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ABSTRACT 

The aim of this study was to introduce functionalized carbon dots (Cdots) as potential support 

and reducing agents for cobalt-based Fischer-Tropsch catalysts. Cdots with different 

physicochemical properties were synthesized from natural-based product such as ascorbic 

acid, sucrose and chitosan, using microwave-assisted reactions. Two types of Cdots, namely 

N-free Cdots (or Cdots) and N-doped Cdots, with particle sizes < 10 nm were produced. Both 

Cdots and N-doped Cdots have an amorphous structure, containing both sp
2
 and sp

3
 type 

carbon. The surface of Cdots contained mainly hydroxyl and carboxyl functional groups, 

while N-doped Cdots contained hydroxyl, carbonyl, and nitrogen-based (mainly pyridinic and 

pyrrolic) functional groups.  

Spinel Co3O4 nanoparticles with 10 nm crystallite sizes were synthesized from the “benzyl 

alcohol route”. Both the spinel Co3O4 nanoparticles and functionalized Cdots were used to 

prepare the inverse Co3O4/Cdots and Co3O4/N-doped Cdots catalysts. The in-situ XRD 

results showed that under H2 gas reduction conditions, the Co3O4/Cdots and Co3O4/N-doped 

Cdots catalysts increased the reduction temperature of Co3O4 to CoO and metallic Co, and  

Co (fcc) is the predominant form of metallic Co formed.  However, when N-doped Cdots 

were used as both support and reducing agents, Co3O4 was reduced to both Co (fcc) and Co 

(hcp).  The increase in reduction temperature of Co3O4 on Co3O4/Cdots and Co3O4/N-doped 

Cdots suggest the presence of strong metal to support interactions (SMSIs) between Co3O4 

and functionalized Cdots. Further studies on the activity and selectivity of these prepared 

catalysts will be conducted under F-T reaction process. 
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CHAPTER 1: INTRODUCTION AND MOTIVATION 

1.1 Introduction  

According to the International Energy Outlook (2017), the world’s liquid fuel consumption 

may increase by 31 % between 2015-2040, with 55 % of this used for transport
1
.  Crude oil 

has been the main contributor for transportation fuel productions for approximately 200 

years
2
. However, population and industrial growth is outstripping the world’s crude oil 

reserves
3
. In addition, the transportation sector is one of the biggest contributors of 

greenhouse gas (GHG) emissions worldwide
1,4,5

. The fear of the eventual end to crude oil 

reserves, as well as the strict policies put in place for GHG emitters has led to an increase in 

research on fuel energy sources that are renewable and environmentally friendly
4–6

. The 

Fischer-Tropsch (F-T) reaction process is one of the most studied technologies in that 

regard
7–10

. The F-T reaction process is based on the catalytic conversion of syngas (carbon 

dioxide and hydrogen) into fuels and a range of other chamicals
4–13

. This process is 

considered as a more environmentally friendly alternative for fuel production due to the 

utilization of naturally abundant and renewable resources such as natural gas, coal and 

biomass for syngas production, and low emission of GHG such as CO2
9
.  

The syngas conversion reaction takes place on the surface of a catalyst
10

. Most commonly 

used F-T catalysts both industrially and academically, are cobalt (Co) and iron (Fe)
10,14,15

. Co 

based catalysts are preferred because of their high selectivity towards long chain 

hydrocarbons compared to Fe
7,16,17

. One of the ways to improve Co catalyst performance is 

by dispersing catalysts nanoparticles on a support material such as an inorganic oxide or 

shaped carbon material
7,15,18

. Dispersing small Co nanoparticles on a support helps maximise 

the number of active surface catalytic species, and hence improves syngas conversion in the 

F-T reaction
15,17,19

.  

Metal to support interactions (MSIs) also play a significant role in the Co catalyst 

performance
20–22

. Inorganic oxides such as silica (SiO2), alumina (Al2O3), titania (TiO2) and 

zeolites  have been used as Co-based F-T catalysts support
20–22

. These supports are known to 

form strong metal to support interactions (MSIs) with the Co catalysts. Cobalt nanoparticles 

with strong MSIs are resistant to sintering, however, high reduction temperatures are required 

to reduce cobalt oxide (Co3O4) to the catalytically active Co
14,17,20

. Carbon nanomaterials 

such as graphene, carbon nanotubes (CNTs), carbon spheres (CSs) and hollow-carbon 

spheres (HCSs) have also been used as Co metal support due to their high surface area, 
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chemical stability, and electron conductivity
18,23

. In comparison to inorganic oxides, carbon 

nanomaterials are more chemically inert, and hence display weak interactions with metal 

catalysts
14,18

. As a result, the reduction of Co3O4 to Co happens at lower temperatures. In 

addition the catalyst can be recovered by simply burning off the carbon support in the 

presence of oxygen
14,18

.  However, the metal catalyst nanoparticles can easily sinter due to 

the weak MSIs, leading to deactivation of catalytic properties. Therefore oxygen and/or 

nitrogen functional groups are normally introduced on the carbon surface to  enhance the 

MSI, which consequently helps improve metal catalyst dispersion and overall activity during 

F-T reaction
14,17,18

. 

1.2 Motivation 

Different supported catalyst models have been developed for dispersing the metal catalyst 

nanoparticles and to study the metal to support interactions (MSIs)
18,17

. These are the 

conventional method, core-shell method, and the inverse method as illustrated in Figure 1.1 

below
17,24

. In the conventional method, metal catalysts nanoparticles are dispersed on top of a 

large support bed
12,17,24

. The core-shell method can be used to encapsulate metal catalysts 

nanoparticles on the inside of a hollow support, while in the inverse method the metal catalyst 

surface is decorated with small amounts of the support
12,17,24

.  All three of these support 

models have been explored with different types of inorganic oxides
12,17,20,21

. For carbon based 

nanomaterials, graphene, CNTs and CSs have been used for designing the conventional 

catalyst support, and HCSs have been used to achieve the core-shell method
18,23,25

. So far, to 

the best of our knowledge, there are no literature reports on any carbon allotrope being used 

to investigate the inverse supported catalyst method. In this study, a new type of carbon 

nanomaterial known as carbon dots (Cdots) were used for the first time to disperse cobalt 

(II,III) oxide (Co3O4) on carbon to make a Co-based F-T catalyst. 

 

Figure 1.1: Simple cartoon illustrating conventional, core-shell and inverse methods to make 

catalysts 
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Carbon dots (Cdots) are surface functionalized carbon nanomaterials with particle sizes less 

than 10 nm
26

. They were discovered in 2004, and have since been explored for their unique 

physicochemical and optical properties. These include their tuneable photoluminescent 

properties, high photostability, water solubility and low toxicity
26–28

. As a result, Cdots have 

been used in bioimaging, biosensing, photocatalysis, solar cells, semiconductors, etc.
26

. Most 

of these applications are based on the material’s photoluminescence properties. Other 

potential uses of Cdots remains relatively unexplored as compared to the other carbon based 

nanomaterials such as graphene, fullerene, carbon nanotubes (CNTs) and carbon spheres 

(CSs) etc
29

. A few reports have shown that Cdots and N-doped Cdots can reduce metal salts 

and also act as stabilizing agents for metal nanoparticle such as manganese oxide (MnO2), 

silver (Ag) and  palladium (Pd)
29–31

.  These properties may also be advantageous for                

Co-based F-T catalysts, provide further the motivation for the study. 

1.3 Aim and objectives 

The main aim of this study was to introduce Cdots and N-doped Cdots as potential supports 

to make an inverse Co based F-T catalyst, and to study and compare the effect of MSIs 

between Co3O4/Cdots and Co3O4/N-doped Cdots on the reducibility properties of inverse 

Co3O4/Cdots and Co3O4/N-doped Cdots in the reduction of Co3O4 to metallic Co. 

The following are the objectives of the study: 

1. Synthesize Cdots and N-doped Cdots using microwave-assisted reactions and 

characterize their physical and chemical properties. The thermal stability of Cdots has 

not been well studied in the literature, as most of their applications take place under 

relatively mild conditions. In this study, Thermal gravimetric analysis (TGA) was 

used to study the thermal stability of Cdots.  

2. Study the effect of annealing on the chemical and physical properties of the prepared 

Cdots. 

3. Synthesize and characterize Co3O4 nanoparticle using the “benzyl alcohol route”.  

4. Prepare and characterize inverse Co3O4/ Cdots and Co3O4/ N-doped Cdots.  

5. Apply an in-situ X-ray diffraction (XRD) technique to study Co3O4/ Cdots and Co3O4/ 

N-doped Cdots. In particular to i) study the effect of the MSIs on the reduction of 

Co3O4 to Co fcc and/or hcp phase/s, and ii) investigate the reducing properties of 

Cdots and N-doped Cdots by comparing the reduction of Co3O4 to Co fcc and/or hcp 

phase/s under hydrogen (as a reducing agent) and under inert conditions.  
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1.4 Research questions 

The project aimed to answer the following question: 

Do the Co3O4 /Cdots and Co3O4 /N-doped Cdots catalysts show potential as F-T 

catalysts?  

 Are Cdots and N-doped Cdots thermally stable under reducing conditions? 

 Is there a significant difference between the reducibility of the metal oxide 

catalysts when different functionalized Cdots are used? 

 Will the Cdots and N-doped Cdots act as reducing and stabilizing agent for 

Co3O4 and metallic Co?  

1.5 Dissertation outline 

This dissertation is broken down into the following chapters: 

Chapter 1: Discusses the motivation, aim, objectives, as well as research questions for the 

study. 

Chapter 2: This chapter gives an insight into the synthesis (including microwave irradiation 

syntheses), characteristics and applications of Cdots as reported in the literature. This chapter 

ends with a discussion of basic concepts of the F-T process (more especially Co-based F-T 

process) as well as more detail on the application of carbon nanomaterials as F-T catalyst 

supports. The influence of MSIs on the catalysts performance will also be discussed in more 

details. 

Chapter 3: This will give an overview on the synthesis and characterization of different 

functionalized Cdots. 

Chapter 4: This chapter will look at the synthesis and characterization of Co3O4 

nanoparticles. 

Chapter 5: The chapter discusses the synthesis and characterizations inverse Co3O4/Cdots 

and Co3O4/N-doped Cdots supported catalysts, as well as the study of MSIs using in-situ 

XRD.  

Chapter 6: This chapter will give a conclusion and recommendations for future studies.
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CHAPTER 2: LITERATURE REVIEW 

2.1 Introduction: Carbon dots  

Carbon dots (abbreviated Cdots
1,2

, also called carbon quantum dots, carbon nanodots, 

fluorescent carbon dots etc.) are carbon-based quantum dots with particle sizes less than      

10 nm
3–5

. They were discovered serendipitously by Xu et al. in 2004 as by-products in the 

synthesis of single-walled carbon nanotubes (SWCNTs) by arc discharge of soot
6
. During 

purification by electrophoresis, the researchers noticed that the product separated into 3 

distinct types of nanoparticles including Cdots, which were recognized by their high 

luminescence property
3–7

. Later in 2006, Sun et al. produced Cdots from laser ablation from a 

mixture of graphite powder and cement
8
.  Since then, numerous studies have been made 

aiming at their synthesis, characterization and application, especially for scientific research 

that requires fluorescing nanomaterials
3,7,9,10

.  

Cdots consist of discrete and quasi-spherical nanostructures that are usually decorated with 

oxygen (e.g. carboxyl and hydroxyl) and/or nitrogen (e.g. amino, for N-doped Cdots)  surface 

functional groups 
9–14

. Cdots are classified into two categories based on their degree of 

crystallinity (or graphitic nature), namely carbon quantum dots (CQDs) and graphene 

quantum dots(GQDs)
3,10,15,16

. CQD refers to Cdots with sphere-like shape and a core structure 

consisting of predominantly disordered layers of carbon with sp
2
 hybridization. GQDs are a 

more graphitic type of Cdots with limited sp
2
 type carbon layers, and an overall disk-like 

shape as shown in Figure 2.1 below
3,9

. Since CQDs and GQDs have relatively similar 

morphologies, they have also shown similar photoluminescent (PL) properties
3
.  

 

Figure 2.1: Proposed structure of a) CQDs and b) GQDs showing the ordering of layers of 

sp
2
 type carbon (adopted from Jelinek, 2017)

3
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2.1.1 Synthesis of Cdots 

Since 2006, a variety of synthesis procedures have been developed and modified for the 

synthesis of Cdots
7,9,10,12,17

. More importantly, the large scale synthesis of Cdots with 

tuneable physical, optical and electronic properties has been the motivation for the 

development and modification of Cdots synthesis
9,18

. Cdots synthesis methods have been 

divided into two different categories called the “top-down” and “bottom-up” methods
19

, 

summarised by Figure 2.2. In the “top-down” method, large carbon nanomaterials such as 

graphite, carbon nanotubes (CNTs), carbon fiber and activated carbon (AC) are physically or 

chemically broken down into smaller Cdots nanoparticles
6,8,20,21

. Traditionally, chemical 

oxidation, electrochemical oxidation, laser ablation and arc discharge have been utilized in 

“top-down” methods for Cdots synthesis
21–23

.  

In the “bottom-up” method, smaller carbon precursors are built up into Cdots. Carbon 

precursors can vary from carbohydrates such as sucrose, glucose and starch, to polymers like 

(1,4)-2-amino-2-desoxy- beta-D-glucan (also known as chitosan) and polyethylene glycol 

(PEG), and food products including orange peels, watermelon peels, milk, eggs and 

coffee
5,7,17,20–24

. These precursors are converted to Cdots via methods such as 

hydrothermal/solvothermal methods and microwave irradiation
5,7,17,20–24

. The “top-down” 

method usually produces GQDs, while the “bottom-up” method produces CQDs
10,16

. Usually, 

the “bottom-up” method provides better morphology and size control of resulting Cdots, as 

well as the ease of incorporating a dopant (nitrogen, sulphur, silica, phosphorus etc.) or  

surface passivating agents in the reaction
15

.   

 

Figure 2.2: A simple schematic representation of the “top-down” and “bottom-up” synthesis 

approaches for the synthesis of Cdots (adopted from De and Karak, 2017)
19
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In the past, two very common synthesis steps in both “top-down” and “bottom-up” method 

(represented by Figure 2.3 below) were important for the synthesis of Cdots with 

luminescent properties
3,5,7,11

. The first step was the surface functionalization step, where a 

carbon precursor was treated with a concentrated solution of sulfuric acid (H2SO4) and/or 

nitric acid (HNO3)
5,24

. Following this a surface passivating step was used, where the resulting 

carbogenic material was further functionalized with polymers such as                                                         

4,7,10-trioxa-1,13-tridecanediamine (TTDDA), ethylenediamine, oleylamine, and bis (3-

aminopropyl) terminated poly(ethylene glycol), abbreviated PEG1500N
5,8,20,24

. The surface 

passivation step was very crucial for the production of the PL properties of Cdots
5,24

.  

 

Figure 2.3: Cartoon illustrating surface change of Cdots after functionalization and 

passivation (after Baker and Baker, 2010)
5
. 

Using the “top-down”, Su et al. produced Cdots from graphene and cement using a                      

Q-switched neodymium-doped yttrium aluminium garnet (or Nd:YAG) laser method for 

ablation
8
. Thereafter, the obtained Cdots nanoparticles were functionalized by refluxing in 

concentrated HNO3 solution. The as-prepared and acid treated Cdots did not show any 

fluorescent properties. However, the Cdots passivated with organic polymers such as 

PEG1500N emitted strong PL. The particle sizes of the obtained Cdots were 5.0 nm
8
.                  

Peng et al. also reported similar observation when synthesizing Cdots from carbohydrate 

(sucrose, glucose and starch). During synthesis, the carbohydrates were first dehydrated by a 

concentrated solution of H2SO4, and then functionalized by using concentrated HNO3 

solution. PL was also only observed after passivation of the surface with polymers such as 

4,7,10-trioxa-1,13-tridecanediamine (TTDDA), ethylenediamine, oleylamine, and 

PEG1500N
24

. 

Many of the past synthesis methods have drawbacks due to the requirement of sophisticated 

and expensive equipment, multiple synthesis steps and low product yield
11,20

. The continuous 

growth in interest on Cdots has opened the doors for the development of synthesis strategies 

that are much simpler, cost effective and environmentally friendly
20,25

. Therefore, the use of 
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harsh acids (H2SO4 and HNO3) and equipment such as laser and arc discharge have become 

less popular. A significant amount of attention has been given to the “bottom-up” method for 

synthesis of both CQDs and GQDs
26

. For example, Lu et al. provided a simple one-step 

alternative method for synthesizing Cdots from black carbon, without using harsh acids or 

sophisticated equipment
25

. In their synthesis, black carbon was treated with hydrogen 

peroxide (a green solvent) for 90 min using a hydrothermal method, and then obtained Cdots 

with diameters between 3.0-4.5 nm
25

. Chen et al. produced Cdots from a one-step method 

using sucrose a carbon precursor and oleic acid as solvent
27

. Cdots with 1.8 nm size were 

produced after 5 min of heat treatment of the solution precursor in a hot oil bath
27

. Cdots 

obtained by both Lu et al. and Chen et al. had excellent PL properties and good photostability 

without any need for passivation
25,27

.  N-doped Cdots have also been synthesized from a one-

step hydrothermal reaction using chitosan as both a carbon and nitrogen source, and acetic 

acid as a solvent. The N-doped Cdots had an average particle size distribution of 5 nm
13

. 

