
1 

 

 

SYNTHESIS AND CHARACTERIZATION OF CARBON 

NANOMATERIALS USING 

BIS(ACETYLACETONATO)OXOVANADIUM(IV), MANGANESE(III) 

ACETYLACETONATE, Co-Zn and Co-Al AS CATALYST 

PRECURSORS 

 

 

 

Silindile Nomathemba Ndwandwe 

MASTER OF TECHNOLOGY THESIS 

 

 

 

 

 

 

 

 

 

 

VAAL UNIVERSITY OF TECHNOLOGY 

2011 

 



2 

 

 

SYNTHESIS AND CHARACTERIZATION OF CARBON NANOMATERIALS USING 

BIS(ACETYLACETONATO)OXOVANADIUM(IV), MANGANESE(III) 

ACETYLACETONATE, Co-Zn and Co-Al AS CATALYST PRECURSORS 

 

 

By 

 

Silindile Nomathemba Ndwandwe 

 

 

Submitted in fulfilment of the requirements for the degree 

 

MASTER OF TECHNOLOGY 

In 

Chemistry 

 

 

Supervisor: Prof. E. D. Dikio 

 

 

Date submitted 

July 2011 

 

 

 

 



3 

 

DECLARATION 

 

I hereby declare that this dissertation, which am submitting for the qualification of 

 

Masters of Technology in Chemistry 

 

To the Vaal University of Technology, Faculty of Applied and Computer Science, 

Department of Analytical Chemistry, is apart from the recognized supervisor and the 

sources that have been acknowledged in literature survey, entirely my own work and 

has not previously been submitted to any other institution before for a research 

diploma or degree. 

 

 

 

 

                                                                                                                                      .  

Signature of a candidate       date 

 

 

 

 

 

                                                                                                                                      .  

Signature of a supervisor       date 

 

 

 

 

 



4 

 

DEDICATION 

 

I dedicate this work to the Ndwandwe and Qwabe family especially my mother 

Dingeni Qwabe Ndwandwe, sisters Sne, Dudu, Sanele, Pamela, Sandisiwe and my 

late grandmother Hambezandisa Magwaza Qwabe. I thank you all for all the support, 

inspiration and motivation you gave me. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



5 

 

ACKNOWLEDGEMENTS 

 

I would like acknowledge the following people and organizations for their valuable 

contribution and assistance in the execution of this research project 

 

• Dr E. D. Dikio, my supervisor for the help and guidance throughout this 

dissertation. 

 

• Edward Nxumalo of University of Witwatersrand, School of Chemistry, for 

assisting with the TGA analysis. 

 

• The Vaal University of Technology in collaboration with the National 

Research Foundation (NRF) and SASOL for financial support. 

 

• CSIR for assisting with the Raman, EDS, XRD, SEM and TEM analysis. 

 

• Special thanks to my parents, siblings and friends for their support during the 

period of my study. 

 

• Finally, I would love to thank the Almighty who has been with me through out 

and provided me with the strength to carry out this study to finish. 

 

 

 

 

 

 

 



6 

 

ABSTRACT 

 

Bis(acetylacetonato)oxovanadium(IV), Manganese(III) acetylacetonate, Co-Zn and 

Co-Al were prepared as catalyst precursors for the synthesis of carbon materialS in 

a catalytic chemical vapor deposition (CCVD) reactor. The carbon materials 

produced were characterized with Raman spectroscopy, Scanning electron 

microscope (SEM), Energy dispersive spectroscopy (EDS), X-ray diffraction (XRD), 

High resolution transmission electron microscopy (TEM) and Thermogravimetric 

analysis, (TGA).  

 

Carbon material prepared from bis(acetylacetonato)oxovanadium(IV) catalyst 

precursor showed the presence of carbon spheres with average diameter of 104µm 

together with small traces of carbon nanotubes or amorphous carbon. Synthesis of 

bis(acetylacetonato)oxovanadium(IV) catalyst precursor yielded approximately 92% 

of carbon material. Carbon material prepared from Manganese(III) acetylacetonate 

catalyst precursor showed the presence of carbon spheres with diameter of 87.5µm. 

Synthesis of Manganese(III) acetylacetonate catalyst precursor yielded 

approximately 97% of carbon material. 

 

Carbon material produced from Co-Zn and Co-Al catalyst precursors showed the 

presence of carbon nanotubes with small amounts of amorphous carbon. The use of 

Co-Zn catalyst precursor yielded approximately 80% of carbon nanotubes, whereas 

Co-Al catalyst precursor yielded approximately 98% of carbon nanotubes.  
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Carbon nanomaterials have attracted enormous attention because of their unique 

structure, low density, high porosity, large surface area, high chemical and thermal 

stability and their ability to store large amount of hydrogen.1-4 There are a number of 

carbon nanostructures that have been discovered over the past years such as 

carbon nanotubes (CNT`s), nanofibers, nano-anions, nanocapsules, and carbon 

nanospheres (CNS`s) that results from the carbon`s ability to hybridize sp, sp2 and 

sp3 bonds.4 The commonly researched carbon nanostructures are CNT`s and 

CNS`s.5 

 

CNS`s results from the sp2 hybridization of carbon bond. These nanomaterial differ 

from other carbon nanomaterials in their nanostructure, they have a spherical 

structure or enclosed graphene layers whereas CNT`s, nano-anions and 

nanocapsule have a tubular like structure that is open on each end.6 CNT`s are a 

new form of carbon that was discovered in 1991.7 Having a concentric graphitic 

cylinders closed at either end due to the presence of five-membered rings with the 

carbon atoms tiling on a spherical or nearly spherical surfaces 8 and a very small 

particle size that is measured in nanometers.9  

 

CNT`s possess some very unique characteristics due to their hollow center, 

nanometer size, large surface area and the ability to change their electrical 

resistance drastically when exposed to alkalines, halogens and other gases at room 

temperature.10 The honeycomb-shaped walls of CNT`s consist of either a single layer 

of carbon atoms known as a single-walled carbon nanotubes (SWCNT`s) or multiple 

layers of carbon atoms known as multi-walled carbon nanotubes (MWCNT`s).8 

SWCNT`s are considered as a sheet of graphene that has been rolled up into a 
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seamless cylinder with a singular graphene cylindrical wall.10 With a high ability to 

predict properties of nanotubes based on their theoretical structure and are relatively 

simple compare to the MWCNT`s.11  

 

MWCNT`s are considered as sheets of graphene that had been rolled up into a 

seamless cylinder with multi graphene cylindrical wall. MWCNT`s have a central tube 

of nanometric diameter surrounded by graphitic layers separated by ~0.34 nm with a 

well defined shape, composition, high aspect ratio, mechanically robust, excellent 

wear properties and chemical fictionalization at the tip.10 

 

There are three methods that are a major synthesis routes for the production of 

carbon nanomaterials.9-10 These methods are laser arc discharge, laser ablation and 

catalytic chemical vapor deposition.11-13  

 

1.2  OBJECTIVES 

 

The objective of this study is: 

 

• To synthesize bis(acetylacetonato)oxovanadium(IV) and Manganese(III) 

acetylacetonate as catalyst precursors to produce carbon nanomaterials.  

• To synthesize Cobalt-Zinc and Cobalt-Aluminium as catalyst precursors to 

produce carbon nanomaterials. 

