990 

50 58.719 0.0146 85.081 0.6517 2.872×10-4 64.103 0.9975 

75 65.574 0.0123 62.097 0.9332 3.904×10-4 69.930 0.9994 

100 73.973 0.0093 42.462 0.8313 4.822×10-4 76.923 0.9997 

f. The isothermal study of MB adsorption on CNS 

Freundlich adsorption isotherm is commonly used to describe the adsorption 

characteristics for the heterogeneous surface. Langmuir adsorption isotherm is used to 

describe the monolayer adsorption on a surface containing a finite number of identical 



CHAPTER 4 
 

 

145 
 

sites. The model assumes uniform energies of adsorption onto the surface and no 

transmigration of adsorbate in the plane of the surface.9 The adsorption data at different 

temperature (25 oC、35 oC、45 oC and 55 oC) were fitted by Freundlich adsorption 

model and Langmiur adsorption model, respectively, as shown in Table 4.6. The 

coefficient values R2 of Langmuir model were always higher than Freundlich model, 

indicating the better description of adsorption process by Langmuir adsorption model. 

The maximum adsorption capacity (qm) was 119.9 mg/g at 25 oC while the experimental 

value of equilibrium adsorption capacity was 113 mg/g, which is close to the calculated 

value qm.   

Table 4.6 Freundlich and Langmuir isotherm parameters of MO adsorption at different 

temperature 

Temperatur

e (oC) 

Freundlich model Langmuir model 

KF 1/n R2 qm (mg/g) KL (L/mg) R2 

25 25.258 0.3088 0.9811 119.904 0.0998 0.9938 

35 22.766 0.3154 0.9778 113.636 0.0909 0.9943 

45 21.685 0.3174 0.9836 111.857 0.0801 0.9920 

55 18.468 0.3366 0.9782 112.108 0.0550 0.9872 

We further compared the maximum adsorption capacity of MO on CNS with some 

other materials as listed in Table 4.7. Although the adsorption of MO (119.9 mg/g) on 

CNS was much lower than MB (327.9 mg/g), it was still much higher than most of the 

commonly used adsorbents such as activated carbon, coal powder, mesoporous carbon, 

et.al. 
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Table 4.7 The maximum adsorption amount of MO onto different adsorbents 

Adsorbents qm（mg/g） References 

Mg-Al LDH 148.3 40 

Coal Powder 18.5 41 

Ni-Mesoporous Carbons 107.1 42 

Bottom Ash 3.6 43 

De-Oiled Soya 16.7 43 

Activated Carbon 9.5 44 

Hypercrosslinked Polymeric 

Adsorbent 
76.9 45 

Chitosan 11.4 41 

Carbon Nanosheets 119.9 This study 

4.4 Conclusions 

    In conclusion, we have developed a novel and simple bottom-up synthesis method to 

produce GO-like CNS from glycerol, sulfuric acid and melamine. It is highly interesting 

that in this facile solvothermal synthesis, melamine played a critical role as a structure-

directing agent for the formation of layered carbonaceous material, in addition to its N-

doping function. This molecule-based structure-directing approach sheds new light on 

2D nanocarbon synthesis. Furthermore, the resultant CNS possesses excellent 

adsorption properties of organic dyes. The maximum adsorption capacity of MB 

reaches 327.9 mg/g and 119.9 mg/g for MO adsorption, significantly higher than most 

other well studied adsorbents. More distinctively, the CNS shows very fast adsorption 

kinetics, which can be described by the pseudo-second-order kinetic model. The 

equilibrium adsorption data of MB and MO onto CNS both fit the Langmuir isotherm 

model better than Fruendlich isotherm model. 
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Chapter 5 Fabrication of Carbon Dots Embedded Graphene Oxide Membrane 

with Tunable Permeation 

5.1 Introduction 

Membrane has become a promising and widely applied material in wastewater 

treatment and water desalination through pressure-driven filtration to deal with the ever-

increasing water pollution and the lack of fresh water resources. These pressure-driven 

membranes can effectively separate gas, remove large particles, most organic and 

inorganic compounds, bacteria, virus and even metal ions from water.1-2 Various 

materials can be applied to fabricate membrane, such as polymers (cellulose, polyamide, 

PMMA, etc.), hollow fiber, ceramic, nanowires, as well as recently developed graphene 

or graphene oxide (GO).2-5 Graphene oxide (GO) shows similar features as graphene 

such as planar structure, monoatomic thickness and can be recognized as a chemically 

modified graphene with huge amount of hydroxyl, epoxide and carboxyl groups, which 

made it water soluble and easy to be functionalized.6 Graphene/GO membrane exhibits 

highly desirable properties for membranes including high solute rejection rate, excellent 

mechanical strength, good flexibility, chemical and thermal stability,7-8 which makes it 

highly interesting and highly promising than previous membranes.  

It has been reported that the paper-like graphene/GO membrane can be assembled via 

solvent-casting or vacuum filtration of colloidal dispersions of graphene or GO.6, 9 The 

water channels of graphene/GO membrane are the interspace between individual 

nanosheets so that their membrane pore sizes are in theory between 0.4-1.3 nm, which 

belongs to reverse osmosis (RO) or nanofiltration (NF).10 Therefore, it should be an 

effective filtration membrane in water purification. Wang et al.4 described that graphene 

promises water desalination at throughputs much higher than state-of-the-art 

membranes. Zhu et al.11 found that the selective transport of alkali and alkaline earth 
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cations can be achieved by GO membranes, indicating the great potential of membrane 

in water purification. Liu et al.9 also showed GO membrane is highly efficient in 

separation of macromolecules and particles. However, due to the substrate/drying-

induced flattening effect,9 graphene or GO debris stack layer by layer in a flatten form 

leading to the tightly stack of layers without much rooms between the layers. The lack 

of channels in the GO membrane will certainly cause difficulties in the permeation of 

water, which leads to the poor water flux rate and greatly limit the application in the 

fields that require permeable layers and tunable layer spacing.12 Besides, the steric 

hindrance caused by oxygen-containing groups from the basal plane of GO platelet also 

limits the permeability of membrane. The small membrane pore size limits the 

application of GO or graphene membrane in wastewater treatment, where large 

membrane pore is desirable to achieve high membrane flux. Although some large pores 

may exist in GO membranes due to surface defects formed during GO synthesis, these 

pores have irregular sizes, which could lead to poor selectivity.  

In order to solve the difficulties in permeability, people aim to create more spaces and 

channels between layers through different approaches. For example, insert small 

molecules or nanostrands into the layer by adsorption or chemical bonding to open the 

stacked layers;7, 13 fabricate wrinkled chemical reduced graphene layers by controlling 

the amplitude of graphene layer corrugation,9 etc. Although these methods can 

successfully achieve the modulation of graphene/GO membrane interlayer space, there 

are still some limitations such as untunable pore size, complex procedure. It remains 

challenge to fabricate a GO membrane with tunable pore size, which is the key factor of 

membrane permeability and selectivity.   

Herein, we developed a kind of GO membrane via embedding carbon dots into the 

interspaces to tune the spaces and channels between GO layers. CDs are recently 
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discovered quasi-spherical, fluorescent nanocarbons that comprise amorphous or 

graphitic or polymeric carbon nanoparticles, typically with abundant hydrophilic groups 

such as hydroxyl and carboxyl groups on surface. In addition, the size of CDs can be 

precisely controllable.14 We investigated the fabrication of CDs embedded GO 

membrane (namely as CDs-GO) and evaluated its performance on the separation of 

organic dyes. This work, to our best knowledge, is the first study on tuning the pore 

sizes of GO membrane by embedding carbon dots that has similar properties as GO. 