2.1.1.1 Microwave-assisted syntheses 

Microwave-assisted reactions are amongst the widely used methods for the synthesis of 

Cdots. Microwaves are electromagnetic waves with a 300 MHz to 300 GHz frequency range, 

corresponding to wavelengths between 1 mm and 1 m
28,29

. During microwave treatment, 

precursor molecules absorb electromagnetic fields generated by the microwave and converts 

them to heat energy to form the desired products
30,31

. Dielectric solvents, such as methanol, 

butanol, nitrobenzene, formic acid and even water absorb and convert electromagnetic 

irradiation into reaction heat
30,31

. Details on the mechanism and calculations related to 

electromagnetic irradiation absorption and conversion by different organic solvents have been 

discussed by Kappe
31

. Unlike traditional heating methods by the use of heating mantle, oil 

bath or hotplates, the use of microwave heating has the advantage of providing uniform 

heating, a short synthesis time and reproducible results
29–33

. Microwave heating also produces 

less by-products, and it allows for easy control of particle sizes, plus it is an environmentally 

friendly synthesis method
29–33

.  

For many years, microwave irradiation was mostly adopted for the synthesis of organic 

molecules such as functionalized aryl products, synthesized through a transition metal-

catalysed reaction such as a coupling reaction
31,34

. However, there has been an increase in 

interest in microwave heating for the synthesis of inorganic metal nanoparticles such as zinc 

oxide (ZnO), copper oxide (CuO) and and silver (Ag) nanoparticles
35–38

. Different allotropes 

of carbon nanomaterials have also been synthesized using microwave-assisted reactions. 
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Carbon nanoparticles such as graphene, fullerene and CNT  have been successfully 

synthesized in microwave-assisted reactions
39–41

. Microwave irradiation has also been used 

for post-functionalization of graphene, fullerene and CNT with organic and inorganic 

functional groups
39,42,43

.  

Functionalized Cdots with different particle sizes have also been obtained from                

microwave-assisted reactions. For example, using a microwave-assisted polyol method               

Liu et al. obtained a solution of Cdots with 5.0 nm particle sizes through a one-step 

conversion of sucrose, H2SO4 and polyethylene glycol (PEG)
32

. Bhaisare et al. also 

synthesized jelly-like N-doped Cdots by a 2-3 min microwave treatment of citric acid and  

tetraoctylammonium bromide (TOAB)
33

. The effect of TOAB (a capping agent) 

concentration on the morphology of N-doped Cdots was investigated. As the amount of 

TOAB was increased from 2 to 8 mL, the  Cdots sizes became smaller (from  > 10 nm to           

< 5 nm) and more dispersed
33

. N-doped Cdots have also been synthesized by a one-step,      

15 min microwave treatment of chitosan, glacial acetic acid and ethylenediamine (EDA), to 

obtain N-doped Cdots with a size of 4.3 nm
44

.  

Although different solvents can been used for the synthesis of Cdots, as shown above, many 

publications have used water or no solvent at all in Cdots synthesis methods. These methods 

have been used for the synthesis of Cdots in the solid form
11

. Gong et al. have synthesized 

3.0  nm Cdots nanoparticle by a 5 min microwave treatment of ascorbic acid and water
44

. N-

doped Cdots (18 nm) were synthesized by Siriarti and Darmawan in 4 min using ascorbic 

acid as a carbon source, urea as a nitrogen source and water as a solvent
45

. Another 

interesting microwave synthesis procedure was reported by Li et al.
29

. In this report the 

synthesis of multi-functionalized (N-,P-doped) Cdots (3.3 nm) were achieved from N-

phosphonomethyl aminodiacetic acid and ethylenediamine in water in 7 min
29

. PEG was also 

used in a one-step, one component microwave-assisted synthesis of Cdots synthesis under 

different atmosphere (air, oxygen and nitrogen) to give nanoparticles with sizes between 1-4 

nm
26

. This shows that functionalized Cdots can be obtained from a variety of synthesis 

methods. 

2.1.2 Optical properties 

It is known that the PL emission wavelength of Cdots is excitation dependent
27,44,46

. 

However, Cdots typically emit light with wavelengths between 450-750 nm, corresponding to 

the entire visible to near infrared (NIR) region
46

.  The PL peak of Cdots is usually broad. This 
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is due to the  different functional group moieties associated with their structure
47

. The Cdots 

also absorb ultra-violet to visible (UV-vis) radiation
46,48

. Typically, absorption peaks are 

observed between 260-320 nm and 350-550 nm, corresponding to a π→π* transition 

associated with the C=C (aromatic sp
2
) bonds and n→π* transition associated with the surface 

functional groups, especially the oxygen functional groups
46,48

.  

2.1.3 Applications 

The fascinating aspect of Cdots is associated with their size and excitation wavelength 

dependant PL properties and their biocompatibility 
3,5,14,18

. Another advantage is that these 

materials are derived from carbon, which is a highly abundant and non-toxic element
3,7

. Their 

surface oxygen and/or nitrogen functional groups makes it easy to manipulate the surface 

chemistry of Cdots by further functionalizing them with organic or inorganic functional 

groups (as discussed above)
14

. Manipulating the surface chemistry of Cdots makes it easy to 

tune their solubility and PL properties
14

. The electronic properties and photostability of Cdots 

are very similar to those of metal-based quantum dots (QDs)
3,7,14

. However, unlike QDs, 

Cdots have very low toxicity, and they can be easily synthesized from inexpensive materials 

and energy saving procedures in large quantities
3,7

. Therefore, due to their excellent PL 

properties and low toxicity, Cdots have been used as alternatives for QDs especially in 

biotechnology and solar cells
3,27,49

. 

Over the past decade, there has been an exponential increase in the number of publication on 

Cdots
14

. Interestingly, according to a Web of Science
TM

 search done by Wang et al., Chinese 

authors have contributed 47 % of all publications on Cdots, making them the highest 

contributors since the discovery of Cdots
14

. As mentioned above, the majority of these 

publications are based on exploiting the PL properties of Cdots for application in bioimaging, 

chemical and biological sensing, drug delivery, photocatalysis, solar cells, semiconductors 

etc
1,5,7,14

. Details on how Cdots are applied in the above mentioned technologies have been 

extensively discussed in the literature.  

A few publications have described making use of Cdots size and reduction properties.           

Genc et al. used Cdots for the fabrication of Cdots/MnO2 hydrid nanorod electrodes for 

supercapacitors. Amongst other observations, the conductivity and ion-donating properties of 

Cdots were found to improve the electron transfer properties of the electrode
50

. Cdots have 

also been used as reducing and stabilizing agents for the synthesis of metal nanoparticles and 

their subsequent use. For example, Unnikrishnan et al. used Cdots to disperse graphene 
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sheets and to also reduce potassium permanganate (KMnO4) to MnO2 under mild conditions 

(75 °C), while the sp
2
 type carbon on graphene remained protected

51
. The graphene-Cdots-

MnO2 nanocomposite was also used in electrode fabrication in supercapacitors
51

. Using                

X-ray photoelectron spectroscopy (XPS) and Fourier transform infrared  (FT-IR) results, the 

authors concluded that the reduction of MnO2 is accompanied by oxidation of the C=C and 

oxygen-type functional groups of Cdots
51

. Liu at el. also reported a similar observation from 

the formation of a Silver(Ag)-N-doped Cdots nanocomposite
52

. Cdots have also been used as 

reducing and stabilizing agent of palladium (Pd) nanoparticle for use in the Heck and            

Suzuki-Miyaura coupling reactions
53

.  

In this study microwave-assisted syntheses were employed for making functionalized Cdots. 

Cdots were synthesized from ascorbic acid
44

, sucrose
27,32

, chitosan
54

 and ascorbic acid and 

urea
45

, with slight modifications from the methods represented in the literature. Since all 

these reactions can be classified as “bottom-up” methods, the obtained Cdots are expected to 

be the CQDs and not GQDs, as described earlier in this chapter. The abbreviation “Cdots” 

(instead of CQDs) has therefore been used throughout this dissertation to describe the all 

Cdots synthesized from the “bottom-up” microwave-assisted methods. 
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2.2 Introduction: Fischer-Tropsch Process 

The conversion of coal-to-liquid (CTL), gas-to-liquid (GTL) and biomass-to-liquid (BTL) by 

means of the Fischer-Tropsch (F-T) process is a powerful and most promising approach for 

fuel production around the world
55,56

. In the most general sense, the F-T process is the 

conversion of syngas, such as hydrogen (H2) and carbon monoxide (CO) or carbon dioxide 

(CO2),  to hydrocarbons and oxygen-based chemicals as by-products
55–58

. In 1902, Sabatier 

and Senderens used cobalt (Co) or nickel (Ni) to catalyse the hydrogenation of CO or CO2 to 

methane 180- 200 °C under atmospheric pressure
59,60

. Later in 1923, scientists Franz Fischer 

and Hans Tropsch (whom the process was named after) showed that both Co and iron (Fe) 

are capable of converting syngas from coal to long chain hydrocarbon under low pressures  

(< 10 bar)
59,60

.  

Fischer and Tropsch laid the ground breaking work which enabled companies such as 

Ruhrchemie (Germany) in 1927 to develop an industrial scale F-T plant which later produced 

millions of barrels of fuel for Germany
57,59

. Years later, what started as laboratory 

experiments has become the industry’s biggest producer of synthesized fuel, and the process 

became even more important because of the scarcity of crude oil reserves and environmental 

pollution
61

. South Africa, being a country with large coal reserves, adopted the F-T process 

for CTL conversion in 1955 under Sasol
62–64

. The abundance of natural gas reserves in many 

parts of the world inspired the development of new plants based on the GTL F-T process
3
. 

Shell Bintulu in Malaysia built a GTL F-T plant in 1993, in 2006 Sasol and Qatar Petroleum 

built a GTL F-T plant in Qatar, and in 2015 Sasol SasolChevron also built its Escarvos GTL 

plant in Nigeria
57,59,63,65

.  

2.2.1 The F-T process chemistry 

In the F-T process, CO (or CO2) is hydrogenated via a heterogeneous catalyzed surface 

polymerization reaction
56,66,67

. The reduction process for CO and CO2 are represented by        

eq. 2.1 and 2.2 below. Although both CO and CO2 are converted to hydrocarbons, CO2 

hydrogenation is a two-step reaction which requires three moles of hydrogen; therefore the 

process is much slower compared to CO hydrogenation
61,68

. CO2 hydrogenation also 

produces plenty of water as by-product which accelerate the deactivation of the catalysts
68

.  

The actual mechanism of the conversion of syngas to long chain hydrocarbons using the F-T 

process is not well understood. There are different mechanisms proposed so far which have 

been discussed elsewhere
69–71

. However, the general understanding is that CO is 
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hydrogenated to form -CH2- monomer (eq. 2.2), which undergo step by step polymerization 

to form long chain hydrocarbons that include alkanes, alkenes and oxygen-based chemicals, 

represented by simplified reactions equations eq. 2.3-2.5 below
65,66,72

. The F-T products are 

separated into methane and unreacted syngas which can be recycled, the gas fraction (C2-C4), 

petrol (C5-C11), diesel (C12-C18), wax (C19+) and other chemicals (e.g alcohols)
72

. The 

production of long chain (C5+) hydrocarbons and low selectivity to methane (C1) is usually 

desired in the F-T process
73

. However, the major products depend on the catalyst used, type 

of support, reaction temperature, syngas ratios etc. 

Two-step CO2 reduction series: 

 CO2 + H2 ↔ CO + H2O …..................................................................eq. 2.1 

 CO + 2H2 → −(CH2) − +H2O ……………………………………...eq. 2.2 

Simplified F-T chemical reactions: 

Alkanes:  nCO + (2n + 1)H2 → Cn H2n+2 + nH2O .....................eq. 2.3 

Alkenes:  nCO + 2nH2 → Cn H2n + nH2O  ..................................eq. 2.4 

Alcohol:  nCO + 2nH2 → Cn H2n+1OH + (n − 1)H2O  ...............eq. 2.5 

                                                                                                                n = integer 

Water-Gas-Shift (WGS) reaction:  CO + H2O ⇋ CO2 + H2….….…eq. 2.6 

As seen in the equations above, water is a by-product of F-T reactions derived from the 

hydrogenation of the oxygen atom in CO
74

. Although water is a non-toxic solvent in general, 

the presence of water in the F-T medium can accelerate the deactivation of a catalyst, 

especially Co
74,75

. Deactivation may result from oxidation Co to F-T inactive CoO, 

hydrothermal sintering of cobalt particles, and the formation of Co-support complexes
75

 . Iron 

is not as easily deactivated by water like Co. In Fe-based F-T reaction, water participates in 

the water to gas shift (WGS) reaction catalysed by Fe (in eq. 2.6)
76

. WGS is an important 

reaction in synthesis processes when low amounts of H2 are available for hydrogenation of 

CO, and hence Fe is used for CTL and BTL F-T processes
76,77

. 
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2.2.2 F-T catalysts 

Metals from group 8-10 of the periodic table especially Co, Fe, Ni and Ru can be used to 

catalyze the F-T process
72,77,78

. However, Co and Fe are the most commonly used catalysts 

both academically and industrially
78,79

. The products produced from the F-T process can be 

affected by the choice of the catalyst. It has been reported that the catalysts activity and long 

chain hydrocarbons selectivity produced by F-T synthesis decreased as follows: Ru > Co > 

Fe > Ni 
72

.  

Ni is an active F-T catalyst which produces predominantly methane (n=1, in eq. 2.1) at high 

temperatures (300-350 °C), which is not a desired F-T product
57,72

.  At lower temperatures 

(190-260 °C), Ni forms volatile nickel carbonyl complexes, thereby resulting in the loss of 

the catalyst
57

.  Ru is a highly active F-T catalyst, with high selectivity to long chain 

hydrocarbons at low temperatures and has good stability in the presence of large amounts of 

water
77,78,80

. However, Ru has an estimated earth abundance of 0.0004 parts per million and 

hence is very expensive
81

. This excludes Ru for commercial application. Because of these 

considerations, Ni and Ru are used for the synthesis of bimetallic F-T catalysts
76,82

. Ru is also 

used as a catalyst promoter for Fe- or Co-based F-T processes
76,83,84

.  

Fe is a cheap F-T catalyst with very low selectivity toward methane
66,85

. The catalyst is 

highly active especially at high temperatures  (300-350 °C) and low H2/CO ratios (~ 1) as 

mentioned above
76,77

. Fe is however less active compared to Ru and Co
80

. Fe3O4 shows 

selectivity towards the WGS reaction, which is a side reaction in the F-T process
76,77

. The 

formation of Fe oxides under the F-T condition reduces the number of F-T active catalytic 

species
62

.  

2.2.3 Co-based F-T reactions 

Co is the most active and selective F-T catalyst at low temperatures (after Ru)
64

. It is also 

more abundant and cheaper than Ru. Compared to Fe, Co has low  selectivity towards the 

WGS reaction, and this makes it the preferred catalyst for F-T synthesis, especially when 

natural gas is used as a carbon source
86,87

. The Co as F-T catalyst has been widely used in 

both academia and industry for the synthesis of long chain hydrocarbons, under a variety of 

conditions
80

. Co is mostly active at low temperature (200-240 °C) F-T conditions
65

. Co-based 

F-T process is preferred for GTL conversion due to high CO conversion, high activity and 

selectively towards long chain hydrocarbons
88

. Syngas derived from natural gas has a ratio of 

2 ratios of H2/CO
88

.  
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A Co catalyst is often derived from its precursor Co3O4, and the oxide undergo a two-step 

reduction process from Co3O4 to CoO and finally to metallic Co (or Co
0
) metal. Metallic Co 

is the F-T active catalytic species
85,86

.  Co can exist in the hexagonal close packed (hcp) 

and/or the face centred cubic (fcc) crystallographic structure, and both have significantly 

different activities as F-T catalysts
89

. The Co (hcp) form is the more highly active form of Co 

as it has the appropriate active sites desired for F-T conversion
89–91

.  

The type of crystallographic structure formed after Co3O4 reduction depends on a number 

factors, including crystallite size and catalyst support
89–91

. Kitakami et al. reported that Co 

(hcp)  is dominant when metallic Co crystallite sizes are > 40 nm, particle between 20-40 nm 

have both the Co (hcp) and Co (fcc) phase, and the Co (fcc) phase is mostly dominant in Co 

with crystallite sizes < 20 nm
92

. Different supports can also promote the formation of Co 

(hcp) and/or Co (fcc). For example, SiO2 supports are said to promote the formation of Co 

(fcc) while the Co (hcp) forms when cobalt oxide is supported on Al2O3
91,93

.  

The importance of supporting Co nanoparticles was highlighted in CHAPTER 1. Inorganic 

oxides (SiO2, Al3O4 and TiO2) and shaped carbon materials (graphene, CNTs, CSs etc.) are 

used as catalysts supports
83,94

. The type of support used not only affects the phase of Co 

metal formed but it also affects the reduction temperature of reduction  of Co3O4 to CoO and 

Co
93–95

.   The reducibility of Co3O4 nanoparticles affects the activity and selectivity of the 

metal catalyst. This is because the more Co3O4 nanoparticles are reduced to Co, the higher 

the number of F-T active catalytic species, and hence the better the catalyst activity and 

selectivity
75,96

. Therefore, the support material does not only stabilize the catalyst, but it can 

also act as an activity and selectivity promoter
86

.  The reducibility of Co3O4 to F-T active Co 

depends on metal to support interactions (MSIs)
55,86

.  