• To study the characteristics of the produced carbon nanomaterials using 

different analytical techniques. 
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• To determine the nanostructures of the synthesized 

bis(acetylacetonato)oxovanadium(IV), Manganese(III) acetylacetonate, 

Cobalt-Zinc and Cobalt-Aluminium catalyst precursors. 

 

1.3  OUTLINE OF THE DISSERTATION 

 

Below is an outline of this dissertation 

 

Chapter 1 (Introduction): This chapter gives insight on the research work that was 

carried out and its importance. Also presented in this chapter are the problem 

statement and the objectives of this study. 

 

Chapter 2 (Background study): In this chapter, a review of literature pertaining to 

organometallic compounds and carbon nanomaterials, and their carbon 

nanostructures. 

 

Chapter 3 (Methodology): All analytical methods, experimental procedures and 

instruments that were used in this research project are discussed in details in this 

chapter. 

 

Chapter 4 (Results and discussion): Results obtained from this study are presented 

and discussed in chapter 4. 

 

Chapter 5 (Conclusion and recommendation): Based on the results obtained with 

respect to the initial objectives and hypothesis, conclusions are drawn and 
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highlighted in this last chapter. Recommendations for future work are presented in 

chapter 5. 
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This chapter focuses on the literature associated with carbon nanomaterials and 

carbon nanostructures. The catalysts and precursors formed from organometallic 

compounds is also discussed. This chapter concludes with a review of carbon 

nanomaterials and carbon nanostructures which form the core of this study. 

 

2.2 ORGANOMETALLIC COMPOUNDS 

 

Organometallic catalysts have attracted a considerable interest over the past few 

years because of their high and versatility in synthetic chemistry.1-2 Organometallic 

compounds provide a source of nucleophilic carbon atoms which can react with 

electrophonic carbon to form a new carbon – carbon bond. Organometallics are 

usually kept in a solution of organic solvents due to their very high reactivity 

especially when reacting with H2O and O2.
3 

   

Many complexes feature co-ordination bonds between a metal and organic ligand. 

The organic ligands often bind the metal through hetero-atoms such as oxygen or 

nitrogen, such compounds are considered coordination compounds.4 However, if 

any of the ligands form a direct metal-carbon (M-C) bond, then the complex is 

usually considered to be organometallic, e.g. [(C6H6)Ru(H2O)3]
2+.5  

 

The M-C bond in organometallic compounds are generally of a character 

intermediate between ionic and covalent.6-7 Primary ionic M-C bonds are 

encountered when the metal is very electropositive or when the carbon containing 

ligand exists as a stable carbanion. Carbanions can be stabilized by resonance or by 

the presence of electron withdrawing substituents.8 The ionic character of M-C bonds 
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in the organometallic compounds of transition metals, poor metals and metalloids 

tends to be intermediate, owing to the middle of the road electro-negativity of such 

metals.9 Organometallic compounds with bonds that have characters in between 

ionic and covalent are very important in industry, as they are both relatively stable in 

solutions and relatively ionic to undergo reactions.10 

 

Organometallics find practical use in stoichiometric and catalytic processes, 

especially processes involving carbon monoxide and alkene derived polymers. All 

the world's polyethylene and polypropylene are produced via organometallic 

catalysts, usually heterogeneously via Ziegler-Natta catalysis.11-12  

 

2.2.1 Acetylacetonate 

 

Acetylacetonate also known as 2.4-pentanedione with a molecular formula C5H8O2 is 

a primary example of organomettalic compounds, when reacted with a metal to form 

an organometallic compound.13 Acetylacetonate is a diketone, it has both the keto-

form [CH3COCH2COCH3] and enol-form [CH3COCH=C(OH)CH3] both coexist in the 

solution (as shown in Figure 2.1). Acetylacetonate is mostly used as a precursor for 

synthesis of heterocyclic compound.14 

 

Figure 2.1: keto- and enol- form  
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The keto-enol tautomerism (as presented in Figure 2.2) results in the tautomeric 

migration of hydrogen atom from an adjacent carbon atom to a carbonyl group of 

keto compound to produced the enol form of the compound.15 Diketone derivates are 

used for several versatile applications and undergo several reversible and 

irreversible reactions to fulfill the applications that are used for, 16 those reactions 

are: 

 

• Aldo reactions 

• Alkylation of enolate anions 

• Clemmensen reduction 

• Hemiacetal and acetal formation 

• Hydration formation 

• Imine formation 

• Wolff-Kishner reduction 
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Figure 2.2: diketone derivates  

 

Acetylacetonate is used in the production of anti-corrosion agents and its peroxide 

compounds for radical initiator application for polymerization. It is used as a chemical 

intermediate in the production of drugs and pesticides.17 Acetylacetonate is a very 

strong base, it can deprotonate into two carbonyl groups and results in alkylation at 

C1 (carbon one). Arylation is also obtained by substitution of halides on benzoic 

acid.18 

 

Acetylacetonate can be converted to heterocycles to pyrazoles with hydrazine and to 

pyrimidines with urea.19 Acetylacetonate condenses with amines to give diketamine 

20 and can also be used in the preparation of metal acetylacetonates for catalyst 

application.21 e.g. bis(acetylacetonato)oxovanadium(IV).  
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CH3C(=O)CH2C(=O)CH3 H+  +  [CH3C(=O)CHC(=O)CH3]
-

 

 

Figure 2.3: bis(acetylacetonato)oxovanadium(IV) 

 

2.3 CARBON NANOMATERIALS 

 

The carbon element is the most versatile element in the periodic table and can form 

a number of bonds with many different elements. The properties of carbon are a 

direct consequence of the arrangement of electrons around the nucleus22-33 i.e. 6 C, 

1s2 2s2 2p2 orbitals 

 

Covalent bonds are formed by promoting the 2s electrons to the 2p orbitals resulting 

in the hybridization of the orbitals.24 There are three ways of orbital hybridization:  

 

• The 2s orbital pairs up with one of the 2p orbitals, forming two hybridized 

sp1 orbitals in a linear geometry, separated by an angle of 1800.25 

• The 2s orbital hybridizing with two 2p orbitals resulting in three sp2 orbitals, 

in the same plane separated by 1200.26 
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•  One 2s orbital hybridizes with the three 2p orbitals yielding four sp3 

orbitals separated by 109.50.27  

 

In all these three ways above, the energy required to hybridize the atomic orbitals is 

given by the free energy of forming chemical bonds with other atoms.28 Carbon can 

form a sigma (σ) or a pi (π) bond or both during the formation of a molecule.29 The 

molecular structure depends on the level of hybridization of the carbon orbitals. The 

number and nature of the bonds determine the geometry and properties of carbon 

allotropes.29 

 

• Sp1 hybridized carbon atom can make two σ bonds and two π bonds. 

• Sp2 hybridized carbon atom forms three σ bonds and one π bond. 

• Sp3 hybridized carbon atom forms four σ bonds. 

