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ABSTRACT 

________________________________________________________ 

 

TiO2 photocatalytic technology has a great potential for industrial use to provide solutions to 

the energy crisis and serious environmental challenges. Carbon nanomaterials such as 

nitrogen and boron doped multiwalled carbon nanotubes (MWCNTs) and carbon spheres 

(CSs) can be considered as good supports for TiO2 because of their unique properties, which 

favour the diffusion of reacting agents. TiO2-carbon composites are increasingly becoming 

important in the future of photocatalytic degradation of dye pollutants, because carbon 

materials can efficiently adsorb pollutants in water and also increase the photoactivity of 

TiO2 by acting as electron traps, thereby stabilizing the charge carriers and slowing down the 

rate of electron-hole recombination. In this study we investigate N and B doped MWCNTs 

and CSs and compare their activities with undoped carbons as potential supports for TiO2 

catalyst. 

A CVD method was used to prepare high quality nitrogen-doped multiwalled carbon 

nanotubes (N-MWCNTs) using acetonitrile as the nitrogen and carbon source and acetylene 

as a carbon source over an Fe-Co/CaCO3 catalyst in the temperature range 700-850 °C. The 

effect of synthesis parameters (growth temperature and CH3CN vaporization temperature) on 

the yield, size, quality, morphology and thermal stability of the N-MWCNTs was studied. 

The resulting materials were characterized by TEM, SEM, TGA, BET, XPS, CN elemental 

analysis and Raman spectroscopy. TEM analysis revealed that the nanotubes exhibit bamboo-

like structures with rough surfaces and a relatively uniform diameter. The bamboo 

compartment distance decreased with increase in synthesis temperature due to the increased 

nitrogen content in the N-MWCNTs.  The SEM examination showed that at high synthesis 

temperatures carbon spheres (CSs) with chain-like morphology and large sizes were also 

formed along with the N-MWCNTs. The XPS and CN elemental analysis data revealed that 

nitrogen atoms were successfully doped into the carbon walls. The amount of nitrogen 

incorporated in the N-MWCNTs varied with increasing growth time and CH3CN 

vaporization temperature.  

In another study, the synthesis of N-doped carbon spheres (N-CSs) using a vertical CVD 

reactor in the absence of a metal catalyst was evaluated. The effects of varying gas flow rates, 
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using C2H2 as a carbon source, CH3CN as a nitrogen (and carbon) source and Ar as a carrier 

gas, for the production of nitrogen doped (and undoped) CSs using a vertical CVD reactor. 

The surface and structural properties of the carbon spheres were investigated TEM, XRD, 

Raman spectroscopy, BET surface area and pore size measurements, thermogravimetric 

analysis, CN elemental analysis, and XPS. The size of the carbon materials and the amount of 

nitrogen incorporated can be controlled by tuning the feedstock flow rates. The carbon 

spheres have high purity (> 99%). Both XPS and CN elemental analysis confirmed the 

presence of nitrogen in the N-containing materials. The maximum nitrogen concentration in 

these materials is ~2.9% when the total gas flow rate is 140 ml/min and ~4.4 % when the 

total gas flow rate is increased to 540 ml/min. CN elemental analysis indicated that the 

nitrogen concentration increased with increasing total gas flow rate, suggesting that both the 

yield and the concentration of the N-atoms in the N-containing CSs closely correlate with the 

total gas flow rate used. The N-doped CSs showed lower thermal stability and degree of 

graphitization as compared to the undoped CSs.  

The synthesis of boron-containing multiwalled carbon nanotubes (B-MWCNTs) was 

achieved. B-MWCNTs were formed in the temperature range 700-900 °C via a CVD method 

using Fe-Co/CaCO3 as the catalyst, acetylene as the carbon precursor and trimethyl borate as 

boron (and carbon) sources. The effects of boron doping and pyrolysis temperature on the 

formation of B-MWCNTs were studied. The resulting materials were characterized by TEM, 

EDX, TGA, BET, XPS, XRD, FT-IR and Raman spectroscopy. The synthesis temperature 

and the boron source played a key role in determining the structures of the products. A range 

of different structures were synthesized: rough and bamboo-like tubes in which the inside of 

the contained compartments, bulbous-shaped catalyst filled tubes as well as solid and core-

shell CSs.  The optimum temperature for the synthesis of the B-MWCNTs was found to be 

800 °C (B = 1.6%, as determined by XPS analysis). The B-MWCNTs exhibited good thermal 

stability in air. 

Large amounts of core-shell boron-doped carbon spheres (B-CSs) have been formed via a 

non-catalytic CVD method at 900 °C using acetylene as the carbon precursor and trimethyl 

borate as carbon and boron sources. The B-CSs were synthesized using either a horizontal or 

a vertical furnace. The properties of the produced materials were compared to undoped 

carbon spheres (CSs) synthesized in a vertical furnace. The morphology, size and yield of the 

B-CSs were tuned by varying the ratio of the Ar to H2 gas ratios including the type of furnace 
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(horizontal vs. vertical furnace). TEM was used to evaluate the morphology and the diameter 

of the produced materials. The undoped CSs were spherical and solid, while boron-doping 

produced core-shell spherical CSs. The B-CSs produced from 100% Ar, both made in a 

horizontal furnace (average diameter 400 nm, shell thickness 25 nm) or in a vertical furnace 

(average diameter 350 nm, shell thickness 50 nm) were not uniform in size. The B-CSs 

produced from a mixture of Ar to H2 gas with ratios varying from 95:5 to 0:100 were uniform 

in size and had average diameters of 250 nm with shell thickness of 50 nm. Two samples 

synthesized with 100% Ar and 100% H2 were analyzed by XPS. The level of boron doping in 

these two samples was found to be 3.92 and 0.19 wt% of B, respectively. The thermal 

stability, purity and quality of the CSs were evaluated by TGA, XRD and Raman 

spectroscopy. BET analysis and FT-IR spectroscopy were used to evaluate the surface areas, 

and the chemical bonding found in the synthesized carbon spheres. A possible formation 

mechanism for the B-CSs is proposed. 

Some of the synthesized N and B doped MWCNTs, N and B doped CSs as well as undoped 

MWCNTs and CSs were used as supports for TiO2 catalyst. The TiO2-C composites with 

different TiO2:C ratios were prepared by a sol-gel method in order to investigate their 

photocatalytic activity under solar irradiation for the degradation of erythrosine B in aqueous 

solution. Data were compared with a commercial TiO2, Degussa P25. The prepared 

composites were characterized by TEM, XRD, Raman spectroscopy, FT-IR, XPS techniques. 

The presence of doped carbon nanomaterials at lower levels enhanced photoefficiency of 

TiO2 as compared to TiO2 with higher C levels and commercial TiO2.  
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CHAPTER 1 

 
Introduction 

___________________________________________________________ 
 

1.1 Background and motivation 

After the reports of carbon nanotubes (CNTs) by Iijima,
1 

CNTs (multiwalled or singlewalled) 

have increasingly attracted considerable attention in a variety of fields owing to their unique 

properties; large specific surface area, high purity, adsorption ability, as well as their 

chemical, thermal, structural, mechanical, and electronic properties.
2,3 

Because of these 

unique properties, CNTs have found potential applications in various fields such as sensors,
4
 

adsorbents,
5
 composite materials,

6,7
 catalyst supports,

2,8 
etc. Other carbon-based materials of 

interest are carbon nanospheres (CSs).  CSs have analogous properties to graphite or 

fullerene, which allows them to make diamond films, lubricants and rubber additives
9 

and 

similar to CNTs in having high strength, high thermal resistance, high oxidative inertness, 

light weight and sp
2 

hybridized carbon atoms.
10 

These CSs are relatively cheaper to produce 

than CNTs. When prepared by non-catalytic methods, purification is not required. In 

addition, they are non-porous and can be expected to be good supports in catalysis.
11 

CSs 

have also been used as support materials to deposit metal or metal oxide nanoparticles,
12 

as 

templates to synthesize hollow metal or metal oxide nanospheres
13a-c 

and as adsorbents of 

metal ions in water.
14 

The use of carbon nanomaterials in particular multiwalled (MW) CNTs 

and CSs in water treatment is very attractive and the study of CNT-based metal oxide hybrids 

(e.g. TiO2, SnO2) is becoming a promising area of research in photocatalysis and Li-ion 

batteries,
15a,b 

owing to their improved properties over the single component materials. 