2.2.4 MSIs and inverse-supported catalysts 

MSIs are the physical and chemical interactions between the metal catalyst and the 

support
83,97,98

. The stronger they are, the better the stability of a catalyst on a support during 

the F-T reaction process
83,86

. Cobalt catalysts supported on inorganic oxides have strong 

metal to support interactions which helps keep the catalyst stable during the F-T process and 

more resistanct to sintering compared to a carbon support
83,86

. However, Co3O4 reduction to 

its F-T active Co species requires higher temperatures compared to the reduction of Co3O4 to 

Co on a carbon support
79,83,86

. The Co nanoparticles supported on carbon nanomaterials are 

however most likely to sinter
79,83,86

.  To improve the stability of  a carbon support, the carbon 
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material is usually doped with heteroatoms such as nitrogen, oxygen and boron
72,83

. For 

example, carbon spheres (with sizes between 200-400 nm) doped with nitrogen produce a 

supported catalyst with better catalyst stability than a catalyst supported on undoped carbon 

spheres
72

.  This means that the interactions between the metal and the support change when 

the surface chemistry of the support is changed
86,99,100

.  

As mentioned in CHAPTER 1, there are different approaches used to investigate these 

interactions and they are all related to supported catalyst fabrication
98

. These are the 

conventional method, core-shell method, and the inverse method
86,100

. In the conventional 

approach, small catalyst particle sizes are dispersed on a bulk support, the core-shell method 

involves encapsulating the catalyst inside a support, and the inverse approach is the opposite 

of the conventional method
86,100

.  

MSIs have been widely studied using the conventional method and the core-shell method 

using both inorganic oxide and carbon supported Co-based F-T catalyst
83,86,90,99,101

. MSIs 

between cobalt and inorganic oxides have been studied using the inverse supported catalyst 

model
86,87,99,100

. One of the studies was based on metal to support interactions between Co3O4 

and a silica support 
86

. In the study, Co3O4 with particle sizes between 17 and 50 nm were 

synthesised. The particles were then “decorated” with tetraethyl orthosilicate (TEOS) using 

the inverse approach to investigate the Co-O-Si metal to support interactions. Different 

amounts of tetraethyl orthosilicate were added to the catalysts. The results obtained were 

compared to the catalytic activity of Co in an unsupported Co3O4 catalyst. The supported 

catalyst showed a thirteen times increase in the rate of reaction and catalytic activity 

compared to the unsupported catalyst. The catalysts also showed very good selectivity 

towards long chain aliphatic hydrocarbon and showed a decrease in both methane and olefin 

selectivity. The rate and activity of the catalyst increased with increase in the amount of 

support material (TEOS) added to the catalyst.  

The strong MSIs allowed the catalytic species to remain very stable throughout the F-T 

process, with only a small amount of increase in particle size being observed after the 

reaction. The reduction temperature was determined using TPR studies to investigate the 

effect of MSIs. The Co3O4 nanoparticles were however reduced at high temperatures (> 400 

°C) compared to unsupported Co3O4 (< 350 °C), due to the strong MSIs. The reduction 

temperature increased with an increase in the concentration of TEOS. The presence of hard to 

reduce Co-silicates were noted
86

. These results show that the inverse method not only affords 
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a good understanding of MSIs, but it also showed how these MSIs can be manipulated to 

improve the catalyst activity and selectivity.  

As mentioned in CHAPTER 1, Cdots were used as dispersing and stabilizing agent for                     

Co-based Fischer-Trospch catalysts. The ability of Cdots and N-doped Cdots to disperse and 

stabilize Co nanoparticles will be studied and compared. The reducing properties of Cdots 

were also investigated in this study. This was done by looking at the reducibility of Co3O4 

nanoparticle to Co (active Fischer-Tropsch catalytic species) using in-situ X-ray diffraction 

(XRD) technique and comparing the results with Co3O4 nanoparticle reducibility using 

hydrogen as a reducing agent. Co can exist in two different phases namely the fcc and hcp 

phases, the latter being the most active form in Co-based Fischer-Tropsch reactions
89

. The 

types of phase/s that are formed during the two reduction conditions were also investigated.   
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CHAPTER 3: SYNTHESIS AND CHARACTERIZATION OF CDOTS 

AND N-DOPED CDOTS 

3.1 Introduction  

Synthesis of carbon dots (Cdots) from a variety of carbon precursors and a wide range of 

synthesis techniques has broadened the extent of this developing field significantly
1,2

. Earlier 

on in their discovery, Cdots were derived from breaking down larger carbon nanomaterials by 

means of the “top-down” methods
1,2

. However, many of the current synthesis studies are 

based on building up Cdots from smaller carbon precursors such organic molecules and food 

products using the “bottom-up” methods
3
. The “bottom-up” methods can be used to 

synthesize Cdots from a large library of carbon precursors using readily available laboratory 

facilities
3–5

. Microwave-assisted reactions are one of the fast and simple “bottom-up” method 

commonly used for the synthesis of Cdots that have controlled size and high purity
6–8

. The 

aim of this work is to outline the synthesis of functionalized Cdots using microwave-assisted 

reactions, and compare their characteristics (structural, chemical, thermal and optical 

properties) to those reported in the literature. This section gives the detailed synthesis 

methods used to obtain gram quantities of Cdots and N-doped Cdots.  Four different 

precursors, namely ascorbic acid, sucrose, chitosan and urea were used for the synthesis of 

functionalised Cdots.   

It is well known that the chemical properties of Cdots are affected by the chemical make-up 

of the precursor molecules
4,9

. In this study, ascorbic acid and sucrose were selected for the 

synthesis of Cdots, while ascorbic acid with urea and chitosan were used for the synthesis of 

N-doped Cdots. Ascorbic acid and sucrose are both cyclic hydrocarbons containing six and 

eleven oxygen (O) atoms, respectively. The X-ray diffraction (XRD) patterns of both these 

structures show that they are crystalline. However, carbonization of these two molecules to 

give the formation of Cdots results in an amorphous peak at 2θ between 20 and 30 ° in the 

XRD pattern
10,11

. The Cdots particle sizes may also differ depending on the precursor type 

and the synthesis procedure
9
. Therefore structural, chemical, thermal and optical properties of 

Cdots from ascorbic acid and Cdots from sucrose were compared. 

In the synthesis of N-doped Cdots from ascorbic acid and urea, ascorbic acid acts as a carbon 

source and urea as a nitrogen (N) source
12

.  Chitosan however is a very unique polymer that 

shows  the presence of both O- and N-functional groups (as seen in Scheme 3.3), and 
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therefore produce N-doped Cdots
13

. The structural, chemical, thermal and optical properties 

of these two types of N-doped Cdots are expected to be different. Since the types of N 

sources used were different, the N content as well as the type of N-functional groups found in 

these syntheses were determined and compared. 

3.2 Synthesis of Cdots and N-doped Cdots 

The synthesis methods followed in this work were obtained from the literature; except for the 

microwave-assisted synthesis of Cdots from sucrose and oleic acid, which has not been 

previously reported. Cdots and N-doped Cdots were synthesized using an Anton-Paar 

Multiwave 3000 SOLV system, with maximum power and controlled pressure of 1400 W and 

60 bars, respectively. The microwave power was set manually, and in each case the reaction 

power was ramped for 10 min. The temperature of carbonization of precursors to Cdots was 

set manually as the maximum temperature (or infrared temperature limit on the microwave) 

of the reaction mixture. The microwave exposure time was the time it took for the reaction 

mixture to reach the set maximum temperature, at a fixed power (i.e. after ramping). The 

reaction conditions are summarized in Table 3.1 below. 

Table 3.1: Cdots and N-doped Cdots microwave-assisted synthesis conditions 

Reaction 

No. 

Carbon 

source (g) 

Nitrogen 

source (g) 

Solvent 

(mL) 

Power 

(W) 

Temperature 

(°C) 

Time 

(min) 

1  Ascorbic 

acid (6) 

- Water 

(600) 

900 180 10 

2 Sucrose               

(40) 

- Oleic acid 

(80) 

600 200 30 

3 Chitosan              

(6) 

Chitosan 

- 

Water      

(600) 

600 200 5 

4  Ascorbic 

acid (24) 

Urea 

(24) 

Water     

(240) 

600 140 1 

 

The step-by-step reaction procedures were carried out as follows: 

For reaction no. 1, 3 and 4, in the first step, precursors are mixed with distilled water in a 1 L 

beaker according to the quantities mentioned in Table 3.1. Thereafter, 4 × 60 mL   of 

homogeneous mixture containing reaction precursors were measured using a 100 mL 
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measuring cylinder and transferred into 4 × 100 mL microwave reaction vessels as 

represented by Figure 3.1. For the synthesis of N-doped Cdots from chitosan, 5 × 15 mm 

magnetic stirrer bars were also included in the reaction vessels since chitosan sparingly 

dissolved in water even after the mixture was sonicated for an hour.  

 

Figure 3.1: Sample preparation for microwave-assisted synthesis 

 

In the second step, the vessels were sealed with vessels caps and placed inside liners and 

pressure jackets. The vessels were then placed on a rotor (Figure 3.2a)) and the rotor was 

covered, and inserted in the microwave (Figure 3.2b)) as illustrated below.  

 

  

Figure 3.2: a) Microwave rotor set-up before synthesis, and b) microwave oven 

All reaction mixtures were colourless to whitish before the reaction, and turned brown after 

microwave treatment, symbolizing carbonization. After the reaction, the mixtures were 

allowed to cool to room temperature, thereafter the mixtures were centrifuged at 15000 rpm 

a) b) 

Rotor 

Rotor cover 

Microwave  

Solution precursor 

Microwave vessel  

 

Measuring cylinder 

Microwave vessel inside a 

liner and pressure jacket  
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for 15 min to separate the precipitates (large carbon agglomerates) from the supernatants 

(Cdots or N-doped Cdots), as seen in Figure 3.3.  

 

Figure 3.3: Purification of the product by centrifugation 

The Cdots and N-doped Cdots solutions were then dried by rotary evaporation, at 60 °C 

(shown in Figure 3.4a)) until they showed no solvent condensing into the collection bottle. 

Thereafter the samples were further dried in an oven at 40 °C for 3 days, to obtain a brown 

solid product (Figure 3.4b)). The as prepared Cdots and N-doped Cdots were then taken for 

analysis.  

 

Figure 3.4: Cdots product a) before and b) after drying 

For reaction no. 2 (Table 3.1), sucrose was used as a carbon source and oleic acid as a 

solvent. The first step was to prepare 4 × 20 mL of reaction mixture and to include a 5×15 

mm magnetic stirrer bar in each vessel. The reaction mixture was bubbled with N2 gas (to 

provide an inert atmosphere) before sealing the vessels. After the microwave treatment, the 

reaction was allowed to cool to room temperature. After cooling, 50 mL distilled water was 

Precipitates 

Cdots in solution 

Centrifuge 

a) b) 

Rotary evaporator 

 Cdots solution 

Dry Cdots product 
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added to the reaction mixture to dissolve the greasy product. Thereafter, 50 mL normal 

hexane (n-hexane) was added to the solution to remove unreacted oleic acid. The mixture was 

transferred into a separating funnel as shown in Figure 3.5a), and the products were 

separated from the starting material.  The Cdots were collected from the solution at the 

bottom of the separating funnel containing water, while the top layer was also collected and 

then discarded. n-Hexane was added to the Cdots solution (about 5 times) until only one layer 

was present in the separating funnel. Afterwards, the mixture was further purified by dialysis 

using distilled water and 500 Da dialysis membranes for 3 days using to remove by-products, 

as shown in Figure 3.5b). The Cdots were dried the using the same procedure described 

above.  

     

Figure 3.5: a) Separation of sucrose Cdots from unreacted oleic acid, and b) sucrose Cdots 

dialysis set-up 

 

 

 

Cdots solution in n-hexane 

Dialysis membrane in 

distilled water 

a) b) 
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3.3 Characterization techniques 

The structural properties of Cdots and N-doped Cdots (including their crystallographic 

nature, morphology and size) were determined by the techniques listed below. 

3.3.1 X-ray diffraction: XRD  

The phase composition of Cdots, N-doped and their carbon (and nitrogen) sources were 

determined using a Bruker D2 phaser low- and wide-angle ex-situ X-ray diffractometer 

equipped with a Co Kα X-ray source operating at 30 kV and 10 mA. A small amount (mg) of 

solid samples were first deposited on a silica supported zero background. The measurements 

were taken between 2θ = 10-90 °, with a 0.026 ° step. 

3.3.2 Transmission electron microscopy: TEM 

The particle size distribution and morphology of the as prepared Cdots and N-doped Cdots 

were determined using a FEI G
2
 TECNAI Spirit T12, with a high powered beam of electrons 

accelerated at 120 kV. The samples were re-dispersed in distilled water. Each sample solution 

was dropped to a carbon coated copper grid and the grids were allowed to air dry before 

being analysed.  

3.3.3 Scanning electron microscopy: SEM 

SEM was used to determine the morphology of the Cdots and N-doped Cdots using a FEI 

Nova Nanolab 600 FIB with electrons were accelerated at 5 eV. The samples were dispersed 

in water, and the sample solution was dropped on a copper tape on an aluminium stub and 

allowed to air dry. The carbon tape was further coated with a palladium/gold coating before 

analysis. 

3.3.4 Raman spectroscopy 

Raman analyses were performed in order to determine the degree of disorder in the Cdots and 

N-doped Cdots. Raman spectra were determined using a Bruker Raman Senterra 

spectrometer with laser excitation of 532 nm and at 0.2 mV laser power and 15 s integration 

time. The samples were measured in their solid state, and the measurements were done on a 

glass substrate. 
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To study the surface chemistry of the prepared Cdots and N-doped Cdots, the following 

spectroscopy techniques were used:  

3.3.5 Fourier transform infrared spectroscopy: FT-IR 

The chemical bonds present in the Cdots and N-doped Cdots were determined from the IR 

absorption bands using a Brucker TENSOR 27 FT-IR spectrometer. The measurements were 

performed on solid samples under ambient conditions. The samples were scanned between 

4000 and 500 cm
-1

, using 64 scans. 

3.3.6 X-ray photoelectron spectroscopy: XPS 

XPS was used to determine the binding energies of the electrons extracted from the samples. 

The binding energy peaks gave information about the elemental composition as well as 

chemical bonds present in Cdots and N-doped Cdots. The measurements were recorded on 

the Physical Electronics Quantum 2000, using a monochromatic Al Kα source operating at 

1486.7 eV. Sample preparation and analyses were done at NMISA, CSIR. 

3.3.7 Thermogravimetric analysis: TGA 

The TGA was used to determine the thermal stability of the Cdots and N-doped Cdots under 

air. The analyses were performed on a PerkinElmer Pyris STA6000. The sample (5-10 mg) 

was placed in an alumina crucible and subjected to temperatures from 35 to 900 °C, at 10 

°C/min increment rate. N2 gas (20 mL/min flow rate) was used as a purge gas, and air (10 

mL/min) as an analysis gas.  The weight loss (TG) and derivative thermal gravimetric (DTG) 

curve were obtained were measured and obtained from the Pyris software after analysis. 

3.3.8 Photoluminescent: PL 

PL spectroscopy was used to determine the light emission properties of the Cdots and N-

doped Cdots. Solid state PL measurements were taken from a Horiba LabRAM HR micro-

Raman spectrometer (frequency-double Lexel SHG argon ion laser). The sample 

measurements were taken from a silica substrate. The samples were excited at 244 nm and 

the measurements were taken between 350 and 800 nm. 

3.3.9 Ultra-violet-visible: UV-vis 

UV-vis spectroscopy was used to determine the light absorption properties of Cdots and N-

doped Cdots. UV-vis analyses were carried out on a Agilent Technologies Cary (100) Series 

UV-Vis spectrophotometer, using a tungsten halogen light source. The samples were 

dispersed in distilled water for measurements. The samples were excited at 350 nm and the 
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measurements were taken between 200 and 800 nm, however the spectra were drawn only 

from the 200-500 nm range. 

3.3.10 Product yield calculation 

The Cdots and N-doped Cdots yield was calculated by dividing the final product mass by the 

amount of carbon starting material, as shown by eq. 3.1 below: 

% yield =
Cdots (g)

carbon source (g)
× 100 %................................................ eq. 3.1 
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3.4 Results and Discussions 

In this section, the experimental results are discussed and compared with the results obtained 

from the literature using the same or similar procedure. The physicochemical properties of 

Cdots and N-doped Cdots are also discussed, as well as some of the analysis challenges.   

3.4.1 Synthesis  

The syntheses procedures as well as the yields of Cdots and N-doped Cdots are discussed 

below:      

                                                                                                                                         

Synthesis of Cdots from ascorbic acid 

The synthesis procedure for making Cdots from ascorbic acid and water were obtained from                  

Gong et al.
10

, and the procedure is represented in Scheme 3.1 below. They obtained 3.0 nm 

Cdots nanoparticle by a 5 min microwave treatment of the same precursors. The yield of the 

product was not reported. In this study, 5 min microwave treatment of ascorbic acid in 

distilled water did not yield any product; the mixture was colourless before and after 

microwave treatment. This is because the carbonization temperature (180 °C as noted in 

Table 3.1) could not be reached after 5 min. Therefore the reaction time was recorded after 

the temperature of the mixture reached 180 °C, which was found to be 10 min. The reaction 

produced a fairly good yield of product (28 %).  