 

There are a number of carbon nanomaterials that have been discovered over the 

past years such as carbon nanotubes (CNT`s), nanofibers, nano-anions, 

nanocapsules, and carbon nanospheres (CNS) that results from carbon`s ability to 

hybridize sp, sp2 and sp3 bonds.30 

 

2.3.1 Carbon nanotubes 

 

CNT`s are a new form of carbon that is formed from hexagonal arrays of carbon 

atoms.31-32 CNT`s have concentric graphitic cylinders open at each end with five-

membered rings present in it and carbon atoms tiling on a spherical or nearly 
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spherical surfaces.33 The synthesis of CNT`s have become of high interest in the 

field of carbon nanomaterials after the discovery of fullerene.34  

 

The nature of the bonding of a CNT`s are described by applied quantum chemistry, 

specifically, orbital hybridization.27-33 The chemical bonding of CNT`s are composed 

entirely of sp2 bonds, similar to those of graphite. This bonding structure, which is 

stronger than the sp3 bonds found in diamonds, provides the molecules with their 

unique strength.27 CNT`s naturally align themselves into ropes and are held together 

by Van der Waals forces.34 

 

CNT`s have a very small particle size that is measured in nanometers.35 CNT`s 

possess some very unique characteristics due to their hollow center, nanometer 

size, large surface area and are able to change their electrical resistance drastically 

when exposed to alkalines and halogens at room temperature.36 

 

The cylindrical carbon molecules have novel properties that make them potentially 

useful in many applications in nanotechnology37 e.g. in electrodes of fuel cell, battery 

storage, reinforcement of polymer, solar cell, air filters, artificial muscles, batteries, 

field emission, flat panel displays, data storage, magnetic nanotube, molecular 

quantum wires, hydrogen storage, noble radioactive gas storage, solar storage, 

waste recycling, electromagnetic shielding, dialysis filters, thermal protection, 

nanotube reinforced composites, collision-protection materials and fly wheels.38-39  

 

There are several types of CNT`s such as single-wall carbon nanotubes (SWCNT`s) 

and multi-wall carbon nanotubes (MWCNT`s).40  
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2.3.1.1 Single-wall carbon nanotubes 

  

SWCNT`s are considered as a sheet of graphene rolled up into a seamless cylinder 

with a singular graphene cylindrical wall (as presented in Figure 2.4).41 SWCNT`s 

have a high ability to predict nanotubes properties based on their theoretical 

structure and are relatively simple compared to other nanotubes.42 Most SWCNT`s 

have a diameter of about 1 nm, with a tube length that can be a few microns longer. 

The structure of a SWCNT`s can be conceptualized by wrapping one atom thick 

layer of graphite called graphene into a seamless cylinder.43  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2.4: SWCNT`s with singular graphene cylindrical walls.44 

  

The way that the graphene sheet is wrapped is represented by a pair of indices (n,m) 

called the chiral vector.45 The integers n and m denote the number of unit vectors 

along two directions in the honeycomb crystal lattice of graphene. If m = 0, the 
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nanotubes are called zigzag. If n = m, the nanotubes are called armchair.46 The 

diameter of a nanotube can be calculated from its (n, m) indices as follows: 

 

 

where a = 0.246 nm. 
 

SWCNT`s are an important variety of CNT`s because they exhibit electric properties 

that are not shared by the MWCNT variants.45 In particular, their band gap can vary 

from zero to 2eV and their electrical conductivity can show metallic or 

semiconducting behavior, whereas MWCNTs are zero-gap metals.47 SWCNT`s are 

the most likely candidate for miniaturizing electronics beyond the micro 

electromechanical scale currently used in electronics.48 The most basic building 

block of these systems is the electric wire, and SWCNTs can be excellent 

conductors.44 One useful application of SWCNT`s is in the development of the first 

intermolecular field effect transistors (FET).49 

  

2.3.1.2 Multi-wall carbon nanotubes  

 

MWCNT`s are considered as sheets of graphene that had been rolled up into a 

seamless cylinder with multi graphene cylindrical wall.40 MWCNT`s have a central 

tube of nanometric diameter surrounded by graphitic layers that is separated by 

~0.34 nm with a well defined shape, composition, high aspect ratio, mechanically 

robust, excellent wear properties and chemical functionalization at the tip (as 

presented in Figure 2.5).50  
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MWCNT`s can undergo transverse vibrations. MWCNT`s of length consisting of n 

nanotubes of cylindrical shape is considered.48 It lies on a Winkler foundation of 

modulus and is subject to an axial stress which can be tensile or compressive in 

which case is less than the critical buckling load.46 

 

 

 

 

 

 

 

Figure 2.5: MWCNT`s with multi layers of graphene cylindrical walls.51 

 

2.3.2 Carbon nanospheres  

 

CNS`s results from the sp2 hybridization of the carbon bond. CNS`s structure differs 

from other carbon nanostructures, they have a spherical structure or enclosed 

grapheme layers whereas CNT`s, nano-anions or nanocapsule have a tubular 

structure that is open on each end.52 
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CNS`s posses some very unique chemical and physical properties. CNS`s have low 

density, high porosity and surface area, high chemical and thermal stability, and the 

ability to store large amount of hydrogen, making them useful for many 

applications.53 CNS`s are mostly used in magnetic data storage, 54 catalysis, 55 

magnetic resonance imaging56 and biomedical applications.57 CNS`s can be 

produced via the catalytic chemical vapor deposition (CCVD) synthesis method in 

two ways: 

  

1. by a non-catalytic method or, 

2. a catalytic method  

 

2.4 SYNTHESIS METHODS 

 

A number of methods have been developed to synthesize nanomaterials and those 

methods are: catalytic chemical vapor deposition (CCVD), arc-discharge, laser 

ablation and nebulizer spray pyrolysis (NSP).58 

 

2.4.1 Catalytic chemical vapor deposition 

 

CCVD is a chemical process that is used to produce high-purity, high-performance 

solid materials. The process is often used in the semiconductor industry to produce 

thin films.59 In a typical CCVD process, the substrate is exposed to one or more 

volatile precursors, which react and decompose on the substrate surface to produce 

the desired deposit. Frequently, volatile by-products are also produced, which are 

removed by gas flow through the reaction chamber. The nanotubes are grown from 
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nucleation sites of a catalyst in carbon based gas environments at elevated 

temperatures (600 – 1000°C).60 

 

Micro-fabrication processes widely use CCVD to deposit materials in various forms, 

including: monocrystalline, polycrystalline, amorphous, and epitaxial. These 

materials include: silicon, carbon fiber, carbon nanofibers, filaments, carbon 

nanotubes, SiO2, silicon-germanium, tungsten, silicon carbide, silicon nitride, silicon 

oxynitride and titanium nitride.61 The CCVD process is also used to produce 

synthetic diamonds. 

 

� Advantages of the CCVD process are:  

•  Versatile technique for the production of CNT`s 

• CNT`s can be made continuously, which provides a good way to 

synthesize large quantities of CNT`s under relatively controlled 

conditions. 

• Expectation to strongly reduce the production costs since it is easy to 

scale up and suitable for continuous operation.62-63  

 

There are different types of CCVD process. Their process differs according to their 

activation process and process condition. These are: 

 

� Classified by operating pressure  

• Atmospheric pressure CCVD (APCCVD) - CCVD processes at 

atmospheric pressure.  