5.2 Experimental section 

5.2.1 Materials and reagents 

    Glycerol, melamine and graphite powder were purchased from Sigma-Aldrich. 

Concentrated sulfuric acid (98 %) was purchased from Alfa Aesar. Methylene blue (MB) 

was supplied by Chem-Supply. All chemicals were used as received without any further 

purification. 

5.2.2 Fabrication of the precursors  

5.2.2.1 Synthesis of GO 

    The graphene oxide in this experiment was prepared through modified Hummers-

Offeman method.15 Detailed procedure is as follows: 

    50 g of H2SO4 (98 %) and 2 g of graphite were placed in a reactor cooled to 0 °C 

using iced water. After mixing the suspension for 30 min, 0.3 g of KMnO4 was added in 

small portions to keep the temperature in the reactor not more than 10 °C. Thirty 

minutes later, 6 g of KMnO4 was further added to the suspension gradually. After the 

KMnO4 feeding was finished, the reactor was heated to about 35 °C and kept at this 

temperature for an additional 30 min. As the reaction progressed, the suspension 

became pasty and brownish in colour. At the end of this 30 min period, 90 mL of water 

was slowly stirred into the paste to prevent violent effervescence, causing an increase in 



CHAPTER 5 
 

 

156 
 

temperature from (90 to 95) °C. The diluted suspension, now brown in colour, was 

maintained at this temperature for 15 min. The suspension was then further treated with 

a mixture of 7 mL of hydrogen peroxide 30 %) and 53 mL of water to reduce the 

residual permanganate and MnO2 to soluble MnSO4. The suspension was filtered and 

washed with distilled water three times. 

5.2.2.2 Synthesis of CDs 

    The CDs used in this experiment was prepared mainly through our previous reported 

method.16 Detail procedure is as follows:  

    In a typical experiment, 0.5 g of melamine was first dispersed in 18 ml of glycerol. 

The mixture was heated to 270 °C under nitrogen flow, and 0.5 g of citric acid was 

quickly added to the hot mixture. The mixture was maintained at 270 °C for 15 min and 

then cooled to ambient temperature, resulting in a dark brown viscous mixture. The 

viscous as-prepared CDs were first diluted with 50ml of Mill-Q water, followed by 

filter by sterilized 0.22µm syringe filters. Then, 10ml sample was put into the dialysis 

tubing for purification. The dialysis was repeated 3 times and 2.5L of Mill-Q water was 

used each time. CDs penetrated the tubing was collected and concentrated by 

evaporation for further dialysis with smaller MWCO tubing. The tube with MWCO of 

3.5 kDa and 1 kDa are used respectively to get different fractions: >3.5 kDa, 1~3.5 kDa 

and <1 kDa. 

5.2.2.3 Fabrication of CDs-GO membrane 

    The CDs-GO membrane was fabricated by vacuum filtration. A typical procedure 

was as follows: 

    15 ml of GO suspension (2.4 mg/ml) was sonicated for 30 min to open the layers of 

GO. Then the GO solution was mixed with 15 ml CDs solution (50 g/ml) and stirred 

for at least 10 min. After mixing, the mixture was kept for 30 min for the attachment of 
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CDs onto GO layers. The mixture was filtered by a Mixed Cellulose Esters (MCE) filter 

paper with a pore size of 0.22 µm. The CDs-GO membrane with MCE filter paper was 

dried in a vacuum oven and peeled after drying. In this experiment, three fractions of 

CDs (molecular weight cut off (MWCO) : >3.5 kDa, 1~3.5 kDa and <1 kDa, 

respectively) was used to get membranes with different permeability.  

5.2.3 Characterization of materials 

5.2.3.1 Morphology characterization  

    The morphology of GO layers and CDs were characterized on atomic force 

microscopy (AFM, Dimension 3000) with tapping mode on a platinum coated mica 

substrate. Scanning electron microscope (SEM) is also applied to show the surface 

morphology of membranes. The particle sizes of CDs are measured by dynamic light 

scattering (DLS). 

5.2.3.2 Structure characterization  

    FT-IR spectra were collected on Perkin-Elmer Spectrum 100 with resolution of 4 cm-

1 in transmission mode at room temperature. A baseline correction was applied after the 

measurement. X-ray photoelectron spectroscopic (XPS) measurements were performed 

on a Kratos Axis Ultra photoelectron spectrometer, which use Al Kα (1253.6 eV) x-rays. 

The Raman spectra were collected on Renishaw inVia Raman microscope using 514 nm 

laser light source.  

5.2.3.3 Membrane porosity:  

    The membrane porosity was determined by the mass loss of wet membrane after 

drying.3 The membrane was mopped with water on the surface and weighed under wet 

status. Then, the membrane sample was dried until a constant mass. The membrane 

porosity ε was calculated by eq. 1:  
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                                                                                                            eq. 1 

where Ww is the mass of a wet membrane, Wd is the mass of dry state membrane sample, 

ρ is pure water density, and v is the volume of a membrane in wet state. 

5.2.3.4 Membrane permeability: 

    The permeability of CDs-GO membrane was evaluated by water flux rate of 

membrane. The CDs-GO membrane was fixed on the top of a WhatmanTM qualitative 

filter paper in a syringe filter holder, holding the effective membrane area of 3.14 cm2. 

The membrane was initially subjected to deionised water of 0.1 MPa for about 1 h 

before testing. Then the pure water flux was measured at 0.1 MPa, the volume of water 

going through the membrane was measured after 10 min. The pure water flux rate can 

be calculated by the eq. 2: 

V
J

S t



                                                                                                                        eq. 2 

where J (L/h·m
2
) is the water flux rate of membrane, V (L) is the volume of permeated 

water, ∆t (h) is the permeation time. 

5.2.3.5 Membrane filtration experiments 

    The filtration experiments were conducted using three common dyes including 

methylene blue (MB), methyl orange (MO) and rhodamine B (RhB) with a 

concentration of 10 mg/L. The absorption of MB, MO and RhB in the solution was 

analysed using UV-Vis spectrophotometer (Agilent 8453 UV-Visible 

Spectrophotometer) at 663, 464 and 552 nm wavelength, respectively. The Removal 

Efficiency of dyes was calculated by eq.3: 

0

0

% 100%A A
R

A


   

where R% is the Removal Efficiency, A0 is the absorption of dyes before filtration, A is 

the absorption of filtrate. 
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5.3 Results and discussion 

5.3.1 The morphology characterization  

The morphology of the materials to fabricate membrane was acquired first to show the 

physical nature of the raw materials. The CDs-GO membrane was fabricated by 

filtration of predetermined amount of GO (2.4 mg/ml) and CDs (50 g/ml) suspension 

through Mixed Cellulose Esters (MCE) filter membrane with a pore size of 0.22 µm, 

followed by air drying and peeling from the filter. Three fractions of CDs, with 

molecular weight cut off (MWCO) of <1 kDa, 1~3.5 kDa and >3.5 kDa, respectively, 

were applied to mix with GO suspension and fabricate the membranes.  

 

Figure 5.1 A) The AFM image of graphene oxide; B-D) AFM images of different 

fraction of CDs with size distribution (The fractions are MWCO <1 kDa, 1~3.5 kDa 

and >3.5 kDa, respectively). 