However, these potential applications require introduction of functional groups covalently 

attached the outer surface of MWCNTs and CSs so as to make them processable and to tune 

their properties. Thus, to fabricate C-based composites and to enhance their adsorption 

capacities towards metal ions, the inert surfaces of MWCNTs and CSs can be chemically 

treated with acids, bases, oxidants, polymers, etc.,
16a-c 

under mild conditions. Alternatively, it 

is also possible to functionalize MWCNTs and CSs by substitution reactions such as 

replacement of C atoms by B and/or N atoms,
17

 a term called doping. The substitution of 

carbon atoms by N or B atoms in the tubular lattice of MWCNTs gives nitrogen-doped 

MWCNTs (N-MWCNTs) and B-doped MWCNTs (B-MWCNTs), respectively. This is 
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possible since the atomic sizes of B and N are similar to that of C atom. Doping of MWCNTs 

with B or N can be used to increase the chemical reactivity of the tube surface and to tune 

their electrical properties. For example, boron doping of MWCNTs renders them p-type 

semiconductors while nitrogen doping of MWCNTs renders them n-type semiconductors.
18 

Similar properties are expected when CSs are doped with N or B atoms. Boron and nitrogen 

doping can introduce chemically active sites into the carbon nanomaterials framework, which 

act as the anchoring sites to support metal or metal oxide nanoparticles. Wang and co-

workers
15b 

prepared SnO2-N-MWCNT nanocomposites which presented higher 

photocatalytic activity than pure SnO2 and SnO2-MWCNT nanocomposites for degradation 

of Rhodamine B. In another study, B-MWCNTs supported platinum nanoparticles facilitated 

the removal of CO from a Pt surface, resulting in greater electrocatalytic activity for 

methanol oxidation.
19 

Xiong et al.
12 

prepared nitrogen-doped CSs (N-CSs) supported cobalt 

catalyst which showed better Fisher-Tropsch synthesis performance than the undoped Co-

CSs which was attributed to the higher cobalt dispersion of the N-CSs. 

Water plays very important roles in many aspects of life. However, when contaminated it can 

be a major threat to the environment. Wastewater containing organic pollutants such as 

xanthene dyes from food, cosmetics and the textile industries are of concern because some of 

them are toxic and exhibit poor biodegrability.
20a,b 

Therefore, effective water treatment 

techniques are required that significantly reduce water pollution levels. Heterogeneous 

photocatalysis has so far been shown to be a promising technology leading to complete 

destruction of organic pollutants to H2O and CO2, sulphates, nitrates, etc.
21a-c 

Among other 

semiconductors used for water treatment, TiO2 is a preferred material for eliminating toxic 

chemicals, owing to its low cost, low toxicity, high photocatalytic activity and chemical 

stability.
21c,22 

Despite many attractive features, TiO2 does have some drawbacks which 

impede its performance. Its disadvantage is its larger energy band gap of 3.2 eV, which 

restricts its use only to UV radiation, thereby limiting its practical application in the visible 

light region that accounts for about 50% of solar energy.
21c,22,23

 Therefore, in order to solve 

this problem and to enhance the photocatalytic activity of TiO2, various attempts have been 

made to develop visible light activated photocatalysts. These include doping TiO2 with non-

metals such as B,
24 

C,
25 

N,
26 

F,
27 

S,
28 

which were reported to narrow the energy band gap of 

TiO2 and shift its optical response to the visible region. Composites which contain CNTs and 

metal oxides are believed to have many applications as they exhibit synergistic effects 

between the metal oxide and the carbon phase.
29,30 

Literature data has shown that TiO2-CNT 
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nanocomposites can effectively adsorb organic pollutants in water and also enhance the rate 

of photocatalytic activity of TiO2 nanoparticles by acting as electron traps, thereby stabilizing 

the charge carriers and inhibiting the rate of electron-hole (e
-
-h

+
) recombination.

30,31
 

As mentioned earlier, the application of SnO2 photocatalysts in the presence of N-MWCNTs 

has been reported to enhance the photocatalytic degradation of Rhodamine B under UV light 

irradiation. Up to now, no studies are available on the use of composites containing N and B 

doped carbons (MWCNTs and CSs) and TiO2. Taking advantage of the unique properties of 

the N-doped and B-doped carbons (MWCNTs and CSs), we expect that the combination of 

doped carbons with TiO2 may induce charge transfer and thus improve the photocatalytic 

activity of TiO2. In this study, undoped, N-doped and B-doped carbon (MWCNTs and CSs) 

composite photocatalysts were prepared by a sol-gel method. The materials were tested for 

the photocatalytic degradation of a xanthene dye, erythrosine B in aqueous solution as a 

model organic pollutant. 

 

1.2 Aims and Objectives of the study 

 

1. Synthesis and characterization of nitrogen-doped multiwalled carbon nanotubes (N-

MWCNTs) by a catalytic vapour deposition (CVD) method using acetylene as a 

carbon source, acetonitrile as carbon and nitrogen sources and Fe-Co/CaCO3 as 

catalyst. 

 

2. Synthesis and characterization of nitrogen-doped carbon spheres (N-CSs) by a non-

catalytic CVD method using acetylene as a carbon source and acetonitrile as carbon 

and nitrogen sources. The effect of different acetylene and Ar flow rates on the 

production of N-CSs will be investigated. The properties of the resulting materials 

will be compared with those of undoped CSs under the same experimental conditions 

but without using a nitrogen source. The synthesis of the N-CSs and undoped CSs 

will be carried out in avertically aligned furnace.  

 

3. Synthesis and characterization of boron-doped multiwalled carbon nanotubes (B-

MWCNTs) by a catalytic CVD method using acetylene as a carbon source, trimethyl 

borate as carbon and boron sources and Fe-Co/CaCO3 as catalyst. The properties of 

the resulting materials will be compared with those of undoped MWCNTs. 
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4. Synthesis and characterization of boron-doped carbon spheres (B-CSs) in a horizontal 

and a vertical furnace by a non-catalytic CVD method using acetylene as a carbon 

source and trimethyl borate as carbon and boron sources. The effect of the ratio of Ar 

to H2 gas flow rate on the production of the B-CSs will be investigated and data will 

then be compared with undoped CSs. 

 

5. Synthesis and characterization of nanocomposites containing TiO2 supported on the 

acid-treated undoped, N and B doped carbons (MWCNTs and CSs) by means of a sol-

gel method. The resulting TiO2-C nanocomposites will be characterized and evaluated 

as photocatalysts for the photocatalytic degradation of erythrosine B (a model 

pollutant) and data will be compared with a commercial TiO2. 

 
1.3 Organization of the thesis 

Chapter 1 presents an introduction which gives the background, motivation and objectives of 

this thesis. The introduction is followed by Chapter 2, which gives a short literature review of 

the carbon nanomaterials (CNTs and CSs) used, their classification, modification with 

functional groups and non-metals such as nitrogen and boron, and background information on 

composites that are used in photocatalytic reactions. Chapter 3 presents the study on “The 

Synthesis of Nitrogen-Doped Multiwalled Carbon Nanotubes using an Fe-Co/CaCO3 

Catalyst.” In Chapter 4, the results and discussion on work done on the “Large-scale 

Synthesis of Nitrogen-Doped Carbon Spheres (N-CSs) using a vertical CVD reactor” is 

presented. Chapter 5 gives the results and discussion on the work done on “The Synthesis and 

Characterization of Boron-Containing Multiwalled Carbon Nanotubes using an Fe-Co/CaCO3 

catalyst.” Chapter 6 gives the extensive study on the “Novel CVD Syntheses and 

Characterization of Core-shell Boron-Doped Carbon Spheres.” Chapter 7 reports on the 

“Photocatalytic Activities of Carbon Nanomaterials Coated with TiO2 in the Degradation of 

Erythrosine B.” Chapter 8 gives the “General Conclusions” that emanate from the study and 

recommendations for future work.  

The work reported on this thesis has been presented at numerous conferences and seminars. 