• Low-pressure CCVD (LPCCVD) - CCVD processes at sub-atmospheric 

pressures. Reduced pressures tend to reduce unwanted gas-phase 
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reactions and improve film uniformity across the wafer. Most modern 

CCVD processes are either (LPCCVD) or ultrahigh vacuum catalytic 

chemical vapor deposition (UHVCCVD).65  

• UHVCCVD - CCVD processes at a very low pressure, typically below 

10−6 Pa (~10−8 torr). Note that in other fields, a lower division between 

high and ultra-high vacuum is common, often 10−7 Pa.66 

 

� Classified by physical characteristics of vapor  

• Aerosol assisted CCVD (AACCVD) - A CCVD process in which the 

precursors are transported to the substrate by means of a liquid/gas 

aerosol, which can be generated ultrasonically. This technique is 

suitable for use with non-volatile precursors.67  

• Direct liquid injection CCVD (DLICCVD) - A CCVD process in which 

the precursors are in liquid form (liquid or solid dissolved in a 

convenient solvent).68 Liquid solutions are injected in a vaporization 

chamber towards injectors (typically car injectors). Then the precursor 

vapors are transported to the substrate as in classical CCVD process. 

This technique is suitable for use on liquid or solid precursors.69 High 

growth rates can be reached using this technique.  

 

� Plasma methods (see also Plasma processing)  

• Microwave plasma-assisted CCVD (MPCCVD)  

• Plasma-Enhanced CCVD (PECCVD) - CCVD processes that utilize 

plasma to enhance catalytic chemical reaction rates of the 

precursors.69 PECCVD processing allows deposition at lower 
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temperatures, which is often critical in the manufacture of 

semiconductors.70 

• Remote plasma-enhanced CCVD (RPECCVD) - Similar to PECCVD 

except that the wafer substrate is not directly in the plasma discharge 

region. Removing the wafer from the plasma region allows processing 

temperatures down to room temperature.71 

 

� Atomic layer CCVD (ALCCVD) – Deposits successive layers of different 

substances to produce layered with crystalline films.72-73 

� Combustion Chemical Vapor Deposition (CCVD) - nGimat's proprietary 

Combustion Chemical Vapor Deposition process is an open-atmosphere, 

flame-based technique for depositing high-quality thin films and 

nanomaterials.74  

� Hot wire CCVD (HWCCVD) - also known as catalytic CVD (Cat-CVD) or hot 

filament CCVD (HFCCVD). Uses a hot filament to chemically decompose the 

source gases.75 

� Metal organic chemical vapor deposition (MOCVD) - CCVD processes based 

on metal organic precursors.76  

� Hybrid Physical-Chemical Vapor Deposition (HPCVD) - Vapor deposition 

processes that involve both chemical decomposition of precursor gas and 

vaporization of a solid source.77  

� Rapid thermal CVD (RTCVD) - CVD processes that use heating lamps or 

other methods to rapidly heat the wafer substrate. Heating only the substrate 

rather than the gas or chamber walls helps reduce unwanted gas phase 

reactions that can lead to particle formation.75-79  
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2.4.2 Arc-discharge method 

 

With arc-discharge method, carbon nanotubes are produced by vaporization of 

graphite rods placed end-to-end in an arc-discharge chamber.80 There rods are 

usually separated by a distance of 1 mm in an enclosure or chamber filled either with 

an inert gas such as argon or helium.81 Non-inert gases such as nitrogen and 

hydrogen are also used. The chosen gas is generally regulated at low pressure 

between 50 and 700 mbar.82 Upon introduction of a direct current (50 to 100 A) 

driven by a direct voltage of 20 V, high temperature arc-discharge is created 

between two electrodes.83  

 

This discharge vaporizes the positive carbon rod and the carbon vapor forms hot 

plasma, which is deposited on the negative electrode, the deposit eventually forms 

tubular structures called carbon nanotubes.82-83 Variation of temperature and catalyst 

density is believed to have an effect on the diameter of tubes produced by this 

method. Although the arc-discharge is considered as a simpler way of producing 

nanotubes, this technique produces a mixture of single and multi-walled carbon 

nanotubes depending on the catalyst used.84 In addition; these nanotubes are 

contaminated with amorphous carbon and catalytic metal particles. 

 

2.4.3 Laser ablation method 

 

The laser ablation method is similar to the arc-discharge; both methods use graphite 

rods as the carbon source, however there is one difference between the two 

methods.85 The arc-discharge method uses high temperature to vaporize the positive 
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graphite rod, while the laser method employs a pulse or continuous laser to vaporize 

the graphite rod into carbon atoms.86 Single wall nanotubes are mostly produced by 

this method. Laser ablation method is however expensive since it requires high 

power and expensive laser.85  

 

2.4.4 Nebulizer spray pyrolysis (NSP) 

 

NSP is one of the methods used in the synthesis of multi-walled carbon 

nanotubes.82-84 It`s a form of chemical vapor deposition method but the difference is 

in the introduction of the catalyst and carbon sources. In the NSP, the catalyst is 

mixed together with a carbon source and the carbon source is normally a 

hydrocarbon solvent.85 The mixture is atomized to generate a spray by means of an 

ultrasonic atomizer at frequencies between 100 kHz and 10MHz. this forms a spray 

which is carried through a quartz tube placed in the oven by an inert carrier gas.86 

The advantage of this technique over the CCVD method is that the nanotubes 

produced by this technique are well aligned, diameter and quality of nanotubes can 

be controlled by varying analysis parameters.87 NSP produces nanotubes with little 

or no amorphous carbon impurities compared to the ordinary CCVD technique and 

other synthetic methods.86    
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3.1 INTRODUCTION 

 

This chapter explains in details about the precursor preparations, reactions that took 

place, synthesis process, procedures, experimental techniques as well as 

instruments that were used in the execution of this research project. There was no 

standard technique modification that was done.  

 

3.2 CHEMICALS AND MATERIALS 

 

Most of the chemicals used in this project were reagents grade, some were purified 

as required. Solvents obtained at high purity from Sigma Aldrich were used as they 

were. 

 

3.3 PREPARATION OF THE PRECURSORS 

 

Bis(acetylacetonato)oxovanadium(IV), Manganese(III) acetylacetonate, Co-Zn and 

Co-Al were prepared and used as precursors for the production of carbon 

nanomaterials via the CCVD synthesis method. The precursors were prepared as 

follows: 

 

3.3.1 Bis(acetylacetonato)oxovanadium(IV) 

 

6 ml of distilled water, 4.6 ml of concentrated sulfuric acid, 12.6 ml of 95% ethanol 

and 2.5049 g of pure Vanadium (V) Oxide were added in an Erlenmeyer flask and 

mixed well together. The mixture was heated on a boiling water bath while stirring. 
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The slurry of Vanadium (V) oxide initial turned green and finally turned blue. The 

reaction took approximately 40 min. 10 ml of water was then added to the mixture 

and filtered by gravity and the filtrate was collected in a clean beaker. 6.6 ml of 

acetylacetonate was added to the filtrate in a beaker and stirred for 10 minutes and 

the mixture turned dark purple. The solution was then neutralized by slowly adding 

the mixture of 10.029 g of sodium carbonate and 60ml of water to the prepared 

solution, with continuous stirring to avoid excessive frothing.1-4                       

 

2 V2O5 + 9 C5H8O2 → 4VO(C5H7O2)2 + (CH3CO)2CO + 5 H2O   (1)

      

The precipitated product was collected by filtration on a Buchner funnel and dried by 

drawing air through it. 

 

3.3.2 Manganese(III) acetylacetonate 

 

1 g of manganese (II) chloride, 2 g of sodium acetate and 4 ml of acetylacetonate 

were added to a conical flask containing 40 ml of water and stirred until the 

acetylacetonate was well dispersed. 10 ml of 0.125M potassium permanganate 

solution, 10 ml of water and 2 g sodium acetate were added to the prepared mixture. 