AFM was applied to get the thickness of graphene oxide and particle size of carbon 

dots, the result was shown in Figure 5.1. The AFM image of GO nanosheets showed the 
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flat debris of GO with thickness of 1 nm in Figure 5.1 A, the same as reported,17 

confirming the good quality of as-prepared GO. The sizes of the three CDs were 

measured by AFM as shown in Figure 5.1 B-D. Their particle sizes of the three CDs 

with MWCO of <1 kDa, 1~3.5 kDa and >3.5 kDa centred at 1, 5 and 8 nm, respectively. 

The particle sizes of CDs are confirmed by the dynamic light scattering (DLS) 

measurement results in Figure 5.2.  

 

Figure 5.2 Size distribution of CDs with MWCO <1 kDa, 1~3.5 kDa and >3.5 kDa. 

    The morphology of fabricated membrane can be derived by FESEM. As indicated in 

Figure 5.3, the thickness of CDs-GO membranes using different amount of GO were 

measured. The thickness of membrane were about 1 nm, 2 nm, 3 nm and 5 nm with the 

GO amount of 10 ml, 15 ml, 20 ml and 30 ml respectively, confirming the theoretical 

control of membrane thickness by adjusting the amount of GO suspension. However, it 
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is hard to peel GO membrane from the MCE filter membrane when the amount of GO 

suspension was less than 10 ml (about 24 mg) as the membrane was too thin. Hence, 15 

ml (about 36 mg) of GO suspension was used and the ratio of GO to CDs was adjusted 

by controlling the amount of CDs aqueous. The thickness of CDs-GO membrane we 

used in the following measurements and application tests is around 2 µm. 

 

Figure 5.3 SEM images of CDs-GO membrane with different amount of GO, A) 10 ml, 

B) 15 ml, C) 20 ml, D) 30 ml. 

5.3.2 The chemical structure of materials 

There was almost no difference on the chemical structure between GO membrane and 

CDs-GO membrane according to the FTIR and Raman results in Figure 5.4 A and B. It 

may be attributed to the similarity of CDs and GO. Both are constructed by carbon 

frame with abundant hydroxyl and carboxyl groups. XPS surface scan shows a presence 

of nitrogen in CDs-GO and no nitrogen in GO membrane. The total nitrogen percentage 
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in the CDs-GO membrane is about 0.18 %, which is an evidence of a successful 

incorporation of CDs in the GO membranes. 

 

Figure 5.4 The FTIR, Raman and XPS spectra of GO and CDs-GO membranes.  

5.3.3 The properties of membrane 

The collection of specific surface area and pore size of GO and CDs-GO membrane 

through nitrogen adsorption-desorption techniques were failed. This might be because 

of the tight layers of the dried GO and CDs-GO membranes, which prevent the 

permeation and adsorption of N2 similar to the impermeable of He.10, 18 However since 

graphene based membrane was unimpeded permeable to water,18 the mass loss of wet 

membrane after drying was applied to determine the porosity as shown in Table 5.1. 

The porosity of the pure GO membrane is only 9.5%, which further confirms that the 

GO nanosheets stacked firmly reducing the permeability of GO membrane. In contract, 
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the porosity of the CDs-GO membranes is 42-171% higher than that of GO membrane, 

which increases with increasing the size of the embedded CDs. It indicates that the 

embedded CDs significantly increase the interspaces between GO nanosheets, which 

would affect the permeability of CDs-GO membranes. 

Table 5.1 Porosity of GO membranes embedded with different sizes of CDs. 

Membranes Type GO 
CDs-GO 

(<1 kDa) 

CDs-GO 

(1~3.5 kDa) 

CDs-GO 

(>3.5 kDa) 

Void Ratio (%) 9.5 13.5 23.3 25.7 

5.3.4 The possible mechanism of membrane fabrication 

It is known that an electrical double layer will be formed around the GO layer in water 

due to the oxygen containing groups, which is a key factor in the interaction between 

GO and nanoparticales.19 The aromatic regions of GO layer also exhibit attractivity to 

other aromatic molecules through π-π supramolecular interaction.20 In addition, there 

also exist strong Van der Waals interaction between nanoparticles.21 CDs synthesized 

by the pyrolysis of citric acid were reported an agglomeration that consists of GO-like 

materials.22 Therefore, after mixing CDs and GO suspension together, CDs tend to 

attach onto the surface of GO layers due to the multiple interactions between CDs and 

GO layers. GO layer surface can also prevent the agglomeration of CDs leading to more 

uniform distribution. These CDs-attached GO layers were fabricated piece by piece in 

an ordered form to get CDs-GO membrane by vacuum filtration.23 The huge amount of 

CDs particles embedded between the GO layers successfully prevent the tightly stack 

and open the space of GO interlayers, which makes water molecule easily enter the 

interstice of GO membrane and go through the membrane from nano-channels between 

layers. The schematic of fabrication process of CDs-GO membrane was illustrated in 

Figure 5.5. 
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Figure 5.5 The fabrication process of CDs-GO membranes. 

5.3.5 The permeability of CDs-GO membranes 

Theoretically, the spaces between layers can be controlled by the particle size of CDs 

as smaller particle size leading to closer distance between layers and generate smaller 

nano-channels. The amount of CDs should also be a key factor to affect the 

permeability of membrane because when the amount of CDs can successfully sustain 

the spaces between GO layers away from collapse, the over loading amount of CDs will 

occupy the spaces of nano-channels and cause blockage, which lead to the decrease of 

water flux rate. Generally, the permeability of membrane can be tuned by the size and 

amount of embedded CDs, which can be confirmed by the experimental results. 

The water flux of the CDs-GO membranes and GO membrane were assessed and the 

results are shown in Figure 5.6A. It can be found that the embedding of CDs greatly 

improved the permeability of membrane as expected. With increase in the size of CDs, 

the water flux increased accordingly. Under a transmembrane pressure of about 0.1 MPa, 

the water flux of GO membrane was only 53 L/h·m2 but reached as high as 439 L/h·m2 

after embedding CDs with MWCO 1~3.5 kDa. The improved flux is much higher than 

that the thermal expanded GO paper12 whose highest permeation is only about 205 

L/h·m2 at 0.1 MPa. This direct correlation confirms that it is the embedded CDs that 

increased the distance between GO layers, forming enlarged nano-channels. 
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Figure 5.6 A) The permeability of GO and CDs-GO membranes embedded with 

different CDs; B) The weight ratio of GO to CDs on the permeability of CDs-GO 

membranes. 

We further investigated the effect of the loading of CDs (1 ~ 3.5 kDa) on the 

permeability of CDs-GO membranes. As shown in Figure 5.6B, the water permeability 

increased with the increase in loading of CDs initially. The optimal loading of CDs in 

terms of permeability was about 2.1 % (weight of CDs/total weight of CDs-GO). 

Further increasing CDs loading resulted in a decline in membrane permeability, which 

suggests that when the CDs are over-loaded, the CDs may occupy the interspace and 

reduce the available nano-channels, leading to the decrease of water permeability of 

CDs-GO membranes. 

5.3.6 The application of CDs-GO membrane 

The potential application of the CDs-GO membrane for water filtration was tested. A 

few of common dyes including methylene blue (MB), methyl orange (MO) and 

rhodamine B (RhB) were selected as model pollutants with a concentration of 10 mg/L. 