The study reported in Chapter 3 has been published in the South African Journal of 

Chemistry, 2012, 65, 39-49. Some of the N- and B-doped materials reported in Chapters 3 

and 4 have been used to make polymer composites for WORM memory devices. This article 
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has been published in Nanotechnology. Other publications emanating from this study will 

follow and be published in 2013. 
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CHAPTER 2 

 
Literature Review 

___________________________________________________________ 
 

2.1 Introduction 

There is a range of established water-treatment technologies that are in current practice. 

These include filtration, reverse osmosis, ultraviolet radiation, chemical treatment and 

desalination. It has however been suggested that nanotechnology-based materials could lead 

to inexpensive, more durable, and more efficient water treatment technologies that will meet 

the needs especially of developing countries.
1 

In the past decade, nanotechnology routes to 

water treatment have become popular. Nanotechnology is generally the application of ideas 

from science and engineering relating to the study of materials with one dimension less than 

100 nm for use in the production of new materials and devices. These products make 

abundant use of physical properties associated with small scales.  

Nanomaterials are the materials that are employed in nanotechnology. During the past 20 

years, nanomaterials have been the subject of enormous interest. Nanomaterials, noteworthy 

for their very small characteristic dimensions have the potential for large industrial, 

biomedical, and electronic applications. Nanomaterials that are known include fullerenes, 

carbon nanotubes, carbon nanofibers, carbon nanospheres, composite materials or 

nanomaterial-based heterogeneous catalysts. Their important characteristic is a very small 

feature dimension in the range of 1-100 nm. Distinct properties such as large surface area and 

quantum effects are the major reasons why nanomaterials behave significantly differently 

from bulk materials.
2 

These factors can enhance materials’ properties such as chemical 

reactivity, mechanical, optical, electrical and magnetic characteristics
3 

when compared to 

what they exhibit on a macroscale, leading to unique applications for nanomaterials. 

Carbon-based TiO2 composite materials have attracted a great deal of attention in the field of 

research primarily due to their novel properties and promising applications in solving water 

pollution problems.
4-6 

In this research project the focus will be on the synthesis of boron and 

nitrogen doped multiwalled carbon nanotubes (MWCNTs) and carbon spheres (CSs); these 

materials will be compared with their undoped analogues. These carbon nanomaterials will 

be used to support TiO2 catalyst for application in organic dye photocatalytic degradation. Up 
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to now, there is no available study showing the use of these nitrogen and boron doped carbon 

nanomaterials coupled with TiO2 for photocatalytic reactions. 

 

2.2 Characteristics and classification of carbon nanomaterials (CNTs and CSs) 

 

2.2.1 Carbon nanotubes 

Carbon nanotubes are allotropes of carbon, first highlighted in studies by Iijima
7 

in 1991. 

Since this report, CNTs have received a great deal of interest from researchers focussing on 

the synthesis, functionalization and applications of CNTs. CNTs consist of graphic sheets 

which have been rolled up into a cylindrical shape. CNTs are one of the strongest and lightest 

materials known,
8 

both in terms of tensile strength and elastic modulus. These nanomaterials 

possess many unique and remarkable properties (chemical, physical, and mechanical), which 

make them desirable for many applications. Such applications include use in hydrogen 

storage,
9a,b 

nanoelectronic devices,
10a,b 

flat panel displays,
11a,b

 chemical force sensors,
12 

scanning probes and in catalysis.
13a,b 

CNTs have a diameter in the nano-range and have 

length(s) ranging from micro- to millimetres.
14

 There are two main types of CNTs: 

singlewalled carbon nanotubes (SWCNTs) formed from a single graphene sheet, and 

multiwalled carbon nanotubes (MWCNTs) formed with additional graphene sheets wrapped 

around the SWCNT core. When an additional graphene tube exists around a central SWCNT, 

a doublewalled carbon nanotube (DWCNT) is formed. Because of their outstanding 

properties, CNTs can be considered as attractive candidates in diverse nanotechnological 

applications. SWCNTs are a very important variety of carbon nanotubes because they exhibit 

important electric properties that are not shared by the multi-walled carbon nanotube 

variants.
8
 

 

2.2.2 Carbon spheres 

The discoveries of fullerenes
15

 and the “elongated” fullerenes, the CNTs,
7
 have resulted in 

further developments in nanotechnology and nanoscience of carbonaceous structures. 

Spherical carbon structures are also important due to their unique properties
16a,b

 and potential 

applications in many industrial fields.
17a-d 

Because of their unique properties such as high 

strength, high thermal resistance and light weight, spherical carbon structures have been used 

in high strength composites,
18 

wear-resistant materials,
19 

photonic crystals, as catalyst 
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supports,
20 

anodes in secondary lithium ion batteries
21a,b 

or as an adsorbent.
22a,b 

These 

spherical materials with different structures ranging from C60 and carbon onions to carbon 

spheres (CSs) and have closed or unclosed graphene layers.
16a 

CSs have two forms: solid and 

hollow ones. In particular, solid CSs attract an increasing attention due to their many 

potential applications. These include their use as catalyst supports,
23 

electrodes,
24 

capsules for 

magnetic nanoparticles,
25 

templates for synthesizing other hollow materials.
26 

Hollow CSs are 

also of great interest due to their large surface area, chemical stability, low density, thermal 

insulation and high compressive strength.
27

 

Serp and co-workers have classified carbon structures into three categories according to size: 

(i) the Cn family and the well graphitized onion like structures ranging between 2 and 20 nm; 

(ii) the CSs with diameters between 50 nm to 1 µm; and (iii) the carbon beads with diameters 

of one to several microns.
17b,18,28,29 

Deshmukh et al.
30

 reported that it is possible to classify 

CSs in terms of strategies used in their synthesis. They stated that procedures used to make 

spherical carbon materials such as chemical vapour deposition (CVD), arc discharge, laser 

ablation, autoclave processes etc., can produce quite different materials. 

 

2.3 Synthesis of carbon nanomaterials 

2.3.1 Synthesis of CNTs 

Several techniques have been developed to produce CNTs in sizeable quantities, including 

hydrocarbon pyrolysis using a metal catalyst
31

 and carbon monoxide disproportionation on a 

metal catalyst.
32

 The three most commonly used techniques are discussed below: 

(i) Arc discharge 

CNTs were observed in 1991
7 

in the carbon soot of graphite electrodes during an arc 

discharge, by using a current of 100 A, that was intended to produce fullerenes.  However, 

the technique produced a complex mixture of components that required further purification to 

separate the CNTs from the soot and the residual catalytic metals present in the crude 

product. CNTs synthesized by this method are formed through arc-vaporization of two 

carbon rods placed end to end, separated by approximately 1 mm, in an enclosure that is 

usually filled with inert gas (e. g. Ar) at low pressure (between 50 and 700 mbar). The high 
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yield production of CNTs by this method depends on the uniformity of the plasma arc and on 

the temperature of the deposit produced on the carbon electrode.
33a-d

 

 

(ii) Laser ablation 

The laser ablation method was developed by Smalley
34

 and co-workers in 1995 at Rice 

University. In this method, a pulsed laser vaporizes a graphite target in a high-temperature 

reactor (1200 °C) while an inert gas is added into the chamber. CNTs develop on the cooler 

surfaces of the reactor as the vaporized carbon condenses.
33d

 Laser ablation and arc discharge 

are currently the major methods for obtaining high quality CNTs. However, both methods 

have disadvantages: (i) the methods involve evaporating the carbon source at ≥ 3000 °C, so it 

has been unclear how to produce CNTs in large scale; (ii) CNTs are grown in highly twisted 

forms, mixed with unwanted forms of carbon and/or metal species. Therefore, it is not easy to 

purify and control the CNTs for practical applications.
35

 

 

(iii) Chemical Vapour Deposition (CVD) 

In the CVD synthesis, a carbon sourceand gas phase metal catalyst particles, most commonly 

Ni, Co,
36

 Fe, or a binary combination,
37 

are used. Alternatively, a hydrocarbon is passed over 

a supported metal catalyst heated to 700 °C. CNTs grow at the sites of the metal catalyst 

particles; the carbon-containing gas (e.g. C2H2) is broken apart at the surface of the catalyst 

particle, and the carbon is transported through the catalyst or over the catalyst to the edges of 

the particle, where CNTs are formed. During the growth process, the metal particles can stay 

at the tips of the growing CNTs (called a tip growth method) or they can remain at the CNTs 

base (called a base growth method), depending on the interaction between the catalyst 

particle and the substrate. The diameters of the produced CNTs strongly depend on the size of 

the metal particles. Of the different methods of CNT synthesis, CVD is the most promising 

for industrial large scale production in terms of its low cost. Additionally, the growth sites are 

controllable by careful deposition of the catalyst. 
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2.3.2 Synthesis of CSs 

Although fullerenes are not usually classified as carbon spheres, the spherical shape of 

carbonaceous materials would include them in this classification. Indeed although fullerenes 

were made by Kroto et al.
38 

in small quantities, they were eventually made in large quantities 

by Krätschmer and co-workers.
39 

After the fullerenes and CNT discoveries, various shaped 

materials structures such as carbon spheres
40

 and onion-like structures,
41 

etc. were prepared. 