The mixture was heated in a steam bath until the purple potassium permanganate 

colour disappeared. The mixture was then filtered and the filtered precipitate left to 

dry.  

 

MnCl2 + C2H3OONa + C5H8O2 + KMnO4 + H2O + C7H8 → Mn(C5H7O2)3   (2) 
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The dried precipitate was dissolved in 15 ml of toluene and heated in a steam bath 

for 5 min to dissolve the Manganese acetylacetonate.2-3 

 

3.3.3 Co-Zn and Co-Al  

 

The precursor samples of Co-Zn and Co-Al were prepared by co-precipitation 

method described by Benito et al 4 and by Liu 5 et al. This was achieved by mixing 

cobalt and zinc for Co-Zn and, cobalt and aluminium for Co-Al at room temperature. 

The precipitates obtained were then washed to remove impurities and dried at 40oC 

in an open air oven.  

 

3.4 CHARACTERIZATION OF CATALYST PRECURSORS  

 

The catalyst precursors were characterized using the Fourier transformer infrared 

spectroscopy (FTIR). FTIR was used to determine the function groups present in the 

molecule or compound. 

 

FTIR spectroscopy is one of the important tools used to identify functional groups 

that are present in a molecule or compound.6-8 In FTIR the infrared radiation causes 

excitation of electron within the molecule to vibrate because of its low energy. These 

vibrations may be symmetrical or asymmetrical depending on the types of atoms. 

The asymmetrical vibrations usually create a dipole within the molecule. Molecules 

with these types of vibrations absorb infrared radiation. Due to the differences in 

bond energies, different functional groups absorb infrared radiation at different 

wavelengths or energies, 7 making it possible to identify different functional groups 



45 

 

present in the system as each functional group will absorb at a particular 

wavelength.  

 

3.5 PRODUCTION OF THE CARBON NANOMATERIALS 

 

Figure 3.1 shows a schematic diagram of the experimental procedure (CCVD). The 

reactor consisted of a 40 mm o.d x 70 cm long quartz tube heated by an electrical 

tube furnace with a temperature controller. Nitrogen gas flowing at 40 ml/min was 

passed through the reactor for approximately 70 min, after stabilization for 10 min, 

the nitrogen gas flow was maintained at 40 ml/min. The acetylene with a flow rate of 

10 ml/min was passed for 60min through the reactor.9 

 

The catalyst placed on a quartz boat was placed in the centre of the furnace during 

the synthesis.9 Flow rate of the gases was controlled by a mass flow controller 

(MFC). The temperature was maintained at 875oC during the reaction. After the 

reaction had taken place, the reactor was cooled to room temperature with nitrogen 

flowing at 40ml/min for 3 to 4 hrs.  
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Figure 3.1: schematic diagram of the CCVD process.9 

 

3.6 CHARACTERIZATION OF CARBON NANOMATERIALS 

 

The produced carbon nanomaterials properties were analyzed using Raman 

spectroscopy, Scanning electron microscopy (SEM), Energy dispersive spectroscopy 

(EDS), X-ray diffraction (XRD), Transmission electron microscopy (TEM) and 

Thermogravimetric Analysis (TGA). 

 

3.6.1 Raman spectroscopy 

 

The Raman spectra were obtained on a Raman spectroscope, Jobin-Yvon HR800 

UV-VIS-NIR Raman spectrometer equipped with an Olympus BX 40 attachment. The 

excitation wavelength was 514.5 nm with an energy setting of 1.2 mV from a 

coherent Innova model 308 argon-ion laser. The Raman spectra were collected by 
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means of back scattering geometry with an acquisition time of 50 sec. The sample 

was illuminated with laser beam. Light from the illuminated spot was collected with a 

lens and sent through a monochromator. Wavelengths close to the laser line were 

filtered out while the rest of the collected light was dispersed onto the detector then 

the read out where the Raman spectra were observed. When processing the sample 

on the Raman spectroscopy the laser light interacts with photons, molecular 

vibrations or other excitations in the system resulting, in the energy of the laser 

photons being shifted up or down. The shift in energy gives information about the 

phonon modes in the system.10-13 

 

3.6.2 Scanning electron microscopy 

 

The SEM images were obtained using Philips XL30 scanning electron microscope 

with the image magnification range of X5-X200 000, a resolution of 2m and an 

accelerating voltage of 1-30keV. To obtain the SEM images, the electron beam was 

thermionically emitted from an electron gun fitted with a tungsten filament cathode 

allowing the electron beam to be heated for electron emission and interacts with the 

sample.14 When the electron beam interacted with the sample, the electrons lost 

energy by repeated random scattering and absorption within a teardrop-shaped 

volume of the specimen known as the interaction volume, which extended from less 

than 10nm to 5µm into the surface.14-15  
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3.6.3 Energy dispersive spectroscopy 

 

The EDS measurements were recorded using a JEOL 7500F Field Emission 

scanning electron microscope. To stimulate the emission of characteristic X-rays 

from a specimen, a high-energy beam of charged particles focuses into the sample 

being studied. Initially, an atom within the sample contained unexcited electrons in 

discrete energy levels bounded to the nucleus.16-18 When the incident beam excite 

an electron in an inner shell, ejecting it from the shell while creating an electron hole 

where the electron was. An electron from an outer or higher-energy shell then fills 

the hole, and the difference in energy between the higher-energy shell and the lower 

energy shell is released in the form of X-ray.17 

 

3.6.4 X-ray diffraction  

 

Powder X-ray diffraction (PXRD) patterns were studied with a Bruker AXS D8 

Advanced diffractometer operated at 45 kV and 40 mA with monochromated copper 

Kα1 radiation of wavelength (λ = 1.540598) and Kα2 radiation of wavelength (λ = 

1.544426). Scan speed of 1 s/step and a step size of 0.03o. 

 

3.6.5 Transmission electron microscopy  

 

The HR-TEM images of the sample were obtained using a CM 200 electron 

microscope operated at 100 kV. 
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3.6.6 Thermogravimetric analysis 

 

The thermal behavior of the carbon nanomaterials were investigated by TGA using 

a Q500 TGA instrument under an air environment. The prepared nanomaterial 

samples were heated in platinum crucibles with oxygen and nitrogen gases at a 

flow rate of 40 and 60 ml/min respectively. The dynamic measurement was made 

between ambient and 1000oC with a ramp rate of 10oC/min to 900oC. 

 

TGA was used to study the thermal behavior of carbon nanomaterials with 

variations in heating temperature.18 Changes are associated with weight loss 

resulting from dehydration or decomposition of the sample with the increase in 

temperature. The weight loss can also arise from the formation of physical and 

chemical bonds that can lead to the release of volatile compounds.18    
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4.1 INTRODUCTION 

 

Results obtained from this study are presented and discussed in this chapter. This 

includes the results for characterization of catalyst precursor(s) using Fourier-

Transform Infrared spectroscopy to determine their functional groups, and, the 

results for the characterization of carbon materials to obtain their nanostructures 

using Raman Spectroscopy, Scanning Electron Microscopy, Energy Dispersive 

Spectroscopy, X-ray Diffraction, Transmission Electron Microscopy and 

Thermogravimetric Analysis. 

 

4.2 CHARACTERIZATION OF CATALYST PRECUSORS 

 

Acetylacetonate used in the synthesis of metal acetylacetonates and synthesized 

metal acetylacetonates were analysed using the Fourier Transform Infrared 

spectroscopy (FTIR). 