The results of filtration test listed in Table 5.2 indicate the good removal efficiency of 

dye molecules by both GO and CDs-GO membranes.  The dye removal efficiency can 
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reach over 99% by GO, CDs-GO (<1 kDa) and CDs-GO (1~3.5 kDa) membranes, 

which indicate that the increased water permeability of the CDs-GO membranes (<1 

kDa and 1~3.5 kDa) does not compromise their performances in small molecule 

removal. A 3~5% decrease in dye removal efficiency of CDs-GO (>3.5 kDa) 

membranes was observed, which may be because that some channels formed by 

the >3.5 kDa CDs are larger than the target pollutants. According to the results, the 

CDs-GO membranes made of CDs of 1~3.5 kDa is the most promising as it possesses 

both high permeability and high dye removal percentage. 

Table 5.2 The parameters of dye (MB, MO and RhB) solution filtration by GO and 

CDs-GO membranes. 

Membrane Dye 
Molecular 

Size (Å) 

Permeability 

(L/h·m2) 

Removal 

Efficiency (%) 

GO 

MB 6 51 99.9 

MO 8 53 99.9 

RhB 8 46 99.9 

CDs-GO  

<1 kDa 

MB 6 137 99.9 

MO 8 123 99.9 

RhB 8 119 99.9 

CDs-GO  

1~3.5 kDa 

MB 6 434 99.5 

MO 8 408 99.2 

RhB 8 422 99.7 

CDs-GO  

>3.5 kDa 

MB 6 421 94.1 

MO 8 447 96.6 

RhB 8 439 96.9 
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5.3.7 The cycling tests of CDs-GO membranes 

The cycling tests of the CDs-GO membranes on dye removal were also performed 

using MO as the model molecule to assess the durability of the membranes (Figure 

5.7).The used CDs-GO membrane was washed with ethanol to remove the residual MO 

on membranes before each subsequent test. The removal efficiency of MO slightly 

decreased from 99.8 % to 90.4 % after 4 cycles, which may be due to the poor stability 

of GO membrane in water; as GO is hydrophilic, the interspace between GO nanosheets 

can increase over time, leading to reduced rejection. 

 

Figure 5.7 The cycle tests of CDs-GO membranes on MO removal 

    The continuous dye removal tests were also conducted and the results were shown in 

Figure 5.8. 10 ml of 10 mg/L MO solution were filtrated each time for four cycles 

without washing by ethanol to remove the adsorbed MO. The removal efficiency 

decreased dramatically from 99 % to 24 % after four cycles of MO throughput. All the 

results indicated that the removal of dye through CDs-GO membranes filtration were 

mainly based on the adsorption property of GO. 
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Figure 5.8 The continuous tests of CDs-GO membranes, A) MO removal efficiency, B) 

absorption spectra of MO filtrate. 

5.3.8 The separation of Ag nanoparticles by CDs-GO membranes 

 

Figure 5.9 A) The size distribution of Ag NPs, B) The absorption spectra of Ag NPs 

before and after filtration. 



CHAPTER 5 
 

 

169 
 

To evaluate the separation property of CDs-GO membranes for larger particles, Ag 

nanoparticles (Ag NPs) were prepared24 and filtrated through CDs-GO membranes. The 

sizes of Ag NPs were around 6 nm according to the DLS results shown in Figure 5.9A. 

The rejection rate of Ag NPs was calculated through the absorbance measured by UV-

Vis as demonstrated in Figure 5.9B. The rejection rate was up to 99.4 % indicating the 

particles with size larger than 6 nm can be totally rejected by the CDs-GO membranes, 

which should be useful in membrane science. 

5.3.9 CDs-rGO membranes of chemically reduced GO 

As GO membranes are likely to disperse in water due to the high hydrophilicity,25 we 

prepared graphene membranes through HI reduction26 to get stronger mechanical 

strength. The conductivity of reduced graphene (rGO) membrane (51 ) and CDs-rGO 

membrane (59 ) measured by AVO meter (Figure 5.10 A and B) indicate that there 

was no significant decrease on the conductivity of rGO membranes after incorporating 

with CDs. CDs-rGO membranes showed more fluffy morphology than rGO membranes 

as shown in Figure 5.10 C and D.  

The water permeability of rGO and CDs-rGO membranes decreased dramatically 

comparing to GO and CDs-GO membranes, only 18 L/h·m2 and 204 L/h·m2, 

respectively. The reducing of spaces between graphene layers by removing the oxygen 

functional groups as well as hydrophobic property of membranes leaded to the decrease 

of water permeability. However, the higher permeability of CDs-rGO membranes than 

rGO membranes suggested the incorporation of CDs was also suitable for graphene 

membranes.  
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Figure 5.10 A) The resistance of rGO membrane; B) The resistance of CDs-rGO 

membrane; C) SEM images of rGO membranes; D) CDs-rGO membranes. 

The removal efficiency of MO by rGO membranes was 82 %, as the theoretical void 

spacing between GO sheets is of ~0.3 nm, even further decreased after chemical 

reduction, which is much smaller than MO molecular size, most of the MO molecular 

was rejected passing through rGO membranes. While only 5.5 % of MO was removed 

by CDs-rGO membranes, because MO can pass through the CDs-rGO membranes 

without much adsorption due to the removal of oxygen functional groups on GO.  

5.4 Conclusions 

    In summary, we have demonstrated a facile approach to fabricate GO membranes 

with tunable permeability by embedding CDs. The layer space between GO can be 

controlled by the size of CDs, and therefore, tunes the permeability of GO membranes. 

The similar carbon structures between GO and CDs allow a more compatible 
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integration of the two materials, forming stable membranes. We have also demonstrated 

that the CDs-GO membranes are highly efficient in removing organic pollutants and 

rejection of nanoparticles (e.g. larger than 6 nm). Moreover, the method presented here 

can be readily extended to graphene membranes. The study provides new insight to 

fabrication of nanostructured membranes and application for water treatment.  
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Chapter 6 Fabrication of Photocatalytic Graphene Membranes with Enhanced 

Photocatalytic Activity and Permeability 

6.1 Introduction 

Although membranes have been developed industrially for many years, the limitations 

including the defects of polymeric materials, slow water transport are still challenging.1 

Graphene materials may have the potential to overcome these limitations. Recent 

studies on graphene/graphene oxide (GO) membrane have demonstrated promising 

properties such as remarkable mechanical natures, good flexibility, chemical and 

thermal stability, etc.2, 3 The membrane pore sizes are in theory between 0.4~1.3 nm, 

which belongs to reverse osmosis (RO) or nanofiltration (NF).4 Thin two-dimensional 

graphene or GO membranes have been reported exhibiting excellent separation 

performance in gas separation,5, 6 molecular sieving7 and selective ionic penetration.8, 9 

Despite single atom layer graphene is theoretically impermeable to water and gases,10 

the stack of graphene layers will create nano-channels between the layers in membrane, 

which makes the membrane permeable to water and gases. The membrane throughput 

can be increased by controlling the amplitude of graphene layer corrugation,10 inserting 

small molecules11 or nanostrands between layers12 and embedding carbon nanodots. 

Graphene/GO membranes with high water throughput are highly desired and can be 

applied in water purification.13  

Graphene, as it shows superior charge mobility property, has been proven an effective 

additive to improve the photocatalytic property of semiconductors,14 such as TiO2,15 

ZnO,16 Co3O4,17 CdS,18 etc., even graphene itself can act as a remarkable 

photocatalyst.19 The researches indicated great potential of graphene-semiconductor 

composites in water treatment to eliminate the organic pollutants.14, 20 TiO2 (Eg3.2 eV) 

is a typical n-type semiconductor, which is widely used to decompose organic pollutants 
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under UV illumination,21 while Cu2O (Eg2.1 eV) is a p-type semiconductor, which 

exhibits good catalytic performance on water splitting for hydrogen generation22 and 

photodegradation of dyes23 under visible light irradiation. The TiO2-Cu2O composite 

was confirmed showing superior activity,24 which could be attributed to the formation 

of heterojunction.25, 26
  Noticeably, both of the semiconductors will be excited under 

UV-Vis irradiation,24 which is desirable for the utilization of renewable solar energy.  