Ugarte
40 

reported that CSs with diameter of a few nanometers were obtained from soots that 

contain tubular and polyhedral graphitic particles formed under intense high-energy electron-

beam irradiation in a high-resolution transmission electron microscopy. Carbon spheres can 

also be produced as a by-product during the preparation of CNTs or carbon nanofibers, where 

metal catalysts are employed.
28,32,40,42

 

As there is an emerging need for the production of high purity carbon spheres in large 

quantities, many kinds of preparation methods have been developed.
43,44 

CSs have been 

produced by the methods similar to those used to produce CNTs.
17a,17c, 21a,40,42,45 

Methods such 

as chemical vapour deposition (CVD),
17b,29 

arc plasma,
17c 

mixed-valence oxide-catalytic 

carbonization,
18 

reduction of carbides with metal catalysts,
46 

and pyrolysis of carbon sources 

and catalyst
40 

have been reported for the production of carbon spheres. The CSs obtained by 

Aili and co-workers from CVD methods were all made with uniform dimensions and in high 

purity, without any other by-products being detected.
47 

Solid carbon spheres (~210 nm 

diameter) have been prepared by Wang and Kang
17d,29,48 

using the thermal decomposition of 

CH4 in the presence of a metal oxide catalyst. They claim to have a selective process to 

produce either carbon spheres at 1100 °C or completely pure CNTs at 950 °C. Govindaraj et 

al.
49 

have prepared CSs from the pyrolysis of methane in a hydrogen atmosphere at 1140 °C 

without a catalyst. Qian et al.
18 

have also used toluene as a feedstock for the production of 

CSs without any catalysts. Serp et al. have also reported on the production of CSs using a 

chemical vapour deposition process.
17b

 

Hollow CSs have been prepared by different synthesis methods. Su et al.
50 

synthesized 

hollow CSs with a controllable structure using silica spheres as templates and benzene as a 

carbon source by means of a CVD method. Hollow CSs have also been prepared from 

glucose and Zn particles at 550 °C in a stainless steel autoclave of 30 litre capacity.
51 

Other 

methods for the preparation of hollow CSs include pyrolysis,
52 

a solvothermal method
25 

and a 

medial-reduction route.
53 
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Of these, the CVD method is the most popular and most cost-effective, and is hence used for 

the large scale synthesis of high quality carbon spheres. Generally, the preparation of CSs 

using a CVD method involves a carbon-containing gas such as C2H2 as the carbon source. 

Use of an energy source, such as a plasma or a resistively heated coil, provides the energy for 

transforming the gaseous carbon molecules into a solid carbon material. In the reaction, the 

molecules then converted into reactive carbon atoms which then diffuse onto the growing 

carbon surface, forming carbon spheres. Li et al.
54 

reported that the growth of carbon spheres 

results from the thermal decomposition of a carbon precursor into carbon atoms, followed by 

the precipitation of the carbon deposits. It has been reported that controlled growth and 

continuous mass production of CSs with uniform diameters can be achieved by varying the 

flow-rate and composition of the carrier gas.
18

 

 

2.4 Modification of carbon nanomaterials structure 

2.4.1 Doping and functionalization of carbon nanomaterials 

Despite their unique electrical, mechanical and chemical stability properties, the chemical 

inertness and hydrophobicity of CNTs and CSs often inhibit their commercial utilization. To 

overcome these problems, CNT and CS surfaces are usually modified using either covalent or 

non-covalent functionalization strategies. Covalent surface functionalization involves the 

direct incorporation of new elements such as oxygen into the CNT and CSs surfaces. The 

surface properties of CNTs and CSs such as dispersion can also be changed without 

modifying their original structure by non-covalent surface modification approaches that 

include the adsorption of surfactants, polymers, or biological macromolecules.
55 

Functionalization of CNTs and CSs by HNO3, KMnO4, H2SO4  or a mixture of HNO3 and 

H2SO4 can lead to different oxygen-containing surface groups on carbon. These functional 

groups include carboxyl groups, carboxylic anhydride groups, lactone groups, phenol groups, 

carbonyl groups, quinone groups or ether groups.
56 

The nature and the amount of oxygen-

containing functional groups on the carbon nanomaterial surface is of great importance, 

especially when the carbon nanomaterials are used as catalyst supports.
57 

These functional 

groups can be used to strongly bind metal particles to the surface-oxygen groups of the CNTs 

and CSs. The nitric acid treatment of the CNTs can simultaneously oxidize and remove the 

remaining metal particles from the synthesis process. 
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Doping the CNTsand CSs with nitrogen and boron provides an alternative route to surface 

modification. Doping nitrogen into carbon layers affects the physical and electronic structure, 

catalytic activity and electrical conductivity properties of the doped materials.
58 

Jiang and 

Gao
59 

showed that basic N-containing groups (such as amines) on the CNTs can generate 

hydrophilic properties and this then changes the surface properties such that the CNTs are 

now more easily dispersed in an aqueous medium. N-doped CNTs may also lead to the 

formation of electron-excess n-type semiconducting nanotubes.
60 

CNTs doped with nitrogen 

can be used in many application fields. N-doped CNTs have shown high electrocatalyst 

performance for the oxygen reduction reactions.
61 

N-doped CNTs and CSs have been used as 

Pd catalyst supports for use in hydrogenation reaction,
62a,b 

lithium storage materials,
63 

etc.  

Electron deficiency in graphite can also be achieved by incorporating boron, which acts as an 

acceptor, into the lattice.
64a,b 

Other effects that may arise in boron-doped carbon materials 

include: (a) boron not only acts as an acceptor by increasing the number of hole-carriers in 

the valence band, but it also acts as a scattering centre, therefore reducing carrier mobility; 

(b) the diamagnetic susceptibility decreases, due to the larger effective mass of charge 

carriers; (c) the electronic density of states increases because the Fermi level intercepts the 

valence band, therefore leading to enhanced paramagnetic susceptibility.
65 

B-doped CNTs 

may lead to electron-deficient p-type semiconducting nanotubes.
58,66,67 

It has been reported 

that boron lowers the Fermi energy level of a carbon material, thus increasing conductivity.
68 

This also decreases the optical band gap, making it of interest in photovoltaic research.
69 

Boron-doped carbon nanomaterials have also been used as metal-free electrocatalysts for the 

oxygen reduction reaction
70 

and as catalyst support materials for methanol oxidation 

reactions.
71,72

 

2.4.2 Synthesis of N and B doped carbon nanomaterials 

Nitrogen- and boron-containing CNTs and CSs can be synthesized by the same methods most 

widely used to produce the undoped carbon nanomaterials. Reviews and reports on the 

different synthesis methods of N-doped and B-doped CNTs and CSs will be given in detail in 

Chapters 3-6. Generally, nitrogen-doping of carbon nanostructures can be divided into two 

categories
73

: (i) “in situ” doping, which is doping directly during the synthesis of porous 

carbon nanostructure materials; (ii) post-doping, which is post-treatment of pre-synthesized 

carbon nanostructure materials with a nitrogen-containing precursor (such as N2, NH3, etc.). 