 

Scheme 3.1: A simple reaction scheme for the Cdots synthesis using ascorbic acid as a 

carbon source 

Synthesis of Cdots from sucrose 

Chen et al.
11

 synthesized Cdots from sucrose and oleic acid using a hot oil bath method at 

215 °C (5 min), to obtain 42 % yield of Cdots with average size of 1.8 nm. In this study, this 

procedure was used for the synthesis of Cdots using the microwave treatment method, 

summarized in Scheme 3.2 below. The synthesis conditions are recorded in Table 3.1 and 

the yield obtained was 60 %. The increase in product yield could be due to the advantage of 

the microwave irradiation over a traditional heating method as discussed in CHAPTER 2. 

Microwave irradiation provides direct and uniform heating, while the hot oil bath does not
6
. 



 

41 | P a g e  

 

This might have contributed to the increase in carbonization of sucrose to the desired product. 

For this reaction, oleic acid was used as both the solvent and the capping agent. Replacing 

oleic acid with distilled water did not lead to any carbonization.  

 

Scheme 3.2: A simple reaction scheme for the Cdots synthesis using sucrose as a carbon 

source 

Synthesis of N-Cdots from chitosan 

Xiao et al.
14

 reported the synthesis of N-doped Cdots from the microwave-assisted reaction 

between chitosan and water. N-doped Cdots with particle sizes of 4.6 nm were obtained, 

however the authors did not report the reaction temperature or product yield. For the 

synthesis reported here, the conditions reported in Table 3.1 (and Scheme 3.3) were used. 

The carbonization temperature was determined by trial and error. Initially, chitosan and water 

were treated in the microwave oven at 900 W (as in the Cdots-1 synthesis). However, it was 

noticed that during the synthesis, the reaction pressure increased drastically to pressures 

above 50 bar, while the reaction temperature was still at 150 °C. Due to this, the reaction 

power was changed to 600 W, to avoid a possible microwave explosion due to the high 

pressures. The N-doped Cdots were obtained in a fairly good yield of 21 %. 

 

 

Scheme 3.3: A simple reaction scheme for the N-doped Cdots synthesis using chitosan as 

both a carbon and nitrogen source 
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Synthesis of N-Cdots from ascorbic acid and urea 

Another type of N-doped Cdots material was prepared by a procedure described by Siriarti 

and Darmawan
12

. In their synthesis, the authors used ascorbic acid and different urea 

concentrations (0 %, 10 %, 25 %, 50 % and 75 %), and only reported the result for the 

synthesis that gave the highest PL emission intensity, i.e when 75 % urea concentration was 

used and 18 nm sized N-doped Cdots were obtained. In this study, the synthesis procedure 

used by Siriarti and Darmawan
12

 was modified to the conditions mentioned in Table 3.1, and 

summarized by Scheme 3.4 below.  

 

Scheme 3.4: A simple reaction scheme for N-doped Cdots synthesis using ascorbic acid as 

both a carbon source and urea as a nitrogen source 

The synthesis results show that microwave-assisted procedure provided a simple way of 

synthesizing Cdots and N-doped Cdots in a scalable manner.  The characterization results are 

discussed below. For simplicity, Scheme 3.1, 3.2, 3.3 and 3.4 represent the formation of 

Cdots-1, Cdots-2, N-doped Cdots-1 and N-doped Cdots-2, respectively.  

3.4.2 Structural properties 

3.4.2.1 X-ray diffraction: XRD 

The XRD patterns of Cdots-1, Cdots-2, N-doped Cdots-1 and N-doped Cdots-2 are 

represented in Figure 3.6a) - d) below. The results show a peak between 2θ of 20 and 25 °, 

which is typical for carbon with a poorly crystalline nature
9,15

. These humps appear close to 

the (002) plane of a graphitic structure, which typically appears at 2θ = 26 ° 
16,17

. The 

amorphous peak may due to the presence of surface functional groups causing disorder of the  

sp
2
 type carbon layers and/or the presence of amorphous sp

3
 type diamond like carbon

9,10,13
. 

A similar peak has been reported for CSs, HCSs and CNTs, which are known to be carbon 

allotropes with disorder of the sp
2
 type graphitic flakes carbon

18,19
. 
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Figure 3.6: XRD patterns a) Cdots-1, b) Cdots-2, c) N-doped Cdots-1, and d) N-doped 

Cdots-2 

It has been noted that the more disordered the sp
2
 type carbon layers of carbon nanomaterials 

are, the broader the peak at 2θ between 20 and 25 ° 
20

. The XRD patterns in Figure 3.6a) - d) 

suggest that the Cdots-1 and N-doped Cdots-2 synthesized using ascorbic acid are more 

disordered than the Cdots-2 and N-doped Cdots-1. This suggests that ascorbic acid forms 

highly amorphous Cdots. The XRD patterns of the Cdots-1, Cdots-2 and N-doped Cdots-1 

also shows a shoulder around 2θ of 40-49 °, which is in the region of the (101) plane of 

graphitic carbon
21

. The presence of the 2θ = 20-25 ° and 2θ = 40-49 ° peaks suggests that the 

Cdots and N-doped Cdots are partially graphitic. The XRD pattern of N-doped Cdots-2 only 

showed one broad peak at 24 ° as seen in Figure 3.6d), typical of N-doped Cdots with high 

nitrogen content
22

. The XRD patterns of the starting precursors may be found in 

supplementary Figure S3.1a-d, which shows that all starting precursors are purely crystalline 

materials in contrast to the end product, except for chitosan, which contains peaks at                  

a) b) 

c) d) 
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2θ = 11 °,23 ° and 43 °. The 2θ at 23 ° corresponds to the crystalline nature of chitosan, while 

the two peaks at 11 and 43 ° degrees are attributed to the amorphous nature
13,23

. 

Confirmation of chitosan carbonization 

 It has been shown in Figure 3.6c) that the XRD pattern of N-doped Cdots-1 (synthesized 

from chitosan) also has a peak at 2θ = 23 °. It was therefore difficult to confirm complete 

carbonization of chitosan from XRD results as with other crystalline precursors. Other 

properties (chemical and optical properties) of N-doped Cdots were determined and 

compared with chitosan. The FT-IR and PL spectra of N-doped Cdots-1 vs chitosan are 

shown in Figure 3.7a) and b), respectively. The FT-IR spectrum shows the peak intensities 

of the O-H and C-O-C peaks in N-doped Cdots-1 have decreased relative to the starting 

material. The peak between 1152 and 877 cm
-1

 is associated with the  C-H bending vibration 

of the pyranose ring (or heterocyclic ring) in chitosan
13

. This peak is significantly reduced 

after carbonization as a result of the decomposition of the pyranose ring during 

carbonization
13,14

.  The FT-IR spectrum of N-doped Cdots-1 also shows a weak peak between 

1152 and 890 cm
-1

 which may be ascribed to the C-H bending vibrations. The decrease in 

intensity of the observed N-doped Cdots-1spectrum suggests decomposition of the chitosan 

structure during carbonization, and since there are no peaks in the N-doped Cdots-1 identical 

to the chitosan peaks, this may also suggest that chitosan was completely carbonized. The 

FT-IR results are very similar to those reported by Xiao et al.
14

 for the same reaction. The PL 

spectra also showed that only N-doped Cdots-1 has a strong PL absorption peak at 517 nm, 

while chitosan does not fluoresce. This also confirmed that chitosan was completely 

carbonized. Therefore the XRD peaks seen for the N-doped Cdots-1 are due to the nature of 

its structure and not chitosan residues. These results show that the XRD can be most helpful 

in indicating complete carbonization of crystalline carbon and/or nitrogen precursors. 
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Figure 3.7: a) FT-IR and b) PL results for chitosan and N-doped Cdots-1 

3.4.2.2 Scanning Electron Microscopy: SEM 

The low resolution SEM image of Cdots-1 and N-doped Cdots-1 are shown in Figure 3.8a) 

and b), respectively. The results show spherically shaped clusters of Cdots. There were no 

significant differences between SEM images of all four samples at this magnification. 

Supplementary Figure S3.1a) and b) has the SEM images of the Cdots-2 and N-doped 

Cdots-2 samples. 

 

   

 Figure 3.8: Low resolution SEM images of a) Cdots-1, as well as b) N-doped Cdots-1. The 

red circles in each image highlights some Cdots clusters 

a) b) 

a) b) 
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3.4.2.3 Transmission Electron Microscopy: TEM 

The TEM images and size distribution histogram with a normal distribution curve of Cdots-1 

are shown in Figure 3.9a) below. Due to limited access to a TEM instrument, only Cdots-1 

was recorded at a fairly good resolution. The TEM image shows the sphere-like shaped 

nanoparticles, which agrees with the literature reports
9,10,24

. The average diameters were 

determined for 100 nanoparticles collected from different TEM images at the same scale. The 

average diameter was found to be 4.1 ±1 nm, which is very similar to the  3.0 nm average 

diameter obtained by Gong et al. (2015)
10

. A low resolution N-doped Cdots-1 TEM images is 

also shown in Figure 3.9b). The particles size distribution could not be determine because 

the particles on the TEM image are very small. 

 

 

Figure 3.9: a) TEM image with an inserted particle size distribution histogram and a normal 

distribution curve of Cdots-1, and b) a low resolution TEM image of N-doped Cdots-1. The 

red circles highlight Cdots that can be seen from the grid 

3.4.2.4 Raman spectroscopy 

Raman spectroscopy analyses were performed in order to determine the D bands (sp
3
 

graphitic type carbon) and the G bands (sp
2
 graphitic type carbon) position and intensity and 

the corresponding ID/IG ratio of the Cdots and N-doped Cdots.  Unfortunately in this case, the 

D and G bands could not be observed in the Raman spectra due to the excitation of 

fluorescing Cdots and N-doped Cdots by the Raman spectroscopy light source. The results 

may be seen in Figure 3.10 below. It was suggested that a Fourier tranform Raman (FT-

Raman) spectroscopy instead of the conventional Raman spectroscopy may be of good use 

a) b) 
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for analysis of these materials. This is because FT-Raman is able to reduce background 

fluorescence of materials. Further studies on this will be carried out at a later stage. 

 

 

Figure 3.10: Raman spectra of a) Cdots-1, b) Cdots-2, c) N-doped Cdots-1, and d) N-doped 

Cdots-2 

3.4.3 Chemical properties 

Chemical properties of Cdots and N-doped Cdots were determined using FT-IR and XPS 

spectroscopy. The results are discussed below. 

3.4.3.1 Fourier transform infrared spectroscopy: FT-IR spectroscopy 

 FT-IR spectroscopy was used to determine the functional groups present in Cdots and            

N-doped Cdots.  Figure 3.11 represents the FT-IR spectra of Cdots and N-doped Cdots. In 

Figure 3.11a), the broad O-H stretch band for both Cdots appears at 3333 cm
-1

, which may 

be attributed to the presence of water residue left behind after drying the sample, and/or 

multiple hydroxyl functional groups present on the surface of Cdots
10,11

. The low intensity 

bands between 2982 and 2899 cm
-1

 in Cdots-1 may be attributed to the aromatic C-H stretch. 

The band at 1733 cm
-1

, may be ascribed to the C=C bending of aromatic rings. The band at 

1607 cm
-1

 imply the presence of the carboxylic acid C=O group
11

. The peaks between 1500 

and 1000 cm
-1

 corresponds to the asymmetry (alcohol C-O-C) and symmetric (ether C-O-C) 

stretching bands due, respectively. The C-H bands are more prominent in Cdots-1 compared 

to Cdots-2; this suggests that Cdots-1 has more sp
3
 type carbon compared to Cdots-2. The 

high intensities of the O-H, C=O and C-O-C in both    Cdots-1 and Cdots-2 suggests that 

these materials have high oxygen content.  
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Figure 3.11: FT-IR spectra of a) Cdots and b) N-doped Cdots  

Figure 3.11b) shows a broad peak at 3204 cm
-1

 due to the O-H stretching vibration.  Another 

broad band at 2794 cm
-1

 in N-doped Cdots-2 corresponds to the C-H stretching vibration. 

This suggests the presence of sp
3
 type carbon in the N-doped Cdots-2. The strong band at 

1667 cm
-1

 may be ascribed to the N-H bending vibration, which appears with very high 

intensity in N-doped Cdots-2 than N-doped Cdots-1. This could mean that N-doped Cdots-2 

have a high nitrogen content than N-doped Cdots-1. The last bands between 1500 and             

1000 cm
-1

, similar to those found in Cdots, also corresponds to the asymmetric and 

symmetric stretching bands associated with the C-O-C bonds, respectively.  

3.4.3.2 X-ray photoelectron spectroscopy: XPS 

XPS analyses were made to further study the surface chemistry of the Cdots and N-doped 

Cdots. XPS is a very useful technique in that it gives information about both the type and 

percentage of elements present in a sample
25

. Figure 3.12 below shows the XPS survey 

spectra of Cdots and N-doped Cdots, with a), b), c) and d) representing Cdots-1, Cdots-2, N-

doped Cdots-1 and N-doped Cdots-2, respectively. The survey spectra show that Cdots 

contains carbon (C1s) and oxygen (O1s), while N-doped Cdots contain carbon, oxygen and 

nitrogen (N1s). The C1s, O1s and N1s peaks appear at 285 eV, 530 eV and 400 eV, 

respectively. 

 

 

a) b) 
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Figure 3.12: XPS spectra of (a) Cdots-1, (b) Cdots-2, (c) N-doped Cdots-1 and                             

(d) N-doped Cdots-2 

The peaks around 240 eV (very weak) and 350 eV in the XPS spectra (highlighted in Figure 

3.12 above), corresponds to silicon (Si, < 1 %) and calcium (Ca, < 1.5 %) impurities in each 

sample, which is due to equipment used during sample preparation. The Si is due to silica 

(SiO2) which is a very stable complex which does not decompose even at 900 °C
26

, while Ca 

is due to calcium carbonate (CaCO3) which decomposes above 800 °C under air
27

. All Cdots 

and N-doped Cdots thermograms showed that there are no residuals left at 700 °C (as it will 

be seen in section 3.4.4), and therefore the Si and/or Ca present in the XPS data were not 

from the samples.  

The relative abundance of the C (1s), O (1s) and N (1s) in each sample are summarized in 

Table 3.2a) below. The relative concentrations of different carbon, oxygen and nitrogen 

functional groups were obtained from spectral areas of the C (1s), O (1s) and N (1s) XPS 

peaks
25,28

. The chemical bonding configurations and their corresponding binding energies are 

tabulated in Table 3.2 b), c) and d) and e) below. The relative concentrations of the bonding 

state in all the samples are recorded in Table S3.2a) and b) of the supplementary 

information. Since the amount of Si and Ca is very small compared to the bulk amount each 

sample, their contribution to the percentage oxygen and carbon (due to SiO2 and CaCO3) 

were neglected. However, the samples were also discarded after analyses to avoid 

contamination of the main batches of materials.  
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Table 3.2a): Percentage Atomic abundance in each sample 

Sample Relative atomic abundance (%) 

C O N 

Cdots-1 73.1 26.2 - 

Cdots-2 75.8 23.0 - 

N-doped Cdots-1 79.1 16.9 2.2 

N-doped Cdots-2 68.8 15.2 15.9 

 

Table 3.2b): Peak positions of C1s bonding states 

Sample Peak position (eV) 

sp
2
 C-C sp

2
 C-N sp

3
 C-N/C-C C=O O-C=O 

Cdots-1 284.08 - 285.58 286.90 288.34 

Cdots-2 284.06 - 285.25 286.04 287.33 

N-doped Cdots-1 283.83 284.58 285.48 286.77 288.14 

N-doped Cdots-2 283.80 284.54 285.42 286.64 288.04 

 

Table 3.2c): Peak positions of O1s bonding states 

Sample Peak position (eV) 

C=O O-C=O C-O-C/C-OH 

Cdots-1 531.21 530.02 532.33 

Cdots-2 530.87 530.33 532.57 

N-doped Cdots-1 531.23 530.08 532.56 

N-doped Cdots-2 531.08 530.26 533.68 
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Table 3.2d): Peak positions of nitrogen bonding states 

Sample Peak position (eV) 

Pyridinic-N Pyrrolic-N Graphitic-N NOx 

N-doped Cdots-1 398.15 398.98 399.92 401.01 

N-doped Cdots-2 398.10 399.08 399.98 400.94 

 

Cdots-1 contains 73.1 wt% carbon and 26.2 wt% oxygen (reported in Table 3.2a)). The 

deconvoluted spectra of the C1s peaks shows four peaks at 284.1 eV, 285.6 eV, 286.9 eV and 

288.3 eV corresponding to the sp
2
 C-C, sp

3
 C-C, C=O and O-C=O groups, respectively, as 

shown in Figure 3.13a). The O1s peaks in Figure 3.13b) was also deconvoluted into two 

peaks which were matched to the C=O (531.2 eV) and O-C=O (530.0 eV). Another peak at 

532.2 eV was also noted which corresponds to the C-O-C binding energy. These peaks 

suggest that the sp
3
 type carbon bonds form to give the C-O-C type bond in the Cdots 

structure. These peaks are also observed to be present in the FT-IR of Cdots-1 in                 

Figure 3.11a) above.  