Herein, we fabricated a photocatalytic membrane for water treatment. The 

incorporation of Cu2O and TiO2 nanowires into graphene membranes affects the nano-

channels and hydrophilicity of membranes, which improves its permeability. The 

graphene layers between p-type Cu2O and n-type TiO2 nanowires enhance the transfer 

of charge carriers and lead to higher photocatalytic activity. This membrane can be used 

for water treatment through both nanofiltration and photocatalytic to remove the 

pollutants in wastewater, in addition, the easy separation of photocatalytic membrane 

from solution is another advantage comparing to the powder materials. 

6.2 Experimental section 

6.2.1 Materials and reagents 

Graphite powder and Ethylenediamine (EDA) were purchased from Sigma-Aldrich. 

Potassium Permanganate, Sodium hydroxide, Copper sulfate pentahydrate, Ethanol and 

Hydrogene Peroxide (30%) were purchased from Chem-Supply. Concentrated sulfuric 

acid (98 %) was purchased from Alfa Aesar. Hydroiodic acid (57%) and Hydrazine 

hydrate (55%) were purchased from Acros Organics. Sodium dodecyl sulfate was 

purchased from Bio-Rad. All chemicals were used as received without any further 

purification. 
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6.2.2 Equipment 

    The morphology images of the membranes and nanowires were captured on Field 

Emission Scanning Electron Microscope (FESEM) through Zeiss Neon 40EsB. FT-

IR spectra were collected with a Perkin-Elmer Spectrum 100 FT-IR spectrometer, 

fitted with an ATR accessory. A baseline correction was applied after the 

measurement. X-ray photoelectron spectroscopic (XPS) measurements were 

performed on a Kratos Axis Ultra photoelectron spectrometer, which use Al Kα 

(1253.6 eV) x-rays. Curve fitting and background subtraction were performed using 

Casa XPS version 2.2.73 software.  The Raman spectra were collected on Renishaw 

inVia Raman microscope using 514 nm laser light source. The photocatalytic tests 

of membranes were performed with Perfectlight PLS-SXE300CUV Xenon lamp. 

The absorption spectra were collected with Agilent 8453 UV-Visible 

Spectrophotometer. 

6.2.3 Fabrication of the precursors  

6.2.3.1 Synthesis of GO 

    The graphene oxide in this experiment was prepared through modified Hummers-

Offeman method. Detailed procedure is as follows27: 

50 g of H2SO4 (98 %) and 2 g of graphite were placed in a reactor cooled to 0 °C 

using iced water. After mixing the suspension for 30 min, 0.3 g of KMnO4 was added in 

small portions to keep the temperature in the reactor not more than 10 °C. Thirty 

minutes later, 6 g of KMnO4 was further added to the suspension gradually. After the 

KMnO4 feeding was finished, the reactor was heated to about 35 °C and kept at this 

temperature for an additional 30 min. As the reaction progressed, the suspension 

became pasty and brownish in colour. At the end of this 30 min period, 90 mL of water 

was slowly stirred into the paste to prevent violent effervescence, causing an increase in 
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temperature from (90 to 95) °C. The diluted suspension, now brown in colour, was 

maintained at this temperature for 15 min. The suspension was then further treated with 

a mixture of 7 mL of hydrogen peroxide 30 %) and 53 mL of water to reduce the 

residual permanganate and MnO2 to soluble MnSO4. The suspension was filtered and 

washed with distilled water three times. 

6.2.3.2 Synthesis of Cu2O nanowire 

The synthesis of Cu2O nanowire follows the description in the article of Zhao et.al.22 

Detailed procedure is as follows: 

85.63 g of NaOH is dissolved in 250 mL of distilled water, following with adding 

0.44 g of CuSO4﹒5H2O into the reaction flask. The reactor is connected to the nitrogen 

gas and mechanically stirred (500 rpm) for 20 min to obtain a homogeneous emulsion. 

Subsequently，2.14 mL of ethanediamine (EDA) and 0.18 mL hydrazine hydrate 

(HHA) are injected into the flask successively. Afterward, the reaction is kept at 80 °C 

for about 60 min under ambient pressure with stirring, fluffy clusters with maroon 

colour will be formed continuously. After cooling to room temperature, the mixture is 

filtered and washed with ethanol and distilled water three times to get copper nanowires. 

Finally, the copper nanowires are sealed and treated at 60 °C for 5 h in wet air with 

humidity of 65% ~ 70% to obtain Cu2O nanowires. 

6.2.3.3 Synthesis of TiO2 nanowire 

TiO2 nanowires are synthesized as reported by Zhang et al.28 Detailed procedure is as 

follows: H-titanate (H2Ti3O7) nanofibers are hydrothermally synthesized using anatase 

particles as raw materials in the presence of 10 M NaOH. Then, 0.4 g of H2Ti3O7 

nanofibers were calcined at 400°C for 3 h to obtain the single crystal TiO2.  
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6.2.3.4 Fabrication of rGO/Cu2O/TiO2 membrane 

As graphene is hydrophobic, it is hard to disperse graphene with Cu2O and TiO2 

nanowires aqueous suspension uniformly. However, graphene oxide, due to the 

abundant oxygen containing groups, shows remarkable water solubility and forms 

electrical double layers around the GO sheets in solutions, which is a key factor in the 

interaction between GO and other nanomaterials.29 The fabrication process of 

rGO/Cu2O/TiO2 membrane is as follows: 

Certain amount of Cu2O and TiO2 nanowires are dispersed in 30 ml of distilled water, 

respectively. Sodium dodecyl sulfate (SDS) is added as surfactant to coat the surface 

and facilitate the dispersion of Cu2O and TiO2 nanowires to attain stable colloidal 

suspension. After sonicating the mixture solution of certain amount of Cu2O and TiO2 

nanowires for 30 min, GO solution is dropped into the mixture and stirred for 30 min 

for the physical adsorption between GO sheets and Cu2O and TiO2 nanowires through 

interactions such as Van de Waals force, hydrogen bond, charge attraction, etc. The 

membrane is assembled on a commercial Mixed Cellulose Ester (MCE) membrane 

(=47mm, 0.22 m) by vacuum filtration, followed by air drying and peeling from the 

MCE membrane to get free-standing membrane. To utilize the excellent charge mobility 

of graphene, the GO membrane was reduced by immersing into 55% hydroiodic acid at 

100 oC for 30 s following by washing with ethanol and water several times to remove 

the residual of I2 and HI.30  

6.3 Results and discussion 

6.3.1 The morphology characterization  

The morphologies were captured on FESEM. The Cu2O and TiO2 contained 

nanowires with particle deposition as shown in Figure 6.1A and B. The length of Cu2O 

and TiO2 was about 1~3 m. The rGO membranes in Figure 6.1C showed smooth 
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surface and tightly stacked layer structure. The insert of Figure 6.1C showed the free-

standing morphology of membranes with strong mechanical strength. Figure 6.1D 

provided the morphology of rGO membranes incorporated with Cu2O and TiO2 

nanowires. The interlayers of rGO were opened by the Cu2O and TiO2, which could 

enhance the permeability of rGO membranes. The surface of rGO/Cu2O/TiO2 

membranes was rough as the layers on the surface were easier to be opened during the 

chemical reduction.  