The “in situ” doping is often used to make N-doped CNTs and N-doped carbon nanofibers. 
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Post-treatment of carbon materials in a N-containing atmosphere can also form N-doped 

carbons. Most of the post-doping reactions are carried out in NH3 at high temperatures (600-

900 °C).
74a-d

 

Processes for the synthesis of boron-doped carbons generally fall into two categories: high 

temperature firing or low-pressure vacuum deposition. The high temperature  route usually 

involves precursors (such as boric oxide and coke powder) manually mixed and placed in a 

furnace, followed by heating to around 2900 °C.
75,76a-c 

Vacuum deposition routes use reaction 

chambers and deposit thin films onto substrates. The main methods that have been employed 

are CVD,
77 

pulsed laser deposition,
78 

and ion beam deposition.
79 

 

2.5 The use of TiO2 photocatalyst for water purification  

TiO2 occurs in nature in the well-known phases: rutile, anatase and brookite. Since the 

discovery of photoelectrochemical splitting of water using titanium dioxide (TiO2) 

electrodes,
79 

researchers have extensively studied semiconductor-based photocatalysts. 

Today, TiO2 is the most studied photocatalyst because it is non-toxic, cheap, photoreactive, 

chemically and biologically inert, photostable and has a strong redox ability. It is used in 

numerous applications, such as air purification, wastewater treatment, deodorization, self-

cleaning materials, and as an antibacterial coating.
79,80 

Although rutile TiO2 has been 

considered photocatalytically inactive, it has been found that Degussa P25, a commercial 

photocatalyst that has an anatase/rutile ratio of 80%:20%, has the best performance in 

photocatalysis.
81 

Several photocatalysts such as CdS, ZnO2, WO3, Fe2O3 and ZnS have also 

been studied, but the best results have been achieved with TiO2.
82 

The reason for this is that 

metal sulphides are not stable enough for catalysis in aqueous media due to photoanodic 

corrosion and they are also toxic. Fe oxides undergo photocathodic corrosion. ZnO is 

unstable in water and forms Zn(OH)2 on the particle surface.
83

 

TiO2 responds to only a small portion of the solar spectrum in the UV region (band-gap 

energy of 3.0-3.2 eV). Attempts to lower the band-energy have mainly focused on transition 

metal doped TiO2. Metal doped materials however are thermally unstable. It has been noted 

that N-doping of TiO2 enhances the photocatalytic activity of the TiO2. Asahi et al.
84 

reported 

visible light photocatalytic degradation of methylene blue and acetaldehyde by TiO2 films 

doped with N by sputtering methods. They showed that the substitution of oxygen lowers the 
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band gap energy of TiO2 as the p states of the dopants mix with the oxygen 2p states, 

contributing to a net band-gap narrowing. In another study, boron-doped TiO2 nanotubes 

showed high photocatalytic activity towards the degradation of methyl orange compared with 

pure TiO2 nanotubes.
85 

In a TiO2 photocatalytic reaction, ultraviolet radiation is required to interact with TiO2. The 

process is based on the excitation of a molecule caused by light absorption, e.g. UV light, that 

drastically alters its ability to lose or gain electrons and promote decomposition of organic 

pollutants to harmless by-products.
86 

The steps involved in the photodegradation of dye 

pollutants at the TiO2 surface can be expressed as follows:
87

 

 

TiO2  +  hv   →   TiO2 (e
-
cb +h

+
vb), (Equation 2.1)   

(O2)ads + e
-
cb→   O2

-
, (Equation 2.2) 

Ti(IV)-OH + h
+

vb→  Ti(IV)-OH

, (Equation 2.3)            

Ti(IV)-H2O + h
+

vb→  Ti(IV)-OH

 + H

+
, (Equation 2.4) 

Pollutant + OH

  → degradation products. (Equation 2.5) 

 

The hydroxyl radicals formed on the illuminated TiO2 surface are very strong oxidants, which 

can attack the adsorbed pollutant, leading to their degradation. 

Numerous studies on the use of TiO2 photocatalyst for water purification have been done. For 

example, Mazzarinno and co-workers
88

 have used TiO2 for the degradation of organic 

pollutants in water using photochemical reactors. Many other examples on the use of TiO2 as 

a photocatalyst on the degradation of organic pollutants will be described in Chapter 7. 

The kinetics of photocatalytic degradation of many organic compounds in TiO2 dispersions 

under UV irradiation has often been modeled to the simple Langmuir-Hinshelwood equation 

(Equation 2.6):
89

 

 

r   =- d C   =   kKC 

         d t         1+KC     (Equation 2.6) 

 

where r is the rate of disappearance of the reagent, C is the reagent concentration, k is the rate 

constant and K is the apparent equilibrium constant. The Langmuir-Hinshelwood equation is 
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simplified to a pseudo first-order expression when the concentration of the reagent is very 

low (Equation 2.7): 

 

- d C   =   k’C  (Equation 2.7) 

  d t                           

 

The integration of Equation 2.7 leads to Equation 2.8. The plot of –In(C/Co) vs t is a straight 

line and its slope is k’: 

 

-In C   =   k’t   (Equation 2.8) 

     Co           

2.6 TiO2/carbon composite materials 

 With an energy gap of 3.2 eV, the TiO2 photocatalyst can be activated only by UV light. 

Hence, many studies have focused on the development of visible-light-responsive 

photocatalysts viz: CdS, InVO4, N-doped, C-doped, and S-doped TiO2.
80,90 

It is known that 

adsorbents such as activated carbon have been used to promote the adsorption capacity and 

the photocatalytic activity of TiO2.
91 

Araña et al.
92 

used powdered activated carbon mixed 

with TiO2 in photocatalytic processes. They observed that (i) the combination of powdered 

activated carbon and TiO2 resulted in fast decantability in comparison with that of TiO2 

alone, (ii) a TiO2 particle distribution on the activated carbon surface yielded a homogeneous 

particle size distribution and (iii) the rate of organic removal by the powdered activated 

carbon and TiO2 was six times higher than that with TiO2 alone. However, CNTs have been 

determined to be more attractive catalyst supports than activated carbon, owing to their 

adsorption, electronic, mechanical and thermal properties.
93 

Previous studies reported that 

TiO2-based carbon nanotubes composites (TiO2-CNTs) have been synthesized and provide a 

synergistic effect which can enhance photoactivities relative to pure TiO2 under UV or 

visible-light illumination.
94a-e 

CNTs can trap photo-induced electrons, drastically reducing the 

recombination rate between the hole and electron. Also, CNTs can serve as a photosensitizer 

for a visible-light-response. Kuo et al. reported the successful preparation ofa TiO2-CNT 

composite and its function as a photocatalyst and an electrically conductive catalyst.
95 

 

Different methods have been employed to prepare TiO2 composites. Sol-gel and 

hydrothermal methods are commonly used to prepare the TiO2 and TiO2-CNT composite 
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materials. However, Yen et al.
96 

showed that the TiO2-MWCNT prepared by a sol-gel 

method caused the TiO2 to be well dispersed on the MWCNT surface, thereby improving the 

surface area leading to higher efficiency in NOx photodegradation when compared to the 

TiO2-MWCNT prepared by the hydrothermal method. 
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CHAPTER 3 

 
The Synthesis of Nitrogen-Doped Multiwalled Carbon Nanotubes using an 

Fe-Co/CaCO3 Catalyst
#
 

___________________________________________________________ 

3.1 Introduction 

Since the discovery of polyhedral carbon clusters (fullerenes) in 1985,
1
 new graphite-like 

nanostructures such as carbon nanotubes (CNTs)
2
 and related nanostructures (spheres,

3
 

onions,
4 

fibers,
5
 horns,

6 
etc.) have been reported. CNTs have attracted the attention of 

scientists in recent years for their application as catalyst supports,
7,8 

nanoscale semiconductor 

devices,
5, 9

 sensors,
7,10,11

 in hydrogen storage,
12,13

 scanning probes,
14

 etc. More importantly, 

while single walled carbon nanotubes (SWCNTs) can either be metallic or semiconducting, 

depending on their chirality and diameter,
15,16 

multiwalled carbon nanotubes (MWCNTs) 

present anisotropic metallic behaviour.
17

 Doping of CNTs with heteroatoms provides a means 

of modifying the conducting and other properties of the CNTs.
18,19 

Novel electronic 

properties can be expected if N atoms directly substitute C atoms in the graphitic lattice as the 

doping results in a production of an n-type conductor.
20

 A high nitrogen content in CNTs 

leads to an increase in the CNT conductivity due to the rise of the Fermi level towards the 

conduction band.
21,22

 Low dopant concentrations have been incorporated within the CNTs,
23

 

and the electronic conductance was shown to be significantly enhanced without altering the 

mechanical properties.
24

 Nitrogen-containing CNTs have recently been reported by Gong and 

co-workers to be an efficient metal-free catalyst for the oxygen reduction reaction (ORR).
25