 

Figure 4.1 shows the FTIR spectrum of pure acetylacetonate. Acetylacetonate is a 

diketonate, having both the enol- and keto- form co-existing in a solution, hence 

there is a doublet for the asymmetric and symmetric stretching frequency observed 

at 1728.31 cm-1 and 1708.53 cm-1 respectively. The enol- form appears at 

1708.53cm-1 and the keto-form is observed at 1728.31 cm-1 but is shifted and 

intensified comparing to the normal ketone value at 1725-1705 cm-1.The shift results 

from an internal hydrogen bonding and also contributes to the lowering of the 

carbonyl frequency in the enol-form.  
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The relative intensities of the enol- and keto- carbonyl absorptions depend on the 

percentage present at equilibrium. To confirm the presence of the carbonyl group in 

a solution is an aromatic peak observed at 1604.13 cm-1 and the –CH3 at 3005.84 

cm-1.  

 

In Figure 4.2 is the FTIR graph of bis(acetylacetonato)oxovanadium(IV). A shifted 

peak of the enol- form (carbonyl group) is observed at 1588 cm-1 and the aromatic at 

1516 cm-1 confirms the carbonyl group. The lowering of the carbonyl group and an 

aromatic frequency is caused by the hydrogen-bonding effect to a carbonyl group. 

The carboxylic acid peak observed at 3387.49 cm-1 also confirms the presence of 

the carbonyl group in a solution and the ester peak observed at 1356 cm-1 confirms 

the presence of the aromatic. The stretching vibration of the vanadyl bond is 

observed at 991 cm-1. This is usually observed at 950-999 cm-1 for the six coordinate 

oxovanadium (V) complex. The in-plane vibration of the cyclic fragment is observed 

at 934 cm-1 while the out-of-plane bending vibrations are observed as a doublet at 

788 and 797 cm-1. In the range 1416 and 934-1112 cm-1, the FTIR spectrum exhibits 

bands that correspond to the CH3 group. The spectrum has a strong sharp band 

which is assigned to a vibration that corresponds to the C-C-C angle at 1285 cm-1.  

 

The FTIR spectrum in Figure 4.3 is that of Manganese(III) acetylacetonate. A shifted 

peak of the keto- form (carbonyl group) is observed at 1567 cm-1 and an aromatic 

confirming the carbonyl group is observed at 1505.24 cm-1. The lowering of the 

carbonyl group and aromatic frequencies is caused by the hydrogen-bonding effect 

to a carbonyl group. The ester peak appearing at 1338 cm-1 confirms the presence of 

an aromatic ring in the solution. The in-plane vibration of the cylic fragment is 



54 

 

observed at 923 cm-1 while the out-of-plane bending vibration is observed at 774 cm-

1. In the range of 923-1190 cm-1, the FTIR spectrum exhibit bands corresponding to 

the CH3 group. 
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              Figure 4.1: FTIR spectrum of pure acetylacetonate 
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 Figure 4.2: FTIR spectrum of bis(acetylacetonato)oxovanadium(IV)  
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              Figure 4.3: FTIR spectrum of Manganese(III) acetylacetonate
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4.3 CHARACTERIZATION OF THE CARBON NANOMATERIALS 

  

Bis(acetylacetonato)oxovanadium(IV), Manganese(III) acetylacetonate, Co-Zn and Co-

Al were synthesized using the CCVD synthesis method to produce carbon materials. 

Carbon materials produced from the CCVD synthesis process were characterized using 

Raman Spectroscopy, Scanning Electron Microscopy, Energy Dispersive Spectroscopy, 

X-ray Diffraction, Transmission Electron Microscopy and Thermogravimetric Analysis. 

 

4.3.1 Carbon nanomaterials as-prepared from bis(acetylacetonato)oxovanadium 

(IV)  

 

Carbon materials as-prepared from bis(acetylacetonato)oxovanadium(IV) catalyst 

precursor were characterized using Raman Spectroscopy, Scanning Electron 

Microscopy, Energy Dispersive Spectroscopy, X-ray Diffraction, Transmission Electron 

Microscopy and Thermogravimetric Analysis. 

 

Raman spectroscopy was used to study the vibration, rotation and other frequency 

modes in the system, as well as, to reveal several properties of carbon material. The 

Raman spectrum (as presented in Figure 4.4) of the synthesized 

bis(acetyacetonato)oxovanadium catalyst precursor shows several peaks at 1121.06, 

1329.88, 1593.1, 2098.79, 2165.17 and 2671.79 cm-1. The two major peaks: are the D- 

and G- bands which indicate the presence of crystalline graphitic carbon in the sample, 

these bands are observed at 1329.88 and 1593.1 cm-1 respectively. The D-band at 
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1329.88 cm-1, has been attributed to the presence of amorphous carbon due and 

graphitic carbon whiles the G-band band at 1593.1 cm-1 is that of ordered carbon 

materials.  

 

Figure 4.4: Raman spectrum of carbon material prepared from bis(acetylacetonato)oxovanadium (IV) 

 

The G- band at 1593.1 cm-1 correspond to an E2g mode of graphite which is related to 

the vibration of sp2 bonded carbon atoms and the presence of ordered carbon material 

in a sample.  The strength of the D-band can be identified with wall disorder or the 

presence of coating on the outside of spheres. The peak at 1121.06 cm-1 is the T-band 
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and is due to an amorphous carbon. A notable observation in this spectrum is the 

absence of an overtone peak that should have resonated at about 2600 cm-1 from the 

D- and G- bands. A small peak is however observed at about 2671.79 cm-1 with an 

intensity of 5.2084. The absence of this peak could be related to the amount of carbon 

material produced in the synthesis as well as their purity. The intensity ratio of these two 

bands (ID/IG = 0.8556) is considered as a parameter to determine the quality of carbon 

material in the sample, with a high intensity ratio indicating a high degree of disorder in 

carbon material. The intensity ratio for the two peaks is 0.8556 indicating a high quality 

of carbon material obtained during the synthesis.  

 

Figure 4.5: SEM image of carbon material as-prepared from bis(acetylacetonato)oxovanadium(IV) 
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Scanning Electron Microscopy (SEM) was used to determine the shape and size of the 

particles synthesized. The SEM image of the as-prepared carbon material is presented 

in Figure 4.5. The surface morphology of the carbon deposit is seen to form several 

spherical particles which can be called carbon spheres. It can be seen that these 

spheres are relatively uniform with a diameter of about 104µm. The spheres are seen to 

agglomerate together forming a chain. There are a few broken spheres observed in 

Figure 4.5 which may have been caused by magnetostatic energy of the particles. 

 

Figure 4.6: EDS spectrum of carbon material as-prepared from bis(acetylacetonato)oxovanadium(IV) 
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Energy dispersive spectroscopy (EDS) is not a quantitative technique but the intensities 

observed are an indication of relative quantities of the identified components in a 

sample. EDS was used to determine the elemental composition of the emitted X-rays 

versus their energy levels. The EDS spectrum of carbon spheres formed from the 

synthesized bis(acetylacetonato)oxovanadium (IV) catalyst precursor is presented in 

Figure 4.6. The spectrum shows the presence of carbon, oxovanadium (V=O), 

vanadium and sodium at 0.3, 0.5, 0.58 and 1.02 KeV respectively. The spectrum in 

Figure 4.6 shows carbon as well as the catalyst precursor`s metals. The carbon is 

derived from the carbon spheres while oxovanadium and sodium are derived from the 

catalyst precursor. 