 

Figure 6.1 The SEM images of Cu2O nanowires (A), TiO2 nanowires (B), rGO 

membrane (C) and rGO/Cu2O/TiO2 membrane (D), the insert of (C) shows the digital 

image of free-standing rGO/Cu2O/TiO2 membrane. 

6.3.2 The conductivity of membranes  

The resistance of the membranes were briefly measured by an avometer to indicate 

the changing of conductivity after embedding Cu2O and TiO2 semiconductor nanowires. 



CHAPTER 6 
 

 

181 
 

GO membrane is known nonconductive. As shown in Figure 6.2, the rGO membrane 

and rGO/Cu2O/TiO2 membrane reduced by HI show good conductivity. The resistance 

of rGO/Cu2O/TiO2 membrane is higher than rGO membrane, which could be attributed 

to the incorporation of semiconductors Cu2O and TiO2 that reduce the conductivity of 

rGO membrane. In another words, the reduced graphene can enhance the conductivity 

of Cu2O and TiO2 semiconductors, which could be useful to facilitate the photocatalytic 

property of semiconductors. 

 

Figure 6.2 The resistance of the membranes rGO membrane (A) and rGO/Cu2O/TiO2 

membrane (B). 

6.3.3 The structure analysis of membranes  

The FTIR spectra of membranes and nanowires are presented in Figure 6.3 A. It can 

be observed that there is no significant difference between the spectra of rGO and 

rGO/Cu2O/TiO2 membranes, which could be attributed to the coverage of embedded 

Cu2O/TiO2 by rGO layers in the rGO/Cu2O/TiO2 membrane. As the FTIR spectrometer 

with ATR normally can only collect the information on the surface of membrane, the 

details of Cu2O and TiO2 between the graphene sheets are difficult to be collected. 

However, few peaks belong to TiO2 and Cu2O were still observed at 984 cm-1 and 1465 

cm-1, respectively. 
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Figure 6.3 FTIR spectra (A) and Raman spectra (B) of rGO membrane, Cu2O and TiO2 

nanowires, and rGO/Cu2O/TiO2 membrane.   

To further confirm the incorporation of Cu2O and TiO2 nanowires, Raman spectra of 

rGO membrane, Cu2O nanowires, TiO2 nanofibers and rGO/Cu2O/TiO2 membranes are 

demonstrated in Figure 6.3B. The peaks at 396, 515 and 637 cm-1 in the spectra of TiO2 

are corresponding to the anatase TiO2 phase.31 The peak at 273 cm-1 can be assigned to 

the Ag mode, while the peaks at 615 cm-1 can be assigned to the Bg modes of CuO,32 

this could be due to the easy oxidation of Cu2O in the air during the sample preparation 

and characterization. The two main bands at approximately 1356 and 1595 cm-1 in the 

spectra of rGO and rGO/Cu2O/TiO2 membranes could be attributed to the breathing 

mode of the k-point phonons of A1g symmetry (D band) and the first-order scattering of 

the E2g phonons (G band) of graphene, respectively.33 The typical TiO2 vibration peaks 

and CuO vibration peaks are observed in the spectra of as-prepared rGO/Cu2O/TiO2 
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membranes, indicating the presence of CuO and TiO2 in the rGO/Cu2O/TiO2 

membranes. The Cu2O and TiO2 could not be reduced by 55% hydroiodic acid during 

the reduction of GO membranes. Therefore, the method of reducing membranes by 

hydroiodic acid can be successfully applied in the fabrication of rGO/Cu2O/TiO2 

membranes. 

 

Figure 6.4 XPS data of rGO/Cu2O/TiO2 membrane. A) The survey spectra; B) C 1s 

spectrum; C) The Ti 2p spectrum; D) The Cu 2p spectrum. 

  The X-ray photoelectron spectra (XPS) of rGO/Cu2O/TiO2 membrane are presented in 

Figure 6.4. The survey spectrum of rGO/Cu2O/TiO2 membrane in Figure 6.4A clearly 

shows Cu 2p peak at 932.2 eV and Ti2p peak at 452.5 eV, revealing the presence of Cu 

and Ti species. The peaks at 284.6 and 530.1 eV belong to C1s and O1s, respectively. 

The elemental atomic percentages of rGO membrane are 89.8% of C and 9.6% of O, 
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with C/O ratio of as high as 9.3, indicating the strong reducing ability of hydroiodic acid. 

While the elemental atomic percentages of rGO/Cu2O/TiO2 membrane are 41.1% of C, 

38.3% of O, 11.2 % of Cu and 9.4% of Ti, with C/O ratio of only 1.1 due to the 

existence of TiO2 and Cu2O that cannot be reduced by HI acid. The C 1s spectrum in 

Figure 6.4B, shows three peaks centred at 284.5 eV, 285.7 eV and 288.0 eV, 

corresponding to C-C/C=C, C-O, and C=O, respectively.33-35 As shown in Figure 6.4C, 

the Ti 2p peak is fitted into two peaks at 459.0 eV and 464.9 eV that corresponding to 

Ti (IV), which are in accordance with the reported XPS data of TiO2.36 It is reported that 

the Cu 2p peak at 932.2 eV reveals the presence of Cu2O phase.37 The spectrum in 

Figure 6.4C is a typical Cu2O spectrum,38 the peaks located at 932.2 and 952 eV are 

attributed to Cu2O, confirming the main composition is Cu2O.39 The weak broad 

satellite feature at 943.5 eV, 962.0 eV and a fitting peak at 933.7 eV are attributed to the 

Cu (II) double peaks,38, 40 indicate the presence of CuO. The relatively low peaks imply 

a small amount of CuO on the surface of the specimen, which could be attributed to the 

easy oxidation of Cu2O in the air. However, Cu2O instead of CuO is the major 

component.40 In general, the XPS data give an evidence of chemical state of Cu and Ti, 

confirming the sustained Cu2O and TiO2 nanowires after the reduction of membrane by 

HI acid, which is in accordance with the Raman data.  

6.3.4 The permeability of rGO/Cu2O/TiO2 membrane 

In our previous study, a method to fabricate membranes with tunable permeability 

was reported through incorporation of carbon dots between graphene oxide layers or 

graphene layers.41 Inspired by this, Cu2O and TiO2 nanowires were incorporated into 

membranes to enhance the water flux. As observed in Figure 6.1 C and D, the tightly 

stacked graphene layers of rGO membrane were successfully opened by the Cu2O and 

TiO2 nanowires, forming channels inside the membrane, which is favourable for the 
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permeability of rGO membranes. The water flux through different membranes was 

assessed at a transmembrane pressure of 0.1 MPa. As shown in Figure 6.5, the water 

flux through membranes without embedding nanowires is only 18.1 L h-1 m-2 for rGO 

membrane and 53.6 L h-1 m-2 for GO membrane, which is much lower than the 

membranes incorporated with nanowires. While the permeability of GO/Cu2O/TiO2 

membrane and rGO/Cu2O/TiO2 membrane is 304.4 L h-1 m-2 and 139.6 L h-1 m-2, 

respectively, which has been greatly increased comparing with the pure GO or rGO 

membranes. However, the permeability of the membrane incorporated with nanowires is 

lower than that embedded with carbon dots, which could be due to the larger size of 

nanowires that may block the channels. This result can still confirm that the method to 

increase the membrane permeability through incorporating carbon dots41 can be readily 

extended to incorporate other nanomaterials such as nanowires.  