 It 

has been reported that nitrogen-doped multiwalled CNTs (N-MWCNTs) are thermally less 

stable
26

 and possess larger surface-active group/volume ratios, better mechanical properties, 

and better biocompatibility, when compared to undoped CNTs.
21,25,27

 

Various synthesis methods have been used to make nitrogen-doped CNTs. These include arc 

discharge,
28

 laser ablation,
29

 substitution reactions,
30

 catalytic pyrolysis of organic precursors 

including acetonitrile,
31

 pyridine,
24

 triazine,
32

 and various chemical vapour deposition (CVD) 

methods.
33 

The CVD method remains the most promising method for the commercial 

production of highly dense and well aligned nitrogen-doped CNTs by catalytic 
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decomposition of suitable carbon and nitrogen sources. The growth process usually involves 

heating a catalyst (typically to 700-1000 °C) in an atmosphere of C and N containing 

precursors.  

To date, N-doped MWCNTs have been synthesized by thermal CVD of a nitrogen-containing 

organic compound in the presence of supported metal nanoparticles, by the pyrolysis of 

acetonitrile/alcohol mixtures over an Fe-Al/MgO catalyst,
34

 by using a Co-based catalyst 

derived from Co/Al layered double hydroxides using methane and acetonitrile as C and N 

sources, respectively,
35 

by using a mixture of C2H6/Ar/NH3 and an Fe/Al2O3 catalyst,
36

 by 

using NH3 and CH4 over an Fe-Mo/MgO catalyst,
37

 etc. Bamboo-like CNTs have recently 

been synthesized by thermal decomposition of pyridine and iron phthalocyanine over an iron 

catalyst under an ammonia atmosphere.
38

 X-ray photoelectron spectroscopy (XPS) analysis 

of these N-CNT samples has demonstrated three types of nitrogen atoms associated with the 

CNT surface, namely pyridine-like, graphite-like, and molecular nitrogen; the maximum 

dopant concentration was found to be in the range of 1.18-3.22 at. % over the temperature 

range 750-875 °C.
38

 Floating catalyst CVD methods have also been proven to be a popular 

method to make N-CNTs. For example, Nxumalo and co-workers prepared bamboo-shaped 

MWCNTs by the floating catalyst CVD method using ferrocene/aniline mixtures at 900 °C.
26

 

In the CVD processes when transition metal particles are used as a catalyst, it is believed that 

the CNT forms from the metal catalyst surface that resides at either the base
39

 or the tip of a 

growing nanotube.
40 

N-CNTs are proposed to grow only via a base growth process. Nitrogen-

doping significantly alters the morphology of CNTs, typically leading to bamboo-like 

structures that contain regularly arranged compartments with a hollow channel.
19

 It was 

proposed that the bamboo-like structures might be due to effects related to the catalyst 

particle shape, the bulk diffusion of carbon and nitrogen in the catalyst, or the slow 

movement of the catalyst compared to the growth rate of the CNT. It has been shown that the 

cup separation distance in the bamboo structure correlated with the concentration of the 

nitrogen in the tube.
26

 

The nature of the support used during CNT synthesis plays an important role in influencing 

the activity of the catalyst. A number of factors need to be considered when choosing a 

support material, including thermal stability, solubility in acids/alcohol/water, surface area, 

etc.
41

 High surface area materials such as SiO2 and Al2O3 provide excellent supports for 
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catalytic CNT production.
42 

However, they are not easily removed and therefore purification 

of CNTs made from these supports remains a challenge.  

Undoped MWCNTs have been produced by decomposing a hydrocarbon gas (e.g. acetylene) 

over a metal catalyst supported on CaCO3 such as Ni/CaCO3,
43

 Co/CaCO3,
43,44

 Fe-

Co/CaCO3,
41,44 

and Fe/CaCO3.
44,45 

At the end of the reaction the CaO can be easily dissolved 

in dilute acids such as HNO3 and HCl.  Further, studies revealed that Fe-Co catalysts are 

more effective than either Fe or Co catalysts when supported on CaCO3.
46-49 

The success in 

using CaCO3 as a support suggested it could also be used to make N-MWCNTs.  

In this study, we report on a systematic synthesis of N-MWCNTs by the thermal 

decomposition of acetylene (C2H2) and acetonitrile (CH3CN) as the carbon and nitrogen 

sources over an Fe-Co/CaCO3 catalyst, under an N2 atmosphere. This study revealed the key 

roles played by CH3CN concentration and reaction temperature on the structure and quality 

of the materials formed that permit a control of nitrogen content in the N-MWCNTs. This 

work represents a continuation of earlier work in which an Fe-Co on CaCO3 was used to 

make undoped carbon nanotubes.
41

 

 

3.2 Experimental 

3.2.1 Catalyst preparation 

The Fe-Co/CaCO3 catalyst was prepared by an impregnation route using an aqueous mixture 

of Fe(NO3)3
.
9H2O and Co(NO3)2

.
6H2O.

41
 The two metal nitrates (purchased from Sigma-

Aldrich) were of analytical reagent grade and were used without further treatment. Calculated 

amounts of the metal nitrates were mixed and dissolved in distilled water to make a 0.3 M Fe-

Co (50:50 w/w) precursor solution. This precursor solution was added dropwise to the stirred 

CaCO3 and the mixture was left to stir for 30 minutes. The resulting metal-support mixture 

was then filtered and dried in an oven at 120 °C for 12 hours, cooled to room temperature, 

ground and sieved using a 150 µm mesh sieve. The catalyst was then calcined at 400 °C for 

16 hours in air to decompose the nitrates in the catalyst. The total loading of the Fe-Co 

catalyst on the CaCO3 was 5 mass %. These catalysts were completely characterized as 

reported in our earlier paper.
41 
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3.2.2 Fabrication and purification of N-MWCNTs 

N-MWCNTs were synthesized using a procedure similar to that reported by Mhlanga et al. 

for the synthesis of undoped MWCNTs.
41

 The syntheses were carried out in a tubular quartz 

reactor (51 cm x 1.9 cm i.d.) placed in a horizontal furnace. C2H2 (Afrox) and CH3CN 

(Sigma-Aldrich) were used as carbon and carbon/nitrogen sources, respectively. N2 (Afrox) 

was used as a carrier gas to dilute the C2H2 in order to decrease the contact time between 

C2H2 and the catalyst, and consequently reduce the formation of amorphous carbon.
50

 For 

each synthesis, 0.3 g of the catalyst was uniformly spread onto a quartz boat (120 mm x 15 

mm) which was then placed in the centre of the quartz tube. A series of experiments were 

performed, using different acetonitrile vaporization temperatures (room temperature, 50 °C 

and 80 °C) and different reaction temperatures (700, 750, 800, and 850 °C). The furnace was 

raised to a desired temperature at 10 °C/min under flowing N2 gas (40 ml/min) in the 

reaction. Once the desired temperature was reached, the N2 (240 ml/min) and C2H2 (100 

ml/min) were simultaneously bubbled through CH3CN for 1 hour. After this, the bubbling of 

the gases through CH3CN was stopped and the system was left to cool down to room 

temperature under N2 (40 ml/min). The quartz boat was then removed from the reactor and 

the carbon deposits that formed along with the catalyst were weighed. Other forms of carbon 

materials were made when the reaction and acetonitrile heating temperatures were set to 900 

°C and 80 °C, respectively. The resulting nitrogen-containing materials were purified using 

55% HNO3 under reflux in an oil bath held at 110 °C for 4 hours to remove the CaO, residual 

Fe-Co particles and introduce oxygen surface groups. The acid-treated carbon materials were 

then filtered and washed several times with distilled water (to remove the residual HNO3) 

until the pH of the filtrate was neutral. The nitrogen-containing materials were dried at 120 

°C for 12 hours. As-synthesized N-MWCNTs grown at 700-850 °C using CH3CNare denoted 

as 700, 750, 800, and 850, and the purified materials are denoted as 700P, 750P, 800P, and 

850P.  