 

 

Figure 3.13: Expanded a) C1s and b) O1s survey XPS spectra of Cdots-1 

Cdots-2 contains 75.8 wt% carbon and 23.0 wt% of oxygen as shown in Table 3.2a). The 

expanded spectra of the C1s and O1s of Cdots-2 are shown in Figure 3.14 below. The 

deconvoluted spectra of the C1s  shows four peaks at 284.1 eV, 285.3 eV, 285.0 eV and 

287.3 corresponding to the sp
2
    C-C, sp

3
 C-C, C=O and O-C=O groups, respectively. The 

a) b) 
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O1s peak was deconvoluted into three peaks at 530.9 eV, 530.3 eV and 532.6 eV 

corresponding to the C=O, O-C=O and C-O-C, respectively. These peaks are also in 

agreement with the functional groups noted in the FT-IR spectra of Cdots-2 shown in                 

Figure 3.11a).   

 

 

Figure 3.14: Expanded a) C1s and b) O1s survey XPS spectra of Cdots-2 

The expanded peaks of Cdots-1 and Cdots-2 show very similar peaks and functional groups 

as expected. Figure 3.15 below shows the possible chemical bonds and their positions in the 

structure of both  Cdots, taken from a structure of the GO as reported in the literature
29

.  

 

Figure 3.15: A structure showing the possible position of surface functional groups on Cdots 

as determined by C1s and O1s XPS survey deconvolution (after Ma et al., 2017)
29

.  

Cdots-1 has a higher amount of O1s than Cdots-2. This is consistent with the very broad and 

intense C-O-C bonds found in the FT-IR spectra in Figure 3.11a).  The higher the oxygen 

content, the more disordered the carbon structure. This is seen in the XRD peak of Cdots-1 

sp
3
 

sp
2
 

a) b) 
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which is broader than the XRD peak of Cdots-2. Cdots-1 also has a very high content of sp
3
 

type carbon (27 wt% in Table S3.2b)), which was also prominent in the FT-IR spectra.  

N-doped Cdots have similar chemical properties as found for the Cdots, except for the 

presence of nitrogen functional groups. N-doped Cdots-1 contains 79.1 wt% of carbon, 16.9 

wt% of oxygen and 2.2 wt% of nitrogen (as reported in Table 3.2a)). The deconvoluted 

spectra of the C1s  in Figure 3.16a) shows five peaks at 283.8 eV, 284.6 eV, 285.5 eV, 286.8 

eV and 288.1 corresponding to the sp
2
 C-C, N-C sp

2
, sp

3
 C-C/C-N, C=O and O-C=O groups, 

respectively. The O1s was also deconvoluted into three peaks at 531.2 eV, 530.1 eV and 

532.6 eV, which corresponds to the binding energy of C=O, O-C=O and C-O-C, respectively 

(Table 3.2b)). The N1s peaks appear at 398.2 eV, 399.0 eV and 399.9 eV corresponding to 

the pyridinic, pyrrolic and graphitic nitrogen, respectively. A very weak peak at 401 eV was 

also observed, which signifies the presence of NOx (8 wt%) as shown in Table S3.2c).  

 

 

Figure 3.16: Expanded a) C1s, b) O1s and c) N1s survey XPS spectra of N-doped Cdots-1 

N-doped Cdots-2 contains 68.8 wt% carbon, 15.2 wt% oxygen and 15.9 wt% nitrogen (as 

reported in Table 3.2a)). The deconvoluted spectra of the C1s  shows four peaks at 283.8 eV, 

a) b) 

c) 
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284.5 eV, 285.4 eV, 286.6 eV and 288.0 also corresponding to the sp
2
 C-C, N-C sp

2
, sp

3
        

C-C/C-N, C=O and O-C=O groups, respectively, as shown in Table 3.2b). The O1s was also 

deconvoluted into three peaks at 531.1 eV, 530.3 eV and 533.7 eV, which corresponds to the 

binding energy of C=O, O-C=O and C-O-C, respectively. The N1s peaks appear at 398.1 eV, 

399.1 eV and 400.0 eV corresponding to the pyridinic, pyrrolic and graphitic nitrogen, 

respectively. A very weak peak at 400.9 eV was also observed, which signifies the presence 

of NOx, bearing a very small amount (5 wt %). The decovoluted XPS peaks of C1s, O1s and 

N1s are shown in Figure 3.17 below. These peaks are comparable to the presence of 

functional groups noted in the FT-IR spectrum of N-doped Cdots -2 in Figure 3.11b) above. 

The pyridinic and pyrrolic nitrogen configuration is dominant in both N-doped Cdots-1 and 

N-doped-Cdots-2. It has been reported that iron (Fe) catalysts supported on N-doped carbon 

spheres (CSs) with predominantly pyridinic and pyrrolic nitrogen configurations were more 

active and selective towards long chain (C5+) hydrocarbon under the Fischer-Tropsch (F-T) 

condition compared to Fe supported on N-doped CSs with predominantly graphitic 

configuration
30

. Therefore the N-doped Cdots are expected to give better metal stability 

compared to Cdots during F-T process. 

 

Figure 3.17: Expanded a) C1s, b) O1s and c) N1s survey XPS spectra of N-doped Cdots-2 

c) 

a) b) 
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The presence of nitrogen functional groups in both the FT-IR (N-H bands in Figure 3.11b)) 

and XPS spectra of N-doped Cdots confirmed that nitrogen was successfully incorporated in 

the structure of Cdots. Figure 3.18 below shows different nitrogen domains that correspond 

to those expected from the surface of N-doped Cdots. The Figure is based on the structure of 

graphene, and this provides a model structure for the N-doped Cdots.  N-doping with urea 

gave Cdots with a higher nitrogen content compared to chitosan. The low sp
2 

type carbon and 

high nitrogen content could be the reason for the highly amorphous nature of the N-doped 

Cdots structure as seen in the XRD data in Figure 3.8b). N-doped Cdots-2 also showed the 

highest content of pyrrolic N compared to   N-doped Cdots-1, which was also confirmed by a 

very intense N-H peak in the FT-IR spectrum.  

 

Figure 3.18: A structure showing the possible position of surface functional groups on        

N-doped Cdots as determined by N1s  XPS survey deconvolution (adopted from                      

Zhang et al., 2012)
31

 

3.4.4 Thermal stability:  Thermal gravimetric analysis (TGA) 

Thermal gravimetric analysis (TGA) was used to determine the thermal stability and 

composition of the Cdots and N-doped Cdots. TG analyses were performed on all samples, 

and the results are discussed below. 

By measuring the amount and rate of change of the weight of material with respect to 

temperature under air conditions, the TG and DTG graphs of all four samples were obtained 

as shown in Figure 3.19 and 3.20 below. The results were used to compare the thermal 

stability of both Cdots and N-doped Cdots. 
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Numerous research reports have indicated that graphitic carbon decomposes to CO and CO2 

at temperatures above 700 °C under air conditions, while carbon with amorphous properties 

starts decomposing at temperatures as low as 500 °C
18,32

. In the presence of  heteroatoms in 

the carbon surface, the carbon nanostructure starts decomposing at 200 °C as a result of the 

removal of volatile and strongly anchored surface functional groups
33–35

. Kumar et al.
32 

and 

Gao et al.
35

 reported that GO (derived from graphite acid treatment) started decomposing 

around 200 °C, due to the presence of surface bound oxygen functional groups. On the other 

hand, graphite only started decomposing above 700 °C
32,

 . Xiong et al.
18

 reported that acid 

functionalized CNTs start decomposing at 150 °C under air due to the presence of hydroxyl 

and carboxyl functional groups, while non-functionalized CNTs were thermally stable under 

air until 500 °C. This means that the presence of heteroatoms on the surface of carbon 

nanomaterials decreases their thermal stability. The FT-IR and XPS spectra showed that the 

Cdots and N-doped Cdots are rich in surface functional groups, therefore this functional 

groups are expected to decrease the thermal stability of the materials. 

Figure 3.19a) and b) below shows the TG-DTG graph of Cdots-1 and Cdots-2, respectively. 

The peak at ca 102 °C with 3 % weight loss in the DTG of Cdots-2 corresponds to loss of 

absorbed moisture
18,36,37

. At ca 300 °C, there is a drastic loss of 39 wt% and 55 wt% weight 

for both Cdots-1 and Cdots-2, respectively. This may be attributed to the decomposition of 

surface functional grounds
36–38

. Cdots-1 and Cdots-2 are derived from a carbon source with 

oxygen based functional groups, therefore the weight loss maybe specifically due to hydroxyl 

and carboxyl based functional groups 
36–39

. The presence of the hydroxyl and carbonyl 

functional groups was confirmed by the FT-IR spectra in Figure 3.11a). The same may be 

true for the slight decrease in mass at ca 445 °C in the Cdots-1, although due to the high 

temperature, this might have been strongly bound functional groups. This peak might also be 

due from the formation of water at high temperature because of the reduction of oxygen 

molecules by hydrogen gas released by the sample
40

. The final peak at ca 597 °C (60 wt%) 

and 566 °C (38 wt%) for Cdots-1 and Cdots-2, respectively, corresponds to the weight loss 

due the oxidation of the non-functionalized carbon residue to CO and/or CO2
18,38

. The results 

suggest that the Cdots-1 has a higher C: O ratio compared to Cdots-2. 
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Figure 3.19: TG- DTG graphs of a) Cdots-1 and b) Cdots-2 

Figure 3.20a) and b) below shows the TG-DTG graph of N-doped Cdots-1 and N-doped            

Cdots-2. It is to be noted that these two samples have more distinctive peaks compared to the 

Cdots in Figure 3.19. This could be due to the presence of nitrogen functional groups in 

addition to the oxygen functional groups confirmed by the FT-IR and XPS spectra, which 

further alters the surface chemistry of the Cdots. The weight loss peak at ca 89 °C and 161 °C 

which corresponds to the weight loss of 8 wt% and 7 wt% for N-doped Cdots-1 and N-doped 

Cdots-2, respectively, may be due to loss of moisture or highly volatile functional groups
33,34

. 

Between ca 200 to 432 °C, there is a weight loss of 59 wt% and 64 wt% for N-doped Cdots-1 

and N-doped Cdots-2, respectively. This may be due to strongly bound surface functional 

groups
36–39

. Oxidation of carbon residue happens at ca 606 °C (33 wt%) and 627 °C (29 wt%) 

for N-doped Cdots-1 and N-doped Cdots-2, respectively. This suggests that the N-doped 

Cdots carbon core is more stable than the Cdots carbon core, however the amount of the non-

functionalized carbon residue is very low (< 40 wt%).   

 

     

Figure 3.20: TG- DTG graphs of a) N-doped Cdots-1 and b) N-doped Cdots-2 

a) 

a) b) 

b) 
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3.4.5 Optical properties 

As mentioned earlier in CHAPTER 2, the PL emission spectra of functionalized Cdots 

depends on their surface chemistry and structural morphology
9,14

. The actual mechanism for 

emission is still under investigation, however it has been noted that fluorescence result from 

emission selectivity by different sized Cdots and/or surface energy traps and as a result 

surface defects can be attributed to the functional groups
5,9,41

. The PL and UV-vis spectra of 

Cdots and N-doped Cdots are shown in Figure 3.21a) and b), respectively. The spectra are 

drawn separately as the PL was measured on solid materials and the UV-vis spectra on 

solution samples.  

3.4.5.1 Photoluminescent spectroscopy: PL 

 The PL spectra  features broad peaks between 490-540 nm, corresponding to the blue to 

green emission in the visible light spectrum region
42

. Functional Cdots with PL emission in 

the blue to green spectra region have been used for chemical and biological sensing
12,43,44

; 

therefore these materials might also be suitable for application in chemical and biological 

sensing. The actual peak maximum positions are found in Table 3.3. The broadness of the 

peaks result from the inhomogeneous composition of Cdots and N-doped Cdots resulting 

from a variety of surface functional groups
45

.The peak intensity of Cdots-2 is much higher 

when compared to the others. Peak intensity is affected by the amount of sample used. There 

is also a small shift in peak position as seen in Table 3.3. It has been reported that 

functionalized Cdots have excitation and/or particle size dependent PL properties
5,9,41

. 

However, this cannot be the reason for peak shift in this study since all measurements were 

taken at the same wavelength (244 nm). Roy et al.
46

 reported PL spectrum shift from 450 nm 

to 486 nm (when excited at 300 nm) when Cdots sizes were increased from 5- 17 nm particle 

sizes. Therefore, the PL spectra shift of the Cdots-2 implies that their particle sizes are larger 

than the others. 

3.4.5.2 Ultra-violet to visible absorption spectroscopy: UV-vis 

The UV-vis spectra of Cdots and N-doped Cdots in Figure 3.21b) show absorption peaks 

between 280 and 300 nm which may be ascribed to π→π* transition due to sp
2
 aromatic 

domains
11,14,46

. For Cdots-1 and Cdots-2, there is a shoulder around 340 nm, which associated 

with the n→π* transition of C=O bonds
47

. The significance of this shoulder in the Cdots 

sample might be due to their high wt% of oxygen. The actual absorption peak positions are 

recorded in Table 3.3 below. The Inserted image in Figure 3.21b) shows the solution of 

Cdots-1 was colourless under ambient light and bluish-green when subjected to 365 nm UV 

light. This observation was the same for all four samples. 
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Figure 3.21: a) PL emission, the dotted lines represent the maximum intensity peak position, 

b) UV-vis absorption and inserted Cdots emission before and after 365 nm UV light 

irradiation 

 

Table 3.3: PL and UV-vis peak positions  

 

3.5 Conclusion 

Functionalized Cdots with different physicochemical properties were synthesized using the 

microwave-assisted reactions. The microwave assisted-reaction produced grams quantities of 

materials over a short reaction time. The XRD results showed that these functionalized Cdots 

are amorphous in nature. Raman spectroscopy results could not be interpreted due to the 

interference of Raman spectrometer light by the fluorescent Cdots. The FT-IR and XPS 

spectra proved that Cdots synthesized from ascorbic acid and sucrose contained hydroxyl and 

carbonyl functional groups. The FT-IR and XPS analysis results also proved that N-doped 

Cdots synthesized from chitosan, ascorbic acid and urea contained hydroxyl, carbonyl and 

nitrogen-based (mostly containing pyridinic and pyrrolic) functional groups. The TG-DTG 

thermograms showed that the functionalized Cdots decompose completely at 700 °C under 

Sample PL  UV (π→π*) UV (n→π*)  

Cdots-1 519 292 330 

Cdots-2 537 286 330 

N-doped Cdots-1 517 293 - 

N-doped Cdots-1 491 284 - 

a) b) 



 

60 | P a g e  

 

air. These functionalized Cdots are expected to keep the Co catalysts nanoparticles stable 

during in-situ X-ray diffraction reduction via MSIs. 
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CHAPTER 4: SYNTHESIS AND CHARACTERIZATION OF SPINEL 

Cobalt (II,III) oxide (Co3O4) NANOPARTICLES 

4.1 Introduction 

Co-based catalysts are the most widely used catalysts in Fischer-Tropsch (F-T) process. This 

is due to their favourable attributes such as high activity and selectively towards long-chain 

hydrocarbons, low selectivity to water to gas shift (WGS) compared to Fe, and low cost 

compared to Ru
1–3

. A lot of research has been done on understanding the size-activity 

relationship as well as the support-activity relationship of Co-based catalysts. It has been 

observed that Co nanoparticles < 8 nm are more selective towards methane and easily 

deactivate during synthesis due to the oxidation of F-T active Co catalyst
4,5

. It has also been 

reported that the activity of the catalyst depends on the metal to support interactions               

(MSIs)
6–8

.  

The aim of this chapter is to report on the synthesis and characterization spinel Co3O4 

nanoparticles. Spinel Co3O4 nanoparticles with 10 nm average crystallite size were 

synthesized using the “benzyl alcohol route”
9,10

. The effect of adding water to the reaction 

mixture on the size of nanoparticles formed will be discussed.  

4.2.1 Synthesis of spinel Co3O4 from the ammonia assisted “benzyl alcohol route” 

Spinel Co3O4 is one of the many metal nanoparticles with size and shape dependent 

properties
11–13

. Different sizes and shapes of this metal oxide nanoparticles have been used in 

areas such as catalysis, electrochemistry, energy storage and sensing
11–18

. Spinel Co3O4 have 

been synthesized using methods such as sol-gel
15,16

, reverse micelle
17,18

, the “benzyl alcohol 

route”
9,19–21

, thermal decomposition
22,23

, etc.  Although there are a variety of ways to 

synthesize these metal nanoparticles, solution methods such as the sol-gel, reverse micelle 

and the “benzyl alcohol route”  are usually preferred for large scale synthesis of spinel Co3O4 

crystillites
9,20,21

. Other methods suffer from drawbacks such as expensive reaction setups, 

long reaction times, difficulty in controlling the shape and size of nanoparticles, and very low 

yields of products
9,20,21

.  

Solution methods, such as the sol-gel method, reverse micelle and the “benzyl alcohol” route 

have been used for synthesis of various metal nanoparticles with different sizes and shapes. 