 

X-ray diffraction (XRD) pattern of the as-prepared carbon spheres is shown in Figure 

4.7. Bragg diffraction peaks at 2θ = 25.29o, 33.14o, 36.37o, 44.35o and 54.07o are the 

main peaks observed in the diffraction analysis. The peaks at 25.29o and 44.35o 

correspond to hexagonal graphite lattice of the carbon spheres. The peak at 2θ = 25.29o 

with a broad diffraction signal from about 14o to 30o and an intensity of about 8800 (au) 

units indicates the presence of large amounts of amorphous carbon spheres in the as-

prepared product. 
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Figure 4.7: XRD pattern of carbon material as-prepared from bis(acetylacetonato)oxovanadium(IV)  

 

There is a low intensity of the peak at 2θ = 44.35o. The peaks at 2θ = 33.14o, 36.37o 

and 54.07o correspond to crystal planes of (111), (200), and (220) of vanadium in the 

bis(acetylacetonato)oxovanadium(IV) catalyst precursor used in the synthesis. 
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Figure 4.8(a): TEM micrograph of carbon material as-prepared from bis(acetylacetonato)oxovanadium 

(IV)  

 

Transmission electron microscope (TEM) was used to measure the inner and outer 

diameter, assess structural integrity, and also to identify structural changes caused by 

surface modification. The TEM micrograph of the as-prepared carbon spheres is 

presented in Figure 4.8(a) and 4.8(b). Further morphological details of the spheres as 

observed in the SEM micrograph are corroborated in the TEM micrograph. The HR-

TEM micrograph confirms the materials obtained in this synthesis as carbon spheres.  
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Figure 4.8(b): TEM micrograph of carbon material as-prepared from bis(acetylacetonato)oxovanadium 

(IV)  

 

The TEM micrograph, Figure 4.8(a), show the morphology of a single carbon nanotube 

or several spheres that have encapsulated together. Figure 4.8 (b) is a magnified image 

of an individual sphere indicating the spheres to be uniform throughout with a diameter 

of about 87.5 µm.  
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Figure 4.9: TGA graph of carbon material as-prepared from bis(acetylacetonato)oxovanadium(IV)  

 

The thermogravimetric analysis (TGA) data of carbon spheres the as-prepared from 

bis(acetylacetonato)oxovanadium(IV) is presented in Figure 4.9. A uniform chemical 

reaction observed from 0oC to approximately 500oC is due to the amorphous carbon 

material burning. The weight loss from 500 oC to 700oC is that of the carbon spheres. 

The TGA data presented in Figure 4.9 presents approximately 92% weight loss. The 

remaining 8% is associated to the weight of the catalytic powder. 
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4.3.2 Carbon nanomaterial as-prepared from tris(acetylacetonato)oxomanganese 

(III)  

 

The Raman spectrum of carbon material obtained from the as-prepared Manganese(III) 

acetylacetonate catalyst precursor is presented in Figure 4.10. Figure 4.10 shows two 

bands at 1338.16 and 1585.26 cm-1 which are D- and G- bands indicating the presence 

of crystalline graphitic carbon in a sample. 

 

 

Figure 4.10: Raman spectrum of carbon material as-prepared from tris(acetylacetonato)oxomanganese 

(III)  
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The peak of the D-band appearing at 1338.38 cm-1 is due to the breathing modes of sp2 

atoms in the rings which arise due to the amorphous or non-crystalline carbon present 

in the material. The G-band observed at 1585.26 cm-1 corresponds to the splitting of E2g 

stretching mode of graphite, which arises due to the tangential vibrations of the carbon 

atoms. The intensity ratio of the D- and G-bands (IG/ID) or the ration of their areas 

provides crucial information about the graphicity. The intensity ratio of the D- and G- 

bands (IG/ID) is 1.084. 

 
 

Figure 4.11: XRD pattern of carbon material as-prepared from Manganese(III) acetylacetonate  
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X-ray diffraction (XRD) pattern of carbon spheres obtained from the synthesized 

Manganese(III) acetylacetonate catalyst precursor is shown in Figure 4.11. Bragg 

diffraction peaks at 2θ = 24.810, 35.080, 40.640, 42.490, 58.790, 70.190, 73.740, 101.620 

and 116.150 are the main peaks observed in the diffraction analysis. The peaks at 

24.810 and 42.490 correspond to hexagonal graphite lattice of the carbon material. The 

peak at 2θ = 24.810 with a broad diffraction signal from about 200 to 340 and an intensity 

of about 6500 (au) units indicates the presence of large amounts of amorphous carbon 

material in the as-prepared product.  

 

Figure 4.12(a): TEM micrograph of carbon material as-prepared Manganese(III) acetylacetonate  
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TEM micrograph in Figure 4.12(b) confirms the presence spheres in the sample. 

Several spheres have agglomerated together to form a chain with individual spheres 

seen to overlap together in Figure 4.12(a). The TEM micrograph, Figure 4.12(a), show 

the morphology of a single carbon nanotubes or several spheres that have 

encapsulated together. The TEM micrograph in Figure 4.12(b) is a magnified image of a 

single sphere indicating the presence of microspheres with a diameter of about 100 µm. 

 

Figure 4.12(b): TEM micrograph of carbon material as-prepared Manganese(III) acetylacetonate  

 

The interpretation of the TGA data is not often straight forward due to the composition of 

material and the weight of catalyst precursor that changes during the reaction. The TGA 
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data on Figure 4.13 shows a one step reaction that occured during the chemical 

reaction.  

 

Figure 4.13: TGA data of carbon material as-prepared from Manganese(III) acetylacetonate  

 

Figure 4.13 shows the TGA data of carbon material obtained from the as-prepared 

Manganese(III) acetylacetonate. The uniform chemical reaction observed from 0oC to 

approximately 600oC is due to the amorphous carbon material burning. The sample 

starts decomposing approximately at 600oC to 900oC. The TGA data presents 

approximately a 97% weight loss which is mainly attributed to a one step reaction 

process. The remaining 3% is associated to that of the catalytic powder. The thermal 
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stability observed in Figure 4.13 is an indication that the materials formed in the 

synthesis are carbon microspheres. 

 

4.3.3 Carbon nanomaterial as-prepared from Co-Zn  

 

The Raman spectrum of carbon material produced from synthesizing Co-Zn catalyst 

precursor is presented in Figure 4.14. Figure 4.14 shows, two major peaks: the D- and 

G-band. The D- and G-band are observed at 1299.38 and 1586.71 cm-1 respectively. 