 

Figure 6.5 The water flux of different membranes. 
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6.3.5 The photocatalytic performance 

The photocatalytic performance of rGO/Cu2O/TiO2 membrane was evaluated by the 

photodegradation of methyl orange (MO) as a representative pollutant under irradiation 

from a 500W Xe lamp. The MO solution was stirred in a 250 ml double-jacket reactor 

and surrounded by circulating water for cooling. In a typical run, 10 mg of 

rGO/Cu2O/TiO2 membrane was added into 25 mL of 10 ppm MO solution. After adding 

the membranes, the reaction was started under the irradiation of Xe lamp. 1 mL of MO 

solution was collected at certain time interval to measure the absorbance at 464 nm by 

UV-Vis spectrometer and determine the concentration evolution of MO. The 

photocatalytic activity is expressed by C/C0 vs. Time. Different parameters were 

evaluated and discussed to develop the optimal operation conditions. 

6.3.5.1 The photocatalytic performance under different light source 

Figure 6.6 shows the photocatalytic degradation of MO under the irradiation of 

different light source. The adsorption of MO on the rGO/Cu2O/TiO2 membrane is not 

significant, only 2% of the adsorbate were absorbed in the condition of darkness. Hence, 

there is no point to conduct a pre-adsorption of MO in dark before the Xe lamp is turned 

on. The degradation rate of MO under the irradiation of UV or visible light is only about 

10%, while it can reach nearly 100% within 120 min, when the light source is in the 

UV-Vis range. It is known that the n-type semiconductor TiO2 is sensitive to UV light, 

while Cu2O is a well-known p-type semiconductor that can be used for water splitting 

and organic pollutants degradation under visible light irradiation.35, 42 The combination 

of these two materials can utilize solar energy in both UV and visible range, which 

enhance the energy utilization and photocatalytic activity. Furthermore, heterojunctions 

may be formed between the p-type Cu2O and n-typeTiO2 nanowires, which have been 

reported greatly increasing the photocatalytic activity and recycle behaviour of 
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photocatalyst.21, 26 Synergistic effect may exist between the two types of semiconductors 

as the graphene layers between them shows super electron mobility due to its high 

conductivity. The heterojunction structure with incorporation of graphene contributed 

significantly to the photocatalytic activity.42 Therefore, the rGO/Cu2O/TiO2 membrane 

shows excellent photocatalytic activity under UV-Vis irradiation. 

 

Figure 6.6 The photocatalytic performance of rGO/Cu2O/TiO2 membrane under 

different light source.  

6.3.5.2 The photocatalytic activity of different catalysts 

The performances of single photocatalysts were also evaluated to compare with the 

rGO/Cu2O/TiO2 membrane. 10 mg of each photocatalyst, including rGO membrane, 

TiO2 nanowire, Cu2O nanowire and rGO/Cu2O/TiO2 membrane, was respectively mixed 

with 25 ml of MO solution and irradiated under UV-Vis light. A blank test was also 

performed as a reference. As shown in Figure 6.7, nearly 20% of MO can be degraded 

in 120 min under UV-Vis light without adding photocatalysts. The degradation rate is 

getting faster after adding photocatalysts, with MO degradation percentage of 55% over 
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rGO membrane, 70% over Cu2O nanowire, 72% over TiO2 nanowire and 100% over 

rGO/Cu2O/TiO2 membrane. The amount of Cu2O and TiO2 nanowire in 10 mg of 

rGO/Cu2O/TiO2 membrane is much less than 10 mg, but shows higher photocatalytic 

activity than both 10 mg of Cu2O and TiO2 nanowires, confirming the synergistic effect 

caused by the heterojunction structure with incorporation of graphene.  

 

Figure 6.7 Photocatalytic degradation of MO over different photocatalysts under the 

irradiation of UV-Vis light. 

6.3.5.3 The photocatalytic degradation of MO with different concentration 

The degradation rate of different concentration of MO is also tested to show the 

optimal operation concentration. Figure 6.8 shows that the degradation of MO is faster 

at lower concentration. MO can be totally degraded in 90 min when the concentration is 

10 ppm, while only 50% of MO can be degraded after 120 min at higher concentration 

of 20 and 30 ppm. This result indicates that rGO/Cu2O/TiO2 membrane as photocatalyst 

is more efficient at lower dye concentration. This could be because higher concentration 

may reduce the intensity of light source and lead to less photons entering the solution, 
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while low concentration allows more photons entering the solution and irradiating on 

the photocatalyst, therefore, increasing the number of photon adsorbed by the 

photocatalyst, leading to better photocatalytic activity.43  

 

Figure 6.8 Photocatalytic degradation of MO with different concentration under the 

irradiation of UV-Vis light. 

6.3.5.4 Effect of catalyst amount on photocatalytic performance  

Experiments were performed varying catalyst amount from 6 to 32 mg for 

degradation of 25 ml of 10 ppm MO solution under UV-Vis light to determine the effect 

of catalyst amount. The degradation rate of MO for various catalysts amount has been 

shown in Figure 6.9. It is obvious that the initial degradation speed increase greatly by 

increasing catalyst amount from 6 to 10 mg, further increase the amount of catalyst does 

not significantly affect the degradation speed. Hence the optimal catalyst amount for the 

degradation of 25 ml of 10 ppm MO solution is 10 mg. With the increase of catalyst 

amount, the active sites of the catalyst increase, which will increase the number of 
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photons and dye molecules adsorbed on the catalyst and facilitate the degradation of 

MO. When the amount of catalyst is excess, the additional catalysts are not involved in 

the photocatalytic reaction as no further dye molecules are available for adsorption.44 

Therefore, higher amount of catalyst may not be necessary in the photodegradation 

operation. 

 

Figure 6.9 Effect of catalyst dose on degradation of Methyl Orange under the 

irradiation of UV-Vis light.  

6.3.5.5 Stability test of rGO/Cu2O/TiO2 membrane  

The stability of photocatalyst is important in practical applications. Hence, cycling 

tests of photodegradation of MO under UV-Vis light illumination were carried out to 

investigate the stability of rGO/Cu2O/TiO2 membrane. 10 mg of rGO/Cu2O/TiO2 

membrane was used in the cycling tests, 25 ml of 10 ppm MO was degraded under UV-

Vis light with irradiation time of 120 min in each cycling run. The membranes were 

collected after each cycling and washed with distilled water and ethanol, thereafter air 

dried for next cycling test. The results displayed in Figure 6.10 show that there is no 
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obvious decrease on photodegradation efficiency of MO after four cycling test, the 

degradation efficiency is kept over 90%, demonstrating the excellent stability on 

photocatalytic activity. The homogeneous incorporation of Cu2O and TiO2 nanowires 

between graphene layers could prohibit the consumption of Cu2O and TiO2 nanowires 

and enhance the photocatalytic activity and stability of rGO/Cu2O/TiO2 membranes. 

Besides, the separation of the membrane photocatalysts from solution is more 

convenient comparing with powder materials, which is desirable in practical 

applications.  

 

Figure 6.10 The cycling test of photocatalyst for MO degradation under UV-Vis 

irradiation. 