However, the sol-gel method and the reverse micelle method suffer from many drawbacks 

compared to the “benzyl alcohol route”. The metal particle sizes are not easily controlled 

using the sol-gel method due to the high reactivity of the metal precursor in solution, and the 
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products obtained are usually very small (< 5 nm) crystallites
9,21

. In the reverse micelle 

approach, a large amount of expensive (and toxic) surfactant is used to produce a very small 

amount of nanoparticles
9
.  

Unlike the sol-gel and reverse micelle method, the “benzyl alcohol route” has been reported 

as a facile, effective and cheap route for the synthesis of metal nanoparticles
9,10

. Furthermore, 

the “benzyl alcohol route” is more effective in the synthesis of nanoparticles with high 

crystallinity and less agglomeration, and the alcohol helps control the crystal growth and 

shape of the resulting nanoparticles
9,10,14

. This is because benzyl alcohol acts as a solvent, a 

ligand and a capping agent during the reaction
10

. 

The “benzyl alcohol route” is typically a one pot synthesis reaction where a metal precursor 

is transformed into a metal oxide in the presence of benzyl alcohol and sometimes an amine 

solution, at temperatures below the boiling point of benzyl alcohol
10,14

.  This method has been 

used for the synthesis of other metal oxides such as iron oxide, gadolinium oxide and zinc 

oxide as well as barium titanate and lanthanide doped yttrium oxides
9,20,21

. This method has 

shown great potential for the synthesis of metal oxide nanoparticles with size- and           

shape-dependent physical properties. 

4.2.1.1 Benzyl alcohol chemistry 

Benzyl alcohol consists of a benzene ring and an α-carbon attached to a hydroxyl group. 

Hydroxyl group elimination leads to the formation of a very stable benzylic carbocation 

(Scheme 4.1 below)
10

. The carbocation is resonance stabilized, making the hydroxyl a good 

leaving group compared to a hydroxyl group in saturated and/or aliphatic alcohols
10

. A metal 

precursor, which is a complex itself, will undergo ligand substitution (see eq. 4.1.1) in the 

presence of benzyl alcohol. The benzyl alcohol molecules attach themselves to the metal 

precursor via the hydroxyl group, forming a metal-ligand bond
10,21

. The benzylic carbocation 

formed then easily reacts with substituted ligands that were attracted to the metal, for e.g., 

benzyl chloride forms when chlorine ions were ligands in the metal precursor, benzoate when 

acetate ions were ligands, etc. (e.q 4.1.3)
10,21

. The hydroxide group on the metal can then be 

further oxidized to form the desired metal oxide
10,19

. Benzyl alcohol is also fundamental for 

directing the growth and morphology of the final nanoparticles
9
.  
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Scheme 4.1: Benzyl alcohol and the four resonance structures of benzylic carbocation. 

 

                   [M(X)𝑥 ] + C7H8 O → M(OH)𝑥 + C7H7X………………………………...e.q 4.1.1 

[M(X)𝑥 ] + C7H8 O + ammonia → M(ammonia)𝑥   +  𝑋− + C7H8 O…….………....e.q 4.1.2 

                 M(ammonia)𝑥   + C7H8 O + heat →  M(OH)𝑥 + C7H7X………………....e.q 4.1.3 

                    M=high valent metal, Ti4+, Fe3+,                                             

                    M=low valent metal, Co2+, Zn2+,                                                                                                    

          X=acetate-, Cl-, NO3
-, x= no. of ligands 

As mentioned above, benzyl alcohol also plays a role as a capping agent. In cases where 

metal acetate is used as metal precursors, the acetate groups and the benzyl group are 

attached to the catalytically active site of the premade metal oxides
9,10,14

. The metal oxide 

then facilitates (catalyse) the nucleophilic reaction between the acetate and the benzylic 

carbocation to form an ester
9
. The catalytically active side of the metal is useful for metal 

oxide particle growth. Termination of metal oxide nanoparticle growth happens when the 

catalytically active surface site of the metal is saturated with the acetate and benzyl groups, 

and also the formed esters
9,10

. The metal oxide is only active at particular sites. Therefore, the 

shape of the nanoparticle is also controlled by these active catalytic sites
9
. A more detailed 

explanation of the mechanism for the formation of metal oxides via the “benzyl alcohol 

route” have been well explained by Pinna
9,20,21

, and Hu et al.
10

. 

The synthesis of Co3O4 from a Co(II)-complex precursor, like the synthesis of other low 

valent oxides (II,I) via this route, requires the presence of a base, usually an amine
10,11,14,19

. 

Low valent metals have a very poor ability to remove the hydroxyl group from benzyl 

alcohol
10

. The amine solvent is usually added before heating the reaction. The amine solvent 

will then substitute the ligands on the metal precursors, and when the reaction mixture is 

heated, the amine ligand will undergo desorption and open sites for the hydroxyl group to 

allow the benzyl alcohol to attach to the metal centre (eq. 4.1.2 and 4.1.3)
10,11

. Amines such 

as ammonia solution
11,14,19

 and dodecylamine
10

 have been used in the synthesis of spinel 
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Co3O4 from low valent Co(II)-metal precursor. Other alcohols such as ethanol
11,12

 and  1-

hexanol
12

 have been used for the synthesis of spinal Co3O4 nanoparticles. 

The aim of this study was to synthesize spinel Co3O4 nanoparticles with average crystallite 

sizes of  > 10 nm by modifying the “benzyl alcohol route” reported by Shi et al.
14

 and               

Wolf et al.
19

. The Co3O4 particle sizes must be larger than the Cdots particle sizes (< 6 nm) to 

afford inverse Co3O4/ Cdots supported catalyst. In their synthesis, Shi et al.
14 

used 160 mg 

Co(OAc)2, 7 mL BA and 7 mL NH4OH to produce spinel Co3O4 with particle sizes of 4.5 

nm. Following a similar procedure but using a rotary evaporator instead of a traditional oil 

bath heating method, Wolf et al.
19

 varied this amount Co(OAc)2, BA and NH4OH to obtain 

particle with average crystallite sizes of between 3 and 7 nm.  

It has been reported that the polarity of the solvent used in the synthesis of metal 

nanoparticles can affect their overall size. Solvents with lower polarity bind to the nucleation 

site of the metal nanoparticles and hence terminates growth quicker
9,10,20,21

. However, adding 

another solvent with higher polarity, like water, can increase the polarity of the system and 

therefore delay termination of metal particle growth and hence result in the synthesis of metal 

particles with larger size
11

. 

Dong et al.
11

 used ethanol (EtOH) as a solvent in the synthesis of Co3O4 nanoparticles with 

average sizes of 3.5, 6, 11 and 70 nm, at 150 °C. In the study, they used Co(OAc)2, 

EtOH/H2O and NH4OH for the synthesis of Co3O4 nanoparticles by an autoclave method. 

They were able to study the effect of solvent/s polarity on the cobalt particle sizes. 

Furthermore, they were also able to show that adjusting the polarity of solution by adding 

H2O led to the generation of larger Co3O4 nanoparticles. The as prepared Co3O4 nanoparticle 

size increased from 3.5 nm when only EtOH was used as a solvent, to 11 nm at 3/2 

EtOH/H2O ratio, and finally 70 nm when only H2O was used as a solvent
11

. However the 

nanoparticles obtained had irregular shapes and poor dispersion
11

.  

In this study, using the “benzyl alcohol route”
14,19

 instead of EtOH, the polarity of the 

reaction system was varied by adding H2O in the system to synthesize Co3O4 nanoparticles 

average crystallite sizes > 10 nm.  
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4.2.2 Experimental procedures 

4.2.2.1 The rotary evaporator method 

The following procedure carried out at the Chemical Engineering Laboratories at the 

University of Cape Town with assistance from Mr Moritz Wolf. In a typical procedure, 3.2 g 

of Co(OAc)2
.
4H2O was dissolved in 140 mL BA inside a 600 mL flat bottom flask under 

vigorous stirring. After 2 hrs, 140 mL NH4OH (25 %) was added dropwise (through a 

separating funnel) to form a brown emulsion. Distilled H2O (140 mL) was subsequently 

added to the mixture through the same separating funnel. The flat bottom flask was then 

placed in a preheated oil bath at 165 °C on a rotary evaporator. The mixture was allowed to 

react for 3 hrs. The pump pressure was set at 900 mbar and the flat bottom flask was rotated 

at 180 rpm, while air was being bubbled into the bottom of the flask for complete mixing. 

After 3 hrs, the resulting black solution was then allowed to cool to room temperature. After 

cooling, diethyl ether was added to the mixture and the nanoparticles were obtained after 

centrifugation at 15000 rpm for 15 min, and washed several times with ethanol and then re-

dispersed in a mixture of ethanol and acetone (3:1 ratio), and allowed to dry in a fume hood 

for three days. The nanoparticles were obtained as Co3O4 without calcination. 

4.2.2.2 The hotplate method 

The method followed in this section was adopted (with modification) from Shi et al.
14

. The 

quantity of Co(OAc)2
.
4H2O, BA and NH4OH (25 %) was the same as above. The amount of 

water was varied by 70, 105 and 140 mL, to investigate the effect of water on the Co3O4 

crystallite sizes. The experimental set-up is shown in Figure 4.1 below. 3.2 g of 

Co(OAc)2
.
4H2O in a 600 mL beaker was dissolved in 140 mL BA for 2 hrs, as stated above. 

To the solution mixture distilled water (70, 105 and 140 mL) was added. The mixture was 

then transferred into a 1 L flat bottom flask equipped with a magnetic stirrer bar (8×30 mm) 

and placed inside an oil bath (165 °C) on a magnetic stirrer with a hotplate and a 

thermocouple to measure the temperature of the oil bath. The mixture was also allowed to 

react for 3 hrs. Air was pumped into the system as shown in Figure 4.1. The Co3O4 

crystallites were purified as before, and were also obtained as Co3O4 without calcination.  
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Figure 4.1: Experimental set-up for Co3O4 nanoparticles synthesis using a hotplate 

4.2.3 Characterization 

The synthesized crystalline Co3O4 nanoparticles were characterized using XRD, TEM and 

FT-IR as described in section 3.3.1, 3.3.2 and 3.3.5. Both TEM results and Rietveld 

refinement in TOPAS5 were used to estimate the particle sizes and crystallite sizes, 

respectively. The % yield were obtained following eq. 3.1 in CHAPTER 3. The Co3O4 

nanoparticles were also characterized using Temperature Programmed Reduction. 

4.2.3.1 Temperature Programmed Reduction: TPR 

TPR was used to determine the reduction temperature of Co3O4 to metallic Co under 

hydrogen (H2) gas. The reduction temperatures were measured and recorded using a 

Micromeritics AutoChem II instrument. 100 mg of Co3O4 nanoparticles were first degassed 

at 150 °C for 30 min under helium gas at 50 ml/min. Thereafter, the sample was subjected to 

temperatures between 50 and 800 °C at 10 °C/min, using 5% hydrogen (balanced with Argon 

gas) at a flow rate of 50 mL/min as an analysis.  
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4.2.4 Results and Discussions 

Table 4.1 below summarizes the results obtained from each synthesis including the 

procedure followed in section 4.2.2.2.  

Table 4.1: Summarized synthesis results of Co3O4 nanoparticles with different crystallite 

sizes 

Sample  Distilled water 

(mL) 

Estimated crystallite sizes 

(nm)  

% yields 

1* 140 10.2±0.1 35 

2
#
 70 16.6±0.3 19 

3
#
 105 19.2±0.2 26 

4
#
 140 21.2±0.2 22 

*Synthesized from the rotary evaporator method, #synthesized from the hotplate method. 

4.2.4.1 Synthesis results 

The following observations were made during the preparation of Co3O4: 

In the first step of the synthesis, after adding NH4OH, the reaction mixture slowly turned 

from a bright pink solution to a brown emulsion, symbolizing the formation of               

[Co(NH3)6)]
2+  11

. No colour change was observed after adding distilled water, meaning that 

there was no [Co(OH)6)]
2+

 complex formed, or if there was, it might have been quickly 

transformed to [Co(NH3)6)]
2+

 complex again. A few minutes after the reaction in the flask 

mixture was added in the hot oil bath, the colour changed from brown to a deep red-brown 

colour, symbolizing the oxidation of some of the Co(II) to Co(III)
11

. It is noted that at high 

temperature, NH4OH ligands were readily displaced by the hydroxyl groups on the cobalt 

metal, which subsequently was oxidised by air to a form black solution
10,14

. The solution at 

the end of the reaction was black, therefore symbolizing the formation of Co3O4. The solution 

also had a sweet smell, consistent with the formation of an ester (benzoate) as a by-product
9
. 

However the purified products did not have any smell. These observations were made during 

the synthesis of all the samples.  

Table 4.1 showed that the rotary evaporator method gave the highest product yield. This 

could be due to sufficient mixing of precursors during synthesis which was aided by the 

rotary evaporator, and bubbling air directly into the reaction mixture.  In the hotplate method, 

a magnetic stirrer was used for mixing, which might have not been enough to allow most of 
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the Co3O4 precursor to be converted to product. The air bubbler was also placed in a position 

that prevented it to be effective in both mixing and providing air into the reaction mixture.  

4.2.4.2 Physical properties: XRD 

XRD was used to determine the phase composition of the as prepared Co3O4 nanoparticles. 

Figure 4.2 below shows the indexed XRD patterns of all four samples with peaks at               

2θ = 22 °, 36 °, 43 °,45 °, 52 °, 66 °, 70 ° and 77 ° corresponding to the (111), (220), (311), 

(222), (400), (422), (511) and (440) planes of Co3O4
14,24

. These results also shows that the 

samples contain purely spinal Co3O4, which confirms that [Co(OH)6)]
2+,3+

 was successfully 

oxidised to Co3O4 without any  post-oxidation by calcination. The fact that the samples 

synthesized by the hotplate method gave the same results even when air was not correctly 

bubbled into the reaction mixture means that there was enough air (or oxygen) in the system 

to assist in the oxidation of [Co(OH)6)]
2+,3+

 to Co3O4. 

 

Figure 4.2: XRD patterns of spinel Co3O4 nanoparticles highlighting the peak positions of 

the Co3O4 phase 

For synthesis 1* and 4
#
 in Table 4.1, the same ratio of starting material was used, however 

the crystallite size of the nanoparticles were different. This could be attributed to loss of 

water in the reaction mixture during synthesis 1*. During the synthesis of Co3O4 

nanoparticles by the rotary evaporator, NH4OH and water were evaporated from the reaction 

mixture at 165 °C, and collected into collection bottle. This then decreases the polarity of the 

reaction mixture again and resulted in the formation of smaller nanoparticles (as described in 

section 4.2.2.1 above). 
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4.2.4.3 Physical properties: TEM  

The morphology and size of the Co3O4 nanoparticles were determined by TEM, as shown in 

Figure 4.3. From the TEM images, it can be observed that the nanoparticles are cubic in 

shape, and this agrees with the shape obtained by and Shi et al.
14

 and Wolf et al.
19

. However, 

the particles are not as well dispersed. The particle sizes from synthesis 1*, 2
#
, 3

#
 and 4

#
 were 

9.7±2.5 nm, 15.7±2.7 nm, 17.4±4.8 nm, and 19.9±3.3 nm, respectively. This also 

confirmed that the particle sizes Co3O4 nanocubes increase with increase in the amount of 

water added. The particle sizes determined by TEM and the crystallite sizes determined by 

Rietveld refinement were also found to be comparable.  

  

  

Figure 4.3: TEM image with an inserted particle size distribution histogram of Co3O4 

nanocubes synthesized by method a) 1*, b) 2
#
, c) 3

#
 and d) 4

#
. 
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4.2.4.4 Chemical properties 

FT-IR spectrum of the prepared spinel Co3O4 nanoparticles is shown in Figure 4.4 below. 

The spectrum was compared with the FT-IR spectra of cobalt acetate and benzyl alcohol. A 

weak band at 3718 cm
-1

 was assigned to an O-H stretch. This could be attributed to water 

molecules that could be adsorbed on the surface of the nanoparticles. The weak bands at 3037 

and 2878 cm
-1

 can be attributed to the C-H stretching mode, the bands between 1560 and1433 

cm
-1

 could be due to the C-O-O
-
 stretches and a weak band at 1006 cm

-1
 could be due to the 

C- O
-
 stretch. These bands corresponds to some of the bands mostly in cobalt acetate and 

some from benzyl alcohol, which helps redisperse the nanoparticles in water
14,21

. However, 

band intensities are very low compared to those observed in the starting material, which 

implies that most of the acetate ion and benzyl alcohol were washed out during purification. 

The last two peaks at 567 and 662 cm
-1

 belong to the Co-O bonds stretch, belonging to the 

crystalline Co3O4 
14,25

. The obtained FT-IR spectra were very similar to the one obtained by 

Shi et al.
14

, who also noted the two Co-O stretches at 665 and 577 cm
-1

. Shi et al. observed 

only the bands corresponding to acetate ions in the FT-IR spectra of Co3O4, and no other 

bands  which corresponds to the either benzyl alcohol or benzoate
14

. The same FT-IR 

spectrum was observed for the Co3O4
 
nanoparticles obtained from the hotplate method. 