The D-band at 1299.38 cm-1 is associated with the presence of amorphous carbon and 

non-crystalline carbon. The G-band at 1586.71 cm-1 indicates the presence of ordered 

materials. The intensity ratio of the D- and G-band (ID/IG) is 1.0904. The higher the 

intensity ratio, the higher the purity of carbon materials produced. A number of other 

peaks are observed at 666.73, 1122.25, 2112.63 and 3078.88 cm-1. The peak at 

1122.25 cm-1 is that of the T-band and is due to the amorphous carbon. The peaks 

appearing at 666.73 and 2112.63 cm-1 are due to the vibrations in the instrument while 

the sample is being characterized.  
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Figure 4.14: Raman spectrum of carbon nanomaterial as-prepared from Co-Zn  

 

The particle shape and size were determined using the scanning electron microscopy 

(SEM). Figure 4.15 shows the presence of carbon nanotubes with traces of morphology 

or spherical particles that are attached to each other forming a chain-like structure that 

is observed in Figure 4.15. The fused spherical particles that are observed, can be 

associated to that of carbon nanospheres or morphologies of precursor`s particles. 
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Figure 4.15: SEM image of carbon nanomaterial as-prepared from Co-Zn  

 

Energy dispersive spectroscopy (EDS) spectrum of carbon nanotubes produced from 

the as-prepared Co-Zn catalyst precursor is presented in Figure 4.16. The spectrum 

shows the presence of carbon, oxygen, cobalt and zinc at 0.3, 0.5, 0.55 and 1.05 KeV 

respectively. Figure 4.16 indicates that the spectrum contains carbon as well as 

precursor`s metals. The carbon is derived from the carbon nanotubes while cobalt and 

zinc are derived from the Co-Zn catalyst precursor. 



75 

 

 

Figure 4.16: EDS spectrum of carbon nanomaterial as-prepared from Co-Zn  

 

X-ray diffraction (XRD) pattern of the as-prepared carbon nanotubes is shown in Figure 

4.17. Bragg diffraction peaks at 2θ = 25.760, 29.650, 36.210 and 43.800 are the main 

peaks observed in the diffraction pattern. The peaks at 25.760 and 43.800 correspond to 

hexagonal graphite lattice of the carbon nanotubes. 
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Figure 4.17: XRD pattern of carbon nanomaterial as-prepared from Co-Zn  

 

The peak at 2θ = 25.760 with a broad diffraction signal from about 160 to 300 and an 

intensity of about 18000 (au) units indicates the presence of large amounts of carbon 

nanotubes in the as-prepared product. Figure 4.17 shows low intensity of the peak at 2θ 

= 36.210. 
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4.3.4 Carbon nanomaterials as-prepared from Co-Al  

 

The Raman spectrum of carbon material consists of a graphitic or G-band, from highly 

ordered carbon material sidewalls, while disorder in the sidewall structure results in a D-

band. In Figure 4.18 the D- and G-bands indicating the presence of crystalline graphitic 

carbon in carbon material are observed 1314.44 and 1591.26 cm-1 respectively. The D-

band observed at 1314.44 cm-1 is due to the breathing modes of the sp2 in the rings 

which arises due to the non-crystalline carbon present in the material where as the G-

band appearing at 1591.29 cm-1 is that of ordered carbon material. The intensity ratio of 

the D- and G-bands (IG/ID) provides crucial information about the graphicity. The 

intensity ratio of the D- and G- bands (IG/ID) is 1.054. The overtone at 2483.21 cm-1 

confirms that there is a carbon element in a sample.  
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Figure 4.18: Raman spectrum of carbon nanomaterial as-prepared from Co-Al  

 

The Scanning electron microscopy (SEM) image of carbon material obtained from the 

synthesized Co-Al catalyst precursor is presented in Figure 4.19. The SEM micrograph 

shows the presence of carbon nanotubes with traces of spherical particles. Figure 4.19 

shows a very high purity of carbon nanotubes and because of the high magnification of 

the image, it is difficult to see properly the direction of growth of the nanotubes.   
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Figure 4.19: SEM image of carbon nanomaterial as-prepared from Co-Al  

 

Energy dispersive spectrum (EDS) of material obtained from Co-Al catalyst precursor is 

presented in Figure 4.20. The spectrum shows the presence of carbon, cobalt and 

aluminium, cobalt and aluminium at 0.28, 0.73 and 1.35 KeV respectively. 
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Figure 4.20: EDS spectrum of carbon nanomaterial as-prepared from Co-Al  

 

Figure 4.20 shows the spectrum containing carbon as well as Cobalt and Aluminium 

metals. The carbon is derived from that of carbon nanotubes while cobalt and 

aluminium are derived from the catalyst precursor. 

 

X-ray diffraction (XRD) pattern of the as-prepared carbon nanotubes from Co-Al catalyst 

precursor is presented in Figure 4.21. Bragg diffraction peaks at 2θ = 25.790, 31.830, 

36.180, 41.480 and 43.930 are the main peaks observed in the diffraction analysis.  
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Figure 4.21: XRD pattern of carbon nanomaterial as-prepared from Co-Al  

 

The peaks at 25.790 and 43.930 correspond to hexagonal graphite lattice of the carbon 

nanotubes. The peak at 2θ = 25.79o with a broad diffraction signal from about 180 to 300 

and an intensity of about 18000 (au) units indicates the presence of large amounts of 

carbon nanotubes in the as-prepared product. The low intensity of the peak at 2θ = 

36.180, is an indication of the quality of carbon nanotubes present in the as-prepared 

product.  
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5.1 CONCLUSIONS 

 

The study drew a number of conclusions. The catalyst precursors 

bis(acetylacetonato)oxovanadium(IV) and Manganese(III) acetylacetonate were 

synthesized successfully using the catalytic chemical vapor deposition method to 

produce carbon materials in the presence of acetylene gas as carbon precursor. The 

SEM and TEM images proved that the carbon materials produced from the as-prepared 

catalyst precursors were carbon spheres of uniform diameter of 104µm and 87.5µm 

respectively. The Raman intensity ratio (IG/ID) for the synthesized 

bis(acetylacetonato)oxovanadium(IV) and Manganese(III) acetylacetonate catalyst 

precursors were proved to be 0.8556 and 1.084 respectively. Small amounts of 

amorphous carbon and a strand of carbon nanotubes were observed in the TEM 

micrographs. The TGA data shows the thermal stability of the as-prepared carbon 

nanospheres from both catalyst precursors when exposed to harsh conditions. 

 

Co-Zn and Co-Al catalyst precursors were also successfully synthesized using the 

catalytic chemical vapor deposition method to produce carbon materials in the presence 

of acetylene gas as a carbon precursor. Carbon materials produced from synthesizing 

Co-Zn and Co-Al catalyst precursors indicates the presence of carbon nanotubes with 

small amounts of amorphous carbon present as observed in the SEM images. 

Synthesizing Co-Zn catalyst precursor yielded approximately 80% of carbon nanotubes, 

whereas synthesizing Co-Al catalyst precursor yielded approximately 98% of carbon 
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nanotubes. The thermal stability of as-prepared carbon nanotubes was determined by 

Dikio et al. (2010).1 

 

This study therefore demonstrates the production of carbon spheres when synthesizing 

bis(acetylacetonato)oxovanadium(IV) and Manganese(III) acetylacetonate catalyst 

precursors, also demonstrates the production of carbon nanotubes when Co-Zn and 

Co-Al catalyst precursors has been synthesized. The XRD pattern identified the 

presence of amorphous carbon in the synthesis.  

 

5.2 RECOMMENDATIONS 

 

Carbon materials produced by the CCVD synthesis method contain traces of metal 

catalysts. The metal traces needs to be removed before nanomaterials are used for any 

industrial application.2 One method used for their purification is through thermal 

oxidation in air prior to the removal of the metal catalyst by sonication in hydrochloric 

acid.3 Alternatively, the carbon materials can be heated under reflux in a sodium 

hydroxide solution for 2 days to remove the alumina support. Stirring in HCl for 5 hours 

removes the metal catalyst. These methods are harsh and do often introduce some 

functionality onto the carbon nanomaterias.4-6 
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