6.3.6 The mechanism of photocatalytic by rGO/Cu2O/TiO2 membrane 

The mechanism for the enhanced photocatalytic activity of rGO/Cu2O/TiO2 

membrane for MO degradation is discussed. Theoretically, the p-type Cu2O and n-type 

TiO2 semiconductor may form p-n heterojunctions, and the graphene layers 

incorporated between Cu2O and TiO2 can facilitate the electrons and holes mobility due 
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to its high conductivity, which can enhance the electron-hole pair separation. The 

schematic of photodegradation process of MO over rGO/Cu2O/TiO2 membranes are 

illustrated in Figure 6.10. It is reported the conduction band of Cu2O is located at -1.54 

eV, which is more negative than -0.41 eV of TiO2.24 Hence, an inner electric field may 

exist, leading to the electron transfer from Cu2O to TiO2.26 When the rGO/Cu2O/TiO2 

membrane is under UV-Vis irradiation, both Cu2O and TiO2 semiconductors can be 

excited. The n-type TiO2 are excited by UV, the photogenerated electrons are moved to 

the conduction band (CB), while the photogenerated holes are quickly moved to the 

valence band (VB) of the p-type Cu2O semiconductors through the graphene layer. 

Meanwhile, the p-type Cu2O are excited by visible light, the photogenerated electrons 

and holes are separated, the photogenerated holes are moved to the valence band (VB), 

while the photogenerated electrons are quickly moved to the conduction band (CB) of 

the n-type TiO2 semiconductors through the graphene layer. The graphene layers 

transfer the photogenerated electrons and holes immediately to hinder the recombination 

of photogenerated electron-hole pairs, therefore, highly improve the photocatalytic 

activity of rGO/Cu2O/TiO2 membrane with heterojunction structure.  

After the separation of photogenerated electron-hole pairs, the holes are accumulated 

on p-type Cu2O nanowires, while the electrons are mainly on the n-type TiO2. In the 

photodegradation process of MO, the holes are trapped by hydroxyl groups (or H2O) at 

the surface of membranes to generate hydroxyl radicals (OH), while the electrons react 

with the dissolved O2 molecules and generate oxygen peroxide radicals (O2
-), which 

will yield hydroperoxy radicals (HO2) through protonation, thereafter producing 

hydroxyl radicals (OH). The organic dye are decomposed by the hydroxyl radicals 

(OH), which is a strong oxidizing agent.26 
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Figure 6.11 Schematic illustration of electron-hole pair separation in the reduced 

graphene/p-type Cu2O/n-type TiO2 heterojunction membranes. 

6.4 Conclusions 

In summary, we have demonstrated an approach to fabricate rGO/Cu2O/TiO2 

membranes with enhanced photocatalytic activity and permeability. The Cu2O and TiO2 

nanowires were fixed into membranes between the rGO layers, which makes it 

advantageous to the separation of photocatalyst from solution in the operation of 

photocatalytic reaction. In addition, heterojunctions are formed between the p-type 

Cu2O and n-typeTiO2 nanowires with incorporation of graphene sheets to increase the 

electron transmit, which greatly enhance the photocatalytic activity of rGO/Cu2O/TiO2 

membranes. The membranes show good stability with no significant activity loss in the 

cycling tests. Moreover, the incorporation of Cu2O and TiO2 nanowires can successfully 

increase the permeability of membranes, exhibiting great potential in separation process 

for water treatment.  
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Chapter 7 Conclusions and Future Work 

7.1 General conclusions 

The major objective of this study is to develop novel synthetic routes of carbon based 

nanomaterials and explore their applications in environmental areas. Two types of 

carbon based nanomaterials are investigated, including the zero dimensional carbon 

nanodots and two-dimensional graphene-like materials. Graphene based membranes 

with improved performance in water treatment are also fabricated and investigated. 

Hydrothermal/solvothermal method is applied in the study, which has been proven a 

facile, economical, and efficient route in the preparation of carbon dots and 

graphene-like materials. The carbon dots, graphene-like nanosheets, and graphene based 

membranes are applied in the environmental areas as sensing platforms of heavy metals 

or organic pollutants, the adsorbents, separation membranes or photocatalysts for waste 

water purification. The major outcomes of this thesis are outlined as below. 

In chapter 2, new kinds of carbon dots (OS-CDs) are formed by a low temperature 

(150 ºC) solvothermal method, functionalizing with organo-silane to incorporate 

functional groups on the surface. The resultant OS-CDs are amphiphilic, stable in 

solutions of high ionic strength with QY up to 51 %. More significantly, the OS-CDs 

can be devised into an effective fluorescence probe for Hg2+ detection in complex 

samples with excellent selectivity and sensitivity. 

In chapter 3, water soluble nitrogen-doped carbon dots (NCDs) with excellent optical 

property are synthesized. The optical properties are stable in various conditions such as 
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UV exposure, thermal treatment, ionic strength as well as weak acidic and weak alkali 

solution. The doping of nitrogen is beneficial for the quantum yield. Notably, the NCDs 

can serve as an excellent probe for Fe3+ ions sensing with fast response, high selectivity 

and high sensitivity. The NCDs also exhibit photocatalytic activity on MO degradation 

and can also cause the enhancement on the photocatalytic activity of TiO2. 

In chapter 4, a novel and simple bottom-up solvothermal method are developed to 

produce carbon nanosheets (CNS) from glycerol, sulfuric acid and melamine in large 

scale. Melamine played a critical role as a structure-directing agent for the formation of 

layered carbonaceous material, in addition to its N-doping function, which sheds new 

light on 2D nanocarbon synthesis. Furthermore, the resultant CNS possesses excellent 

adsorption properties of organic dyes, showing very fast adsorption kinetics and 

significantly higher adsorption capacity than most other well studied adsorbents.  

In chapter 5, we have demonstrated a facile approach to fabricate GO membranes 

with tunable permeability by embedding CDs. The layer space between GO can be 

controlled by the size of CDs, and therefore, tunes the permeability of GO membranes. 

The similar carbon structures between GO and CDs allow a more compatible 

integration of the two materials, forming stable membranes. The CDs-GO membranes 

are highly efficient in removing organic pollutants and rejection of nanoparticles (e.g. 

larger than 6 nm). Moreover, the method presented can also be readily extended to 

graphene membranes, providing new insight to fabricate nanostructured membranes and 

application for water treatment.  
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In chapter 6, rGO/Cu2O/TiO2 membranes with enhanced photocatalytic activity and 

permeability are fabricated through incorporating Cu2O and TiO2 nanowires into 

membranes, between the rGO layers. The incorporation of Cu2O and TiO2 nanowires 

can successfully increase the permeability of membranes, exhibiting great potential in 

water separation. In addition, heterojunctions are formed between the p-type Cu2O and 

n-typeTiO2 nanowires with incorporation of graphene sheets to increase the electron 

transmit, which greatly enhance the photocatalytic activity of rGO/Cu2O/TiO2 

membranes. The membranes show good stability with no significant activity loss in the 

cycling tests as well as advantageous in the separation of photocatalyst from solution in 

the operation of photocatalytic reaction. 

7.2 Recommendations for future work 

Although carbon nanodots have been synthesized through variety of approaches, the 

understanding of fluorescence mechanism is often speculative and inconclusive. 

Therefore, it is important to investigate the fluorescence mechanism, confirming the 

emitting center on different carbon dots, which may instruct the modification and 

application in the future works to improve the selectivity and sensitivity of CDs on the 

sensing ability, anti-cancer or anti-virus properties.  

Another recommendation for future works on graphene/graphene oxide membranes is 

to broaden their applications on gas separation and photocatalytic. As the pore size of 

membranes can be tuned by incorporating different nanomaterials, the membranes have 

shown great potential to be applied in the separation of gases with different molecular 
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size. When incorporating with certain types of metal oxide nanomaterials as 

photocatalyst, the membranes can be designed as photocatalytic membrane for catalytic 

removal of some kinds of hazardous gases, which is urgently required according to the 

environment aspects over the world. 

 