 

Figure 4.4: FT-IR spectra of a) spinel Co3O4 nanoparticles at b) Cobalt acetate c) benzyl 

alcohol 
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4.2.4.5 Thermal reduction studies 

TPR profile of Co3O4 nanoparticles, synthesized using the rotary evaporator method, is 

shown in Figure 4.5 below.  

 

 

Figure 4.5: TPR profile of crystalline Co3O4 nanoparticles 

The reduction profiles show two peaks at ca 234 and 305 °C, corresponding to the reduction 

of Co3O4 to CoO and to metallic Co, respectively
26

. The reduction equations are represented 

in eq.4.1 and 4.2 below. The ratio of hydrogen consumed in the two reactions is 1:3, hence 

the second peak is more intense than the first one
27

. The peaks are however not well 

separated. This could imply that there is an overlap in the temperatures at which the two 

reduction steps represented by eq. 4.1 and 4.2 occur. Since TPR gives quantitative 

information, the crystallographic phases (hcp and/or fcc phase) of metallic Co could not be 

determined.  

Co3O4 +  H2 → 3CoO + H2O ……………………………………..eq. 4.1 

CoO +  3H2 → 3Co + 3H2O...……………………………………..eq. 4.2 

4.3 Conclusion 

The benzyl alcohol route was successfully used for the synthesis of spinel Co3O4 

nanoparticles. XRD and Rietveld refinement were used to estimate the crystallite sizes of the 

obtained nanoparticles. TEM and Rietveld refinement results confirmed an increase in the 



 

77 | P a g e  

 

nanocrystallite sizes with increase in volume of distilled water. This could be attributed to an 

increase in polarity of the reaction mixture, which helps reduce the benzyl alcohol molecules 

that inhibit nanoparticle growth. FT-IR also confirms the presence of Co-O bands attributed 

to the Co3O4. It also shows that the surface of the crystalline Co3O4 nanoparticles has some 

organic functional groups and water molecules attached to them, which will help in 

dispersing them in water. The TPR profile of Co3O4 nanoparticles shows two joint reduction 

peaks, which suggests that most of Co3O4 is quickly reduced from CoO to Co. 
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CHAPTER 5: Synthesis and characterization of Co3O4/Cdots 

5.1 Introduction 

The aim of this study was to synthesize Co3O4/ Cdots with different Co3O4/Cdots ratios in 

order to investigate the effect of different surface functional groups as well as the effect of 

different Cdots concentrations on the reduction of Co3O4 to metallic Co. The activity and 

selectivity of the prepared catalysts was also to be investigated. However there were 

difficulties in studying the reduction of Co3O4 supported on Cdots using TPR, which will be 

discussed later. Hence, the project was narrowed down to studying the reduction of Co3O4 

supported on N-free (Cdots-1) and N-doped (N-doped Cdots-1) at the same concentration of 

Co3O4. 

The synthesis of Co3O4/Cdots was based on the knowledge of the Co3O4 and Cdots                

(and N-doped Cdots) chemical properties. It is known that because of their surface functional 

groups, Cdots disperse in water
1
, and according to Shi et al.

2
, Co3O4 nanoparticles also 

disperse in water. The FT-IR spectra of both Co3O4 and Cdots obtained in the experiments 

carried out in CHAPTER 3 and CHAPTER 4 also confirmed the presence of the 

hydrophilic surface functional groups (O-H, COO
-
, etc). Therefore water was used as a 

solvent for the synthesis of Co3O4/Cdots and Co3O4/N-doped Cdots supported catalysts.  

5.2 Experimental procedure 

Cdots (2.7 g) were dispersed in 600 mL of distilled H2O in a 1 L beaker placed on a magnetic 

stirrer and the solution was stirred (with a 8×30 mm magnetic stirrer bar) for 5 hrs under 

ambient temperature to achieve a homogeneous dispersion. A solution containing 0.3 g of 

Co3O4 in 600 mL in a different 1 L beaker was also prepared and stirred for 5 hrs on a 

separate magnetic stirrer. Thereafter, the brown Cdots solution was added to the black Co3O4 

solution, and the total solution was allowed to react overnight. The colour of the mixture 

changed to a brown-black colour. Thereafter, distilled water was removed by rotary 

evaporation (as in CHAPTER 3, section 3.1.2) at 60 °C. The same reaction was carried out 

for the synthesis of the Co3O4/N-doped Cdots supported catalyst.  

5.3 Characterization techniques 

X-ray diffraction (XRD), Transmission electron microscopy (TEM), Thermal gravimetric 

analysis (TGA), Fourier transform infrared (FT-IR), temperature programmed reduction 

(TPR) and in-situ X-ray diffraction (in-situ XRD) techniques were used to characterize the 

structural, thermal and chemical properties of the prepared catalysts. 
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5.3.1 In-situ X-ray diffraction (XRD) 

The in-situ XRD was used to determine the metallic phase/s formed during the reduction of 

Co3O4 in Co3O4/Cdots-1 and Co3O4/N-doped Cdots-1. TPR and in-situ XRD provide a good 

insight on the expected catalytic behaviour during F-T reduction
3
. However, in-situ XRD 

unlike TPR, gives information about the temperature at which the catalyst is reduced as well 

as the change in the crystallographic phase during reduction
4,5

. In has been reported that 

metallic Co can exist as both Co (fcc) and Co (hcp), and the Co (hcp) is the more active form 

of metallic Co as it has the appropriate active sites desired for F-T conversion
6–8

. Therefore, 

by studying the Co phases formed during Co3O4 reduction, one can predict the catalytic 

behaviour of Co under F-T conditions. 

The in-situ data was measured and recorded on a Bruker AXS D8 Advance diffractometer 

equipped with an Anton Paar XRK 900 reaction furnace. The measurements were carried out 

using CoKα X-ray radiation (0.178897 nm) operating at 40 kV and 40 mA. The samples were 

reduced using 5 % H2 (balanced with N2)
3,4

. The temperature was raised from 30 to 570 °C, 

at increments of using a heating rate of 5 °C/min. The in-situ XRD patterns were measured 

between 20 and 80 ° with a 0.026 ° step. The same step size was used for all the data 

collected. The data was analysed using Rietveld refinement on TOPAS5. The structure 

models of Co3O4, CoO, Co (fcc) and Co (hcp) were obtained from the Inorganic Crystal 

Structure Database (ICSD). The Co3O4/N-doped Cdots-1 sample was also analysed under 

inert (N2) gas condition to determine the reducing properties of N-doped Cdots. 

5.4 Results and discussions 

5.4.1 X-ray diffraction: XRD  

The XRD patterns of Co3O4/Cdots-1 and Co3O4/N-doped Cdots-1 are shown in Figure 5.1 

below. The XRD patterns were compared to those obtained for Cdots-1 and N-doped Cdots-1 

synthesized in CHAPTER 3. The XRD patterns show the presence of Co3O4, with peaks 

similar to those observed in Figure 4.2. The (111) plane of Co3O4, which is expected to 

appear at ca 2θ = 21 °, could not be well distinguished in these XRD patterns. This peak 

could be masked by the presence of a broad feature which is attributed to the presence of 

amorphous carbon in the sample arising from the cdots, which both appears at 2θ = 23 ° as 

shown in Figure 3.7.a) and 3.7d). This is expected since 9/10 mass ratio of each sample 

contains functionalized Cdots.  
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Figure 5.1: XRD pattern of Co3O4/Cdots-1and Co3O4/N-doped Cdots-1 

5.4.2 Transmission Electron Microscopy: TEM                                                                                                                                                                                                                                              

The TEM image of Co3O4/ Cdots-1 is represented by Figure 5.2 below. The image shows 

Co3O4 nanoparticles with average particle size around 11.4 nm. Most of the Co3O4 

nanoparticles are highly dispersed, with Cdots-1 nanoparticles surrounding each Co3O4 

nanoparticle. The high dispersion of the metal nanoparticle is very important for the F-T 

reaction, as this would ensure that the metal nanoparticles do not sinter easily.  

 

Figure 5.2: TEM image of Co3O4/Cdots-1 

Co3O4  

Cdots 

100 nm 
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5.4.4 Thermal gravimetric analysis: TGA                                                                                                                           

TGA was used in this case to determine the Co3O4 loading in each sample. All measurements 

were taken under the conditions described in section 3.7. Figure 5.3 and 5.4 below show the 

TG and the DTG graphs of Cdots-1 and Co3O4/Cdots-1, and N-doped Cdots-1 with 

Co3O4/Cdots-1, respectively. The TG thermograms of the Cdots and N-doped Cdots showed 

that both of Cdots and N-doped Cdots samples had fully decomposed at ca 700 °C. It has also 

been reported that Co3O4 is very stable between ca 35 and 900°C under oxidising 

conditions
3,9

. Therefore, the % loaded Co3O4 is the % of residue left after Cdots-1 and N-

doped Cdots-1 decomposition. From the TG thermogram of Co3O4/Cdots-1, it can be 

observed that the residual weight left after decomposition is 10.5 % corresponding Co3O4. 

The DTG thermograph of Co3O4/Cdots-1 in Figure 5.3d) shows that Cdots-1 is completely 

decomposed at ca 555 °C, while without Co3O4, the final decomposition occurs at ca 565 °C. 

This small change may be because Co3O4 can catalyse the decomposition of the carbon 

residue
3,9

. Typically, in the presence of Co3O4, both the onset temperature (i.e the 

temperature at which carbon starts decomposing) and the final decomposition temperature of 

carbon are reduced. Moyo
9
 showed that the onset decomposition temperature of nitric acid 

functionalized CSs alone was 560 °C, and decrease to 400 °C in the presence of a catalyst. 

Dlamini
3
 also reported the similar observation for non-functionalized CSs.  

In CHAPTER 3 it  was noted that the DTG peak at ca 102 °C (3 %) may be due to adsorbed 

moisture, and the peak at ca 301 °C (55 %) weight loss may be due to the hydroxyl and/ 

carbonyl functional on the surface of the Cdots-1. From the DTG of Co3O4/Cdots-1, it can be 

noted that there are no decomposition peaks below ca 100 °C or at 300 °C. However, there 

are 2 peaks at ca 212 °C and ca 347 °C with 13 % and 15 % weight loss, respectively. These 

two peaks may be due to a shift in the decomposition temperature of hydroxyl and carbonyl 

groups, respectively. This evidence suggests that the Cdots-1 are attached to Co3O4 via 

hydroxyl and carbonyl, and their interaction require higher temperatures to remove the Co3O4 

bound functional group. The peak at ca 555 °C (72 %) is due to the carbon decomposition. 
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Figure 5.3: a) The TG and b) DTG thermograms of Cdots-1 and Co3O4/Cdots-1  

The TG and DTG thermograms of N-doped Cdots-1 and Co3O4/N-doped Cdots-1 are shown 

in Figure 4.8a) and b) below. The TG graph of Co3O4/ N-doped Cdots-1 shows that only 9.6 

% of sample is left after the decomposition of N-doped Cdots-1. The shift in the weight loss 

peak at ca 202 °C (30 %) may be due to the interaction between the Cdots functional groups 

and Co3O4. The DTG graph shows that most of N-doped Cdots-1 decomposition occurs at ca 

442 °C (60 %), which are due to the catalysed oxidation of carbon by Co3O4. Without Co3O4 

catalyst, the final decomposition temperature of N-doped Cdots is ca 606 °C. Therefore the 

final decomposition temperature of the N-doped Cdots-1 is drastically affected by the 

presence of the Co3O4 catalyst compared to the Cdots-1 decomposition, which is shifted by 

ca 10 °C. 

   

Figure 5.4: a) The TG and b) DTG thermograms of N-doped Cdots-1 and Co3O4/N-doped 

Cdots-1 

a) b) 

a) b) 
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5.4.5 Fourier transform infrared spectroscopy: FT-IR spectroscopy 

FT-IR was used to investigate the type of bond interactions that might exist between Co3O4 

and functionalized Cdots.  Figure 5.5a) and b) shows the FT-IR spectra of Co3O4/ Cdots-1 

and Co3O4/ N-doped Cdots-1. The spectra were compared with the spectra of the starting 

materials. It is known that the surface functional groups of Cdots are affected when 

metal/Cdots nanocomposites are synthesized
10–13

. Guo et al.
13

 synthesize Ni@Cdots 

nanocomposite for catalytic reduction of Cr
6+ 

to Cr
3+

. The FT-IR spectrum of Cdots showed 

the presence of a carbonyl stretch at 1761 cm
-1

, which disappeared in the Ni@Cdots 

spectrum. It was suggested that this could be due to the interactions between the carbonyl 

surface functional groups of Cdots and the Ni metal
13

. Similar observations were expected for 

Co3O4 and functionalized Cdots. However, FT-IR spectra of both the Co3O4/Cdots-1 and 

Co3O4/ N-doped Cdots-1 resembles those of the Co3O4, and this suggests that there were no 

interactions between the Co3O4 nanoparticles and the functionalized Cdots. Therefore 

information regarding the type of bonding interactions between Co3O4 and the functionalized 

Cdots could not be obtained.   

 

      

Figure 5.5: FT-IR spectra of a) Co3O4, Cdots-1 and Co3O4/ Cdots-1, and b) Co3O4, N-doped 

Cdots-1 and Co3O4/ N-doped Cdots-1 

5.4.6 Temperature Programmed Reduction: TPR                                                                                                                         

TPR was used in an attempt to study the effect of Cdots and N-doped Cdots on the reduction 

temperature of the Co3O4 phase. It has been reported that functionalization of carbon 

nanomaterial by acids and/or nitrogen doping (N-doping) improves the surface chemistry of 

the carbon nanomaterial
14

. Surface functional groups helps keep the metal catalyst 

a) b) 
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nanoparticles dispersed through metal to support interactions (MSIs) effect, which also 

improves the stability of the metal catalysts during the F-T process
15–18

. The Co to carbon 

interactions therefore improved the catalytic activity of metal catalysts. N-doping in 

particular has shown excellent improvements in the MSIs stability
15–18

. N-doping in carbon 

nanomaterials can be via pyridinic, pyrrolic, graphitic and nitroxides configuration
17

 as 

shown earlier in Figure 3.19. N-doping produces defects in the carbon nanostructure which 

can act as active sites for the metal adsorption
15–18

. However, different N-doping 

configurations affect the catalytic stability and activity of metal catalysts differently. Xiong et 

al.
19

 reported that on Fe catalyst supported on N-doped CSs with predominantly pyridinic and 

pyrrolic configuration showed better F-T activity than Fe supported on N-doped CS with a 

predominantly graphitic nitrogen configuration
19

.  

Cdots and N-doped Cdots have the advantages of having a readily functionalized surface. As 

shown earlier in the XPS study (section 3.4.3.2), Cdots-1 contain predominantly acidic 

functional groups, while the N-doped Cdots have both acidic functional groups and N-

functional groups with predominantly pyridinic and pyrrolic configurations. Therefore Cdots-

1 and N-doped Cdots-1 were expected to affect the stability and activity of Co differently. 

Functionalized carbon nanomaterials have better MSIs with metals than non-functionalized 

carbon nanomaterials
3,9

. This is usually observed by an increase in the reduction temperature 

of Co3O4 to CoO and Co (in eq. 4.1 and 4.2). TPR is usually used to study the MSI effect on 

the reduction of Co3O4. However, for Co3O4 supported on Cdots and N-doped Cdots, the TPR 

profiles are difficult to explain. Further studies will be needed to rationalize the data. For 

Co3O4/ N-doped Cdots-1, only one peaks were observed between ca 350 and 500 °C, which 

may be due to the reduction of Co3O4 to metallic Co, implying that the reduction process 

happens without the formation of CoO intermediate. For Co3O4/Cdots-1 shows the presence 

of two distinct peaks between ca 350 and 500 °C, which may be due to the reduction of 

Co3O4 to CoO, and further CoO to metallic Co reduction. The peaks between ca 700 and 800 

°C observed in both samples could result from methane formation from the support catalysed 

by metallic Co
3,9

.  
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Figure 5.6: TPR profile of Co3O4, Co3O4/ Cdots-1and Co3O4/ N-doped Cdots-1 

It was also observed that after the TPR study that the sample tube was brownish in colour on 

the inside, implying that the functionalized Cdots were affected by the reduction conditions. 

Therefore, an experiment was carried out in an attempt to study the reducibility of the support 

without the catalyst. It was observed that volatile material was produced from the supports, 

and in this case these volatile materials were transferred through the instrument during 

reduction and blocked the TPR detector. Thus, further reduction data could not be obtained. 

From these studies, it was assumed that Cdots-1and N-doped Cdots-1 might be reduced under 

these conditions, which could be detrimental for F-T reactions. 