3.2.3 Carbon yield calculation 

The yield was determined by estimating the amount of carbon reactants used and the amount 

of carbon produced. The carbon was contained in both reactants (C2H2, CH3CN). The yield 

was determined from the unpurified reactants produced. The yield calculated includes carbon 

formed as both CNTs and carbon spheres (CSs), (see Appendix A for calculations). 
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3.2.4 Characterization of N-MWCNTs 

The morphology and structural features of the nitrogen-containing nanotubes were 

ascertained by transmission electron microscopy (TEM) using a FEI Technai G
2
 Spirit 

electron microscope operated at 120 kV, scanning electron microscopy (SEM) using a FEI 

QUANTA 400 FEG ESEM at 5 kV, and Raman spectroscopy using a Jobin-Yvon T6400 

micro-Raman spectrometer equipped with a liquid nitrogen cooled charge coupled device 

detector. The thermal stability of the N-MWCNTs was investigated by thermogravimetric 

analysis (TGA) using a Perkin Elmer Pyris 1 TGA. About 10 mg of each sample was heated 

to 900 °C at a rate of 10 °C/min under air. The mass of all samples was kept constant (ca 10 

mg) in order to reduce the effects of variability in measurements. BET surface areas of the N-

MWCNTs (~ 200 mg for each measurement) were obtained through N2 adsorption using an 

ASAP 2000 Micrometrics TriStar Surface Area and Porosity Analyzer. The nitrogen 

concentration was determined by CN elemental analysis using a Carlo Erba NA 1500 

Nitrogen Carbon Sulphur Analyzer at the ARC - Institute for Soil, Climate and Water in 

Pretoria. The X-ray photoelectron spectroscopy (XPS) measurements were performed in a 

Thermo Scientific K-Alpha equipped with a monochromatic Al Kα X-ray source (1486 eV 

photons and 200 μm spot size), at the Department of Physics and Astronomy, Rutgers 

University, USA. 

 

3.3 Results and discussion 

3.3.1 Structural analysis of N-MWCNTs  

Figures 3.1-3.3 show TEM images of the nitrogen-containing CNTs prepared from 

acetonitrile at different temperatures. It was observed that the quality of the N-MWCNTs 

varied as the reaction temperature increased. All the N-MWCNTs synthesized at 700-750 °C 

were light and spongy in texture, while all the materials prepared at 800-850 °C were coarser 

in texture. As mentioned in the experimental section, the as-synthesized N-MWCNTs were 

purified with HNO3 to remove the CaO and residual Fe-Co particles. After purification, no 

significant changes to the structures and the sizes of the N-MWCNTs were observed. TEM 

analysis revealed that at all temperatures, the CNTs were  multiwalled, randomly arranged 

and were found to have open ends. These open-ended N-MWCNTs may be suitable for field 

emission studies.
51

 All the unpurified nanotubes formed contained no residual catalyst 
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particles in their tips, suggesting that they were made via a base-growth mode involving a 

strong interaction between Co-Fe particles and the CaO.
41,52

 

Nitrogen incorporation is evidenced by the presence of bamboo-like structures in which the 

inside of the tube is separated into a series of compartments (Figures 3.1-3.3). Doping leads 

to the introduction of defects and a higher degree of disorder in the graphite tubes.
26 

Evaluation of the TEM image compartment size indicates that the degree of doping increased 

at higher reaction and CH3CN temperatures. However, the observed increase in nitrogen 

incorporation with increase in growth temperatures above 750 °C contradicts other findings 

in the literature. The findings in the literature suggest that as the growth temperature 

increases, the nitrogen content decreases.
53,54 

The contradiction can be related to the 

difference in synthesis methods, catalysts, experimental parameters, and C and N precursors 

used in this study. The images also reveal that with the increase of temperature from 700-750 

°C (Figures 3.1a, 3.1b, 3.2a, 3.2b, 3.3a, and 3.3b) roughening of the outer N-MWCNTs 

surfaces is more prominent but roughening decreases as temperature increases from 800-850 

°C (Figures 3.1c, 3.1d, 3.2c, 3.2d, 3.3c, and 3.3d).  
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Figure 3.1: TEM images of the purified N-MWCNTs grown using CH3CN (r.t.) and reaction 

temperatures of (a) 700 °C, (b) 750 °C, (c) 800 °C and (d) 850 °C. 
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Figure 3.2: TEM images of the purified N-MWCNTs grown using CH3CN (50 °C) and 

reaction temperatures of (a) 700 °C, (b) 750 °C, (c) 800 °C and (d) 850 °C. 
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Figure 3.3: TEM images of the purified N-MWCNTs grown using CH3CN (80 °C) and 

reaction temperatures of (a) 700 °C, (b) 750 °C, (c) 800 °C and (d) 850 °C. 

 

At 700 °C the tubes appear to have rough thin walls and very few compartments. The 

percentage of nitrogen in these tubes is ~2.2% (see later). The N-MWCNTs grown at 750 °C 

at all CH3CN heating temperatures (room temperature to 80 °C; Figures 3.1b, 3.2b and 3.3b), 

have very rough surfaces and gave compartments that were separated by narrow shells, 

formed randomly and frequently. We attribute the very rough surface texture of the N-

MWCNTs at 700-750 °C to defect formation and possibly incomplete crystallization of the 

graphene sheets caused by lower growth temperature. TGA analysis of our N-MWCNTs 

grown at 700-750 °C showed no evidence of amorphous carbon (see later). At 800 °C 
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(Figures 3.1c, 3.2c, and 3.3c), as the CH3CN vaporization temperature increased from room 

temperature to 80 °C, the compartment layers occurred at regular distances and became more 

visible and appeared to be thick and curved. At 850 °C, as the CH3CN heating temperature 

increased from room temperature to 80 °C, the well curved thick compartment layers had 

shorter separation distances (Figures 3.1d, 3.2d, and 3.3d). The N-MWCNTs at 850 °C had a 

wide range of outer diameters that decreases with CH3CN heating temperature. At 850 °C 

carbon spheres (CSs) were observed, also with a wide range of diameters (see Table 3.1).  

Quantification of the above TEM observation was achieved by analysis of the nitrogen-

containing carbon nanotubes from the TEM images (supplementary Figures S1a-c in 

Appendix A and Table 3.1). The data reveal that at all CH3CN heating temperatures, as the 

synthesis temperature increases, the outer diameters of the N-MWCNTs also increase. As the 

growth temperature increased metallic catalyst particles agglomerated to form bigger 

particles which in turn generated larger diameters of the synthesized N-MWCNTs.
34

 On the 

other hand, the inner diameter measurements revealed no systematic trend with respect to 

synthesis and CH3CN temperatures. It is noted that at all CH3CN temperatures, the average 

outer diameters of the N-MWCNTs synthesized at 700, 750, 800 and 850 °C, are relatively 

uniform in size (±5 nm of the average value). 

Table 3.1: The effects of temperature on the outer diameter of the purified N-MWCNTs. 

 CH3CN  TEMPERATURE 

 r.t. 50 °C 80 °C 

Sample Size 

distribution 

(nm) 

Average 

diam. 

(nm) 

Type of 

material 

Size 

distribution 

(nm) 

Average 

diam. 

(nm) 

Type of 

material 

Size 

distribution 

(nm) 

Average 

diam. 