5.4.7 In-situ X-ray diffraction (XRD) 

The in-situ results are presented by Figure 5.7a), b) and c) below. The colours on each 

pattern represent the reduction temperatures as represented next to each figure. Figure 5.7a) 

and b) represents the reduction patterns of the Co3O4/Cdots-1 and Co3O4/N-doped Cdots-1 

under H2, respectively.  Figure 5.7c) represents the reduction of Co3O4/N-doped Cdots-1 

under inert gas conditions. The in-situ reduction behaviour of Co3O4 in the Co3O4/Cdots-1 

and Co3O4/N-doped Cdots-1 at 5 % H2 gas (balanced with N2) are similar. Between 30 and 

240 °C, only cubic Co3O4 phase present. As the temperature is increased from 240 to 360 °C, 

Co3O4 is reduced, and the peaks at 2θ = 52 °, 70 ° and 77 ° corresponding to the (400), (511) 

and (440) planes of Co3O4 disappear, and the CoO peaks at 2θ = 42 °, 50 ° and 73 ° 

corresponding to the (111), (200) and (311) appear. This means that Co3O4 is reduced to CoO 

at these temperatures.  The CoO is further reduced to Co (fcc) phase (2θ = 46 ° and 51°) from 
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390 to 570 °C, and this is presented by the disappearance of the CoO peaks at 2θ = 42 °, 50 ° 

and 73 °. Although Co (fcc) is a predominant phase of Co at these temperatures, TOPAZ 

showed that it is not the only Co phase present. The CoO (220) phase (2θ = 59 °) and Co3O4 

(422) phase (2θ = 63 °) are still present at these temperatures. Similar results were also 

observed for Co3O4/N-doped Cdots-1.  

  

Figure 5.7a): In-situ XRD pattern of Co3O4/Cdots-1 under H2 reducing conditions 

a) 
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Figure 5.7b):  In-situ XRD pattern of Co3O4/N-doped Cdots-1 under H2 reducing conditions 

Figure 5.7c) shows the reduction behaviour Co3O4 in Co3O4/N-doped Cdots-1 under inert 

(N2) conditions. In this experiment, the reducing properties of N-doped Cdots where tested. It 

has been reported that Cdots and N-doped Cdots can reduce metal salts into their metallic   

form
20–22

. Cdots have been used as reduction and stabilizing agents for MnO2, Ag and Pd
20–22

. 

Therefore it was hypothesized that the prepared Cdots and N-doped Cdots can also reduce 

Co3O4. The results show that the reduction of Co3O4 under these conditions is similar to the 

Co3O4 reduction under H2, except at 570 °C. The pattern shows that between 30 and 240 °C 

Co is present in the cubic Co3O4 phase. Co3O4 is reduced to CoO 240 to 360 °C, and the 

peaks at 2θ = 42 °, 50 ° and 73 ° corresponding to the (111), (200) and (311) of CoO appear. 

From 390 °C to 570 °C, the peaks at 2θ = 46 ° and 51° appear, which correspond to the Co 

(fcc) phase. This indicates the reduction of CoO to Co (fcc). As the temperature is increased 

further from 540 °C to 570 °C, the Co (hcp) phase (2θ = 55 °) is also formed. The Co (hcp) is 

has been reported as the most F-T active Co form than the Co (fcc) phase, with high CO 

conversion and high selectivity towards  and long chain (C5+) hydrocarbon compared to Co 

(fcc)
7,23

. This is because Co (hcp) has more active surface sites than Co(fcc)
6,23,24

. The results 

suggest that the reduction of Co3O4 by N-doped Cdots-1 produce the formation of both the  

b) 
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F-T catalytically active Co (fcc) and Co (hcp). However the properties of N-doped Cdots-1 

that assist this regard are not yet understood.   

 

Figure 5.7c): In-situ XRD pattern of Co3O4/N-doped Cdots-1 under inert (N2) conditions  

5.4.8 The effect of metal to support interaction  

The TPR profile of Co3O4 in Figure 4.4 showed that Co3O4 is completely conversed to 

metallic Co at 305 °C under 5% H2 conditions. However, when Co3O4 is supported on 

functionalized Cdots, the in-situ XRD shows that Co3O4 is predominantly reduced to Co (fcc) 

(and Co (hcp)) only at temperatures between 540 °C to 570 °C. This suggests that the MSI 

causes a delay in the reduction of Co3O4 to Co (fcc) and Co (hcp).  

5.4.9 Reduction properties of N-doped Cdots-1 

To investigate whether the presence of nitrogen on the surface of Cdots were responsible for 

the reduction of Co3O4 to Co (fcc) and Co (hcp), the Cdots were annealed at 500 °C. 

According to the TG-MS data, the surface functional groups of N-doped Cdots are 

decomposed at 500 °C this temperature was used to anneal the Cdots.   

The reducing properties of Cdots can result from two factors; 1) from their surface functional 

grounds (such as hydroxyl functional groups), or 2) due to the reducing nature of the carbon 

nanomaterials. Unnikrishnan et al.
20

 used Cdots for the reduction of potassium permanganate 

c) 
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(KMnO4) to MnO2 under mild conditions (75 °C). The authors reported that the reduction of 

MnO2 is accompanied by oxidation of the C=C and oxygen-type functional groups of Cdots. 

Liu at al.
21

 also reported a similar observation from the formation of Ag-N-doped Cdots 

nanocomposite. Xiong et al.
25

 used N-doped and non-functionalized CSs to show that CSs 

can reduce Co3O4 to metallic Co without H2 or any other reducing agent. The authors also 

noted that the reducing abilities of CSs are solely dependent on the carbon sp
2
/sp

3
 domains, 

and independent of their surface functional groups. Therefore, following Xiong et al.,                  

N-doped Cdots were annealed in an attempt to remove the surface functional groups. The 

annealing conditions were as follows: 

Annealing procedure 

Annealing was done using horizontal chemical vapour deposition (CVDhor) furnace. N-doped 

Cdots (2.5 g) were dispersed on a quartz boat. The quartz boat was placed in the middle of a 

hollow tubular quartz reactor (100 cm × 4 cm) loaded in a furnace. The furnace ramped up to 

500 °C, and then held at this temperature for 2 hrs. Ar was used as an inert gas throughout the 

reaction and the gas flow rate was kept at 20 mL/min. After 2 hrs, the tube and the product 

were allowed to cool down to room temperature. After annealing, it was found that the mass 

of the product was 1.1 g; therefore 44 wt% of N-doped Cdots-1 was lost.  

The structural, chemical, physical and optical properties of the annealed N-doped Cdots-1 

were investigated using XRD, TEM, Raman spectroscopy, FT-IR spectroscopy, TGA and PL 

spectroscopy. The XRD pattern (supplementary information Figure S5.8a)) of the annealed 

sample showed a peak at 2θ = 19 °, and a shoulder at 2θ = 48 °, this peaks were similar to 

those obtained for N-doped Cdots-1. The TEM results of the annealed products are shown in 

Figure 5.8a). It was found that the structural morphology of the N-doped Cdots-1 changed 

upon annealing. The TEM image shows a large carbon material had been found with an 

irregular shape. The actual identity of the material is yet to be determined. The FT-IR 

spectrum of the annealed sample was compared with the FT-IR spectrum (Figure S5.8b)) of 

the as prepared N-doped Cdots-1. It was found that the intensity of the band at 3204 cm
-1

 due 

to the O-H stretch, and the C-O-C bands between 1500 and 1000 cm
-1

 decreased 

significantly. This suggests that a significant amount of the surface functional groups were 

remove with annealing. Interestingly, the annealed product was Raman active. This might be 

due to the removal of surface functional responsible for fluorescing properties of Cdots
1
, 

and/or morphology change. The results show the D band at ca 1364 cm
-1

 which can be 
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attributed to the sp
3
 and sp

2
 disorder in the carbon structure

1,26,27
. The band at ca 1579 cm

-1
 

corresponding to the G band is attributed to the graphitic sp
2
 carbon

1,26
. The ID/IG ratio of the 

product was found to be 0.6, suggesting that the material has a low degree of disorder
28

. The 

TG-DTG graphs of the annealed sample in Figure S5.8c) shows that the material is fully 

decomposed at ca 670 °C, while the N-doped Cdots-1 is fully decomposed at ca 606 °C. This 

suggests that the annealed sample is more thermally stable than the as prepared N-doped 

Cdots-1. The PL spectra (Figure S5.8d)) of annealed product showed a weak PL emission 

peak compared to the as prepared N-doped Cdots-1 sample, suggesting that the PL properties 

were significantly quenched after annealing. The XRD pattern, FT-IR spectroscopy, TGA 

and PL emission spectrum are attached in under supplementary Figure S5.1a)-d). Since 

annealing changed the morphology of the N-doped Cdots, the reducing properties of the N-

doped Cdots could not be studied.  

 

  

Figure 5.8: a) TEM and b) Raman spectrum of the product obtained after annealing N-doped 

Cdots-1 at 500 °C under Argon gas 

4.3.3.8 General discussion 

The in-situ XRD results obtained from the reduction processes under H2 conditions and under 

inert conditions show the disappearance of the amorphous peak between 2θ = 20 ° and 30 ° as 

the reduction temperature was increased (as highlighted in each figure). This peak 

corresponds to the Cdots and N-doped Cdots amorphous peak. This suggests that the support 

either get reduced or it decomposes as explained in section 5.4.6. The poor thermal stability 

of the Cdots and N-doped Cdots might be due to its surface functional groups.  

a) b) 
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Although TOPAS5 was used to identify the phases present, qualitative data such as the % of 

each phase present and the crystallite sized could not be estimated due to the poor quality of 

the data. This is due to fluorescence effects of cobalt and a high background signal which is 

contributing to an overall poor signal to noise ratio thus making the quantification unreliable. 

Some of the peaks present in the patterns could not be identified without further studies on 

the material. This will be recommended for future work. 

5.5 Conclusion 

Co3O4/Cdots-1 and Co3O4/N-doped Cdots-1 were synthesized using from a solution method 

using water as a solvent. The TEM of Co3O4/Cdots-1 shows Co3O4 nanoparticles surrounded 

by the Cdots. The TGA results confirmed that the Co3O4 loading was 10 % on both Cdots-1 

and N-doped Cdots-1. TGA results also showed that Cdots-1 and N-doped Cdots-1 

decomposes at lower temperature due to the presence of Co3O4, which is believed to catalyse 

the decomposition of Cdots-1 and N-doped Cdots-1. The XRD pattern of both Co3O4/Cdots-1 

and Co3O4/N-doped Cdots-1 showed that the position of Co3O4 peaks shifted to higher angle. 

This shift might be attributed to the MSI between Co3O4 and functionalized Cdots. 

TPR and in-situ XRD studies were conducted in order to investigate the reducibility of Co3O4 

in Co3O4/Cdots-1 and Co3O4/N-doped Cdots-1; however in-situ XRD gave more insight on 

the reduction behaviour of Co3O4. The in-situ XRD showed that Co3O4 in Co3O4/Cdots-1 and 

Co3O4/N-doped Cdots-1 were reduced to their metallic form at temperatures above 500 °C. 

However, the reduction conditions were not enough to completely reduce the Co3O4 to 

metallic Co. This suggests that the interaction between metal and the support are strong in 

such a way that higher temperatures are needed in order to reduce Co3O4. The data also 

showed that N-doped Cdots-1 alone can reduce Co3O4 into both Co (fcc) and Co (hcp), which 

are both F-T active catalytic species. The reducing properties of Cdots and N-doped Cdots 

are yet to be studied. The reducing condition employed for both TPR and in-situ XRD seem 

to affect the thermal stability of Cdots drastically. This occurrence is not well understood. 

Therefore further studies on this will be conducted. 
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CHAPTER 6: GENERAL CONCLUSIONS AND RECOMMENDATIONS 

6.1 Conclusions 

The purpose of this study was to introduce Cdots as potential support for Co-based F-T 

catalysts for the preparation of inverse Co/Cdots supported catalyst, which has so far not been 

reported in the literature.  The following conclusions were drawn from the study:  

Microwave-assisted synthesis of functionalized Cdots and N-doped Cdots from natural 

carbon source products such as ascorbic acid, sucrose and chitosan resulted in 21-60 % yield 

of product. The quantity of product was dependent on the carbon source and reaction 

conditions. The Cdots and N-doped Cdots were characterized using XRD, TEM, SEM, 

Raman spectroscopy, FT-IR spectroscopy, XPS, TGA, PL and UV-vis spectroscopy. The 

structural, chemical, thermal and optical properties of Cdots and N-doped Cdots were 

comparable to those reported in the literature. The FT-IR spectroscopy and XPS confirmed 

the presence of functional groups oxygen and nitrogen based functional groups on the surface 

of the materials. The XPS results also showed that the highest amount of N-doping                  

(~16 wt%) was obtained from the N-doped Cdots-2 sample, derived from a mixture of 

ascorbic acid and urea. TGA confirmed that both Cdots and N-doped Cdots start 

decomposing at ca 200 °C, due to surface functional groups. This therefore concludes that 

Cdots and N-doped Cdots are not thermally stable under air. The PL and UV-vis 

spectroscopy confirmed that both the prepared Cdots and N-doped Cdots are fluorescent 

materials.  

Co3O4 catalyst nanoparticles, with crystallite sizes varying from 10 to 20 nm were prepared 

from the ammonia-assisted “benzyl alcohol route”. It has been shown that the varying 

concentration of water in the reaction mixture affects the crystallite size growth.  

The synthesis of Co3O4/Cdots produced supported catalyst in which the size of the catalyst is 

larger (10 nm) than the size of the support (< 5 nm), as it has been shown in the TEM results. 

The in-situ data shows that under H2 conditions, the Co3O4 is reduced to CoO and Co (fcc) at 

the same temperatures in Co3O4/Cdots and Co3O4/N-doped Cdots. Which implies that the 

reduction pathway of Co3O4 does not depend on the Cdots surface functional groups. The 

reduction of Co3O4 in Co3O4/Cdots and Co3O4/N-doped Cdots occurred at high temperature 

compared to the reduction of the unsupported Co3O4. This implies that there are strong metal 

to support interactions between Co3O4 and functionalized Cdots. The in-situ data also shows 
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that N-doped Cdots can reduce Co3O4, and the reduction leads to the formation of both Co 

(fcc) and Co (hcp), which are both active F-T catalysts. 

The in-situ XRD gave very useful information regarding the interaction between Co3O4 

functionalized Cdots. However the results opened doors to many questions and possibly a 

new avenue of research that we are hoping to explore in the future.  

6.2 Recommendations 

The structural properties of Cdots and N-doped Cdots were only limited to XRD (ex-situ) 

data and TEM sizes. Information such as the spacing of lattice fringes, overall arrangement of 

lattice planes could not be obtained. This information will be needed in order to understand 

how functional groups affect the lattice spacing and also to confirm the amorphous nature of 

Cdots and N-doped Cdots as suggested by XRD.  

The other synthesized Cdots from sucrose and N-doped Cdots from a mixture of ascorbic 

acid and urea were not tested as Co3O4 support. Therefore these materials can be tested and 

compared with the in-situ results obtained from other Cdots and N-doped Cdots.   

TGA, TPR and in-situ XRD data showed that functionalized Cdots have low thermal stability 

under air and H2. However the reason for the decomposition of Cdots especially in TPR and 

in-situ XRD studies were not explored. Therefore studying these effects will be important 

especially since the materials will be used F-T under similar conditions.  

The structural or chemical properties of N-doped Cdots that enable reduction of Co3O4 

without any other reducing agent will also be studied. In this study, an attempt to prepare 

non-functionalized Cdots by annealing a sample of N-doped Cdots resulted in the formation 

of carbon materials with a different morphology from Cdots. The aim was to investigate 

whether non-functionalized Cdots can also reduce Co3O4 without any assistance from a 

reducing agent. If this is true then it will mean that the reduction of Co3O4 is achieved by the 

sp
2
/sp

3
 type carbon and not the surface functional groups. Preparation of non-functionalized 

Cdots by other means can be investigated. The formation mechanism of Co (fcc) and Co 

(hcp) will also need to be studied. 

The prepared supported catalysts are recommended for F-T reaction studies. The activity and 

selectivity of the catalytic Co in Co/Cdots and Co/N-doped Cdots can be studied to complete 

the investigation. 
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SUPPLEMENTARY INFORMATION 

 

       

       

Figure S3.1: XRD patterns of a) ascorbic acid, b) sucrose, c) chitosan, and d) urea 

 

 

 

 

 

 

 

 

 

a) b) 

c) d) 
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Figure S3.2: Low resolution SEM images of a) Cdots-2, and b) N-doped Cdots-2. The dotted 

cycles highlights the Cdots clusters 

 

 

Figure S5.1: a) The XRD pattern, b) FT-IR spectrum, c) PL spectra, and d) TG-DTG 

thermogram of the annealed N-doped Cdots-1 sample 

a) b) 

a) b) 

c) d) 
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Table S3.2a): Relative concentrations of carbon bonding states 

Sample Ave. % Concentration 

sp
2
 C-C sp

2
 C-N sp

3
 C-N/C-C C=O O-C=O 

Cdots-1 50.63 - 27.15 13.66 8.56 

Cdots-2 48.21 - 18.00 18.20 15.60 

N-doped Cdots-1 49.77 21.04 17.84 8.47 2.88 

N-doped Cdots-2 40.11 21.04 18.01 12.47 8.36 

 

Table S3.2b): Relative concentrations of oxygen bonding states 

Sample 

 

Ave. % Concentration 

C=O O-C=O C-O-C/C-OH 

Cdots-1 27.14 34.56 38.30 

Cdots-2 35.25 26.81 37.93 

N-doped Cdots-1 58.91 20.88 20.21 

N-doped Cdots-2 58.64 33.74 7.61 

 

Table S3.2c): Relative concentrations of nitrogen bonding states 

Sample Ave. % Concentration 

Pyridinic-N Pyrrolic-N Graphitic-N Organic N 

N-doped Cdots-1 41.13 26.44 24.14 8.29 

N-doped Cdots-2 20.10 62.20 13.14 4.56 

 

 

 