(nm) 

Type of 

material 

700 22-98 30 CNTs 22-118 30 CNTs 22-158 30 CNTs 

750 22-98 50 CNTs 22-138 50 CNTs 22-178 50 CNTs 

800 17-143 70 CNTs 22-158 70 CNTs 40-170 

75-350 

70 

100 

CNTs 

  CSs 

850 22-220 

100-450 

90 

150 

CNTs 

  CSs 

5-195 

80-450 

 

90 

130 

CNTs 

  CSs 

 

42-220 

200-450 

 

90 

250 

CNTs 

  CSs 
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Figure 3.4 and supplementary Figure S2 show representative SEM micrographs of the 

purified nitrogen-containing materials synthesized at 850 °C (using CH3CN at r.t. and 50 °C) 

and 800-850 °C (using CH3CN at 80 °C), respectively. The SEM images show that CSs were 

formed along with N-MWCNTs. The CSs were linked together in a necklace-like fashion, 

typical of CSs synthesized in the presence of hydrocarbons by CVD; in the absence of a 

catalyst.
55

 

Quantitative observation of TEM and SEM images of carbon produced at 850 °C indicates 

that the N-MWCNT/CS ratio varied with CH3CN heating temperature.  At room temperature 

the N-MWCNT/CS ratio was 70/30, at 50 °C it was 65/35 and at 80 °C it was 50/50. (At a 

reaction temperature of 800 °C, using CH3CN at 80 °C, the ratio was 60/40). The SEM 

images and Table 3.1 showed that (i) increasing CH3CN vaporization temperature gives CSs 

with a larger yield and diameters, (ii) increasing growth temperature gives CSs with a larger 

yield and larger diameters. This is consistent with previous reports that higher temperatures 

favour growth of carbon spheres.
56,57

 In independent studies, nitrogen-doped carbon spheres 

(N-CSs) have been synthesized in our laboratory using C2H2 and CH3CN without the use of a 

catalyst. This confirms that the CSs formed here have been produced via non-catalytic 

synthesis procedures and contain nitrogen. 

 

Figure 3.4: SEM images of the purified N-MWCNTs grown at 850 °C using CH3CN at: (a) 

r.t., (b) 50 °C. 
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3.3.2 Yield of N-MWCNTs 

In this study the yields have been determined from the amount of carbon deposited relative to 

the amount of carbon passed over the catalyts e.g. a yield of  16% was obtained at 800 
o
C. 

The yields are typical of N-CNT yields in these types of reactions. Yields are often quoted as 

the amount of product formed relative to the amount of catalyst used (a type of turn over 

number) and then the ‘yield’ can be > 1000%.
58

 In catalytic CVD procedures, higher 

temperatures are used to produce a higher carbon yield.
55

 However, at higher temperatures 

non-catalytic competing pathways can occur and in this study CSs formed together with the 

desired materials. The total yield of the as-synthesized nitrogen-containing materials 

increased as the synthesis temperature increased from 700-850 °C (Figure 3.5). At low 

reaction temperatures (700-750 °C), only small amounts of N-MWCNTs were formed. At 

higher temperatures (800-850 °C), the decomposition rate of C2H2 and CH3CN is faster and 

large amounts of N-MWCNTs and N-CSs were formed. An increased CH3CN content is seen 

to reduce the carbon yield (Figure 3.5). 
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Figure 3.5: Graph showing the amounts of N-MWCNTs grown at 700-850 °C using CH3CN   

at r.t., 50 °C and 80 °C. 
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3.3.3 BET surface area and pore volume analysis of N-MWCNTs 

The specific surface areas and pore volume of the purified N-MWCNTs are shown in Table 

3.2. The surface areas and pore volume of the purified N-MWCNTs decreased as (i) reaction 

temperature and (ii) CH3CN temperature increased from 700-850 °C and r.t. to 80 °C, 

respectively. The observed surface areas and pore volume of the N-MWCNTs are related to 

(i) the formation of oxidized functional groups on the surface of N-MWCNTs,
59,60 

(ii) the 

larger average diameters of the N-MWCNTs, which exhibit a lower external surface area at 

higher synthesis temperatures, (iii) the harder texture and (iv) the presence of low surface 

area N-CSs.  

 

Table 3.2: The BET surface areas and pore volume of the purified N-MWCNTs. 

 CH3CN  TEMPERATURE 

 r.t. 50 °C 80 °C 

Sample BET 

surface 

area (m
2
/g)  

Pore 

volume 

(cm
3
/g) 

BET 

surface 

area (m
2
/g) 

Pore 

volume 

(cm
3
/g) 

BET 

surface 

area (m
2
/g) 

Pore 

volume 

(cm
3
/g) 

700P 138.4 0.55 142.6 0.48 97.3 0.32 

750P 64.8 0.24 60.6 0.16 56.3 0.26 

800P 29.6 0.076 18.1 0.060 16.5 0.056 

850P 10.9 0.039 16.3 0.042 9.2 0.026 

 

3.3.4 Thermogravimetric analysis of N-MWCNTs 

The thermal stabilities of the as-synthesized and purified N-MWCNTs were evaluated using 

TGA under an air flow rate of 30 ml/min and a constant heating rate of 10 °C/min. TGA was 

also used to study the overall purity of the N-MWCNTs. Figures 3.6a-c show typical TGA 

profiles and the corresponding derivative curves of the as-synthesized N-MWCNTs made at 

700-850 °C using CH3CN at r.t., 50 °C and 80 °C. The TGA profiles of the purified N-

MWCNTs (denoted 700P-850P) are shown in supplementary Figures S3-S5. The maxima in 

the first order derivative plots of the TGA curves were used to estimate decomposition 

temperatures of the N-MWCNTs (Table 3.3).
61
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According to the literature, amorphous carbon typically oxidizes in air at temperatures below 

400 °C,
62,63 

whereas CNTs oxidize at higher temperatures, up to 800 °C.
64

 The TGA data 

showed that there was no mass loss below 400 °C, confirming (from TEM studies) that 

amorphous carbon was not observed in the as-synthesized N-MWCNTs. All N-MWCNTs 

synthesized at 700 °C (Figures 3.6a-c) showed weight gains at 455-553 °C due to the 

formation of metal oxide from incompletely oxidized catalysts.
65

 

Two weight loss derivative curves occur in the high temperature region for all the as-

synthesized N-MWCNTs and the peak positions vary with temperature. As seen from Table 

3.3, the first peak of the derivative plot occur at 587-700 °C for all the as-synthesized N-

MWCNTs and can be attributed to the degradation of N-MWCNTs while the second peak at 

737-768 °C can be attributed to other carbon crystalline materials such as graphitic soot,
66 

and possibly undoped MWCNTs. 

For all purified N-MWCNTs synthesized using CH3CN at r.t. and 50 °C, the carbon 

decomposition temperature generally increased as the reaction temperature increased from 

700-800 °C and decreased at 850 °C. Moreover, when the CH3CN heating temperature was 

kept at 80 °C, the decomposition temperature was more variable. Our TGA results generally 

agree with those reported in the literature. A number of reports suggested that an increase in 

nitrogen content gave rise to less thermally stable N-CNTs, due to more structural defects and 

disorderachieved by the introduction of reactive sites in the N-CNTs.
67,68
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Figure 3.6: TGA and corresponding derivative profiles of the as-synthesized N-MWCNTs 

using CH3CN at: (a) r.t., (b) 50 °C and (c) 80 °C. 
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Table 3.3: Decomposition temperatures and residual masses (determined by TGA) of the as-

synthesized and purified N-MWCNTs. 

 CH3CN  TEMPERATURE 

 r.t. 50 °C 80 °C 

Sample Decomposition 

temperature (°C) 

Residual 

mass (%) 

Decomposition 

temperature (°C) 

Residual 

mass (%) 

Decomposition 

temperature (°C) 

Residual 

mass (%) 

700 587 56 611 49 623 48 

700P 582 3.1 591 1.4 601 5.9 

750 684 24 674 28 671 34 

750P 662 0.38 626 3.4 636 2.0 

800 697 8.9 703 13 668 18 

800P 633 0 687 5.2 598 9.0 

850 652 6.0 645 5.6 660 12 

850P 626 0.38 668 2.0 658 1.5 

 

The general drop in decomposition temperature at 850 
o
C is associated with the presence of a 

mixture of N-MWCNTs and CSs in the products (see Table 3.3). Usually small diameter 

CNTs or small bundles of the CNTs have lower combustion temperatures.
69

 It is evident from 

our results that lower diameter N-MWCNTs, formed at a low growth temperature, 

decompose at a lower temperature than the large diameter N-MWCNTs prepared at a high 

growth temperature.
70

 The results in Table 3.3 indicate a significant effect of CH3CN 

vaporization temperature on the decomposition temperature of the as-synthesized N-

MWCNTs. As can be seen, the as-synthesized N-MWCNTs at 700 °C show ~ 50% impurities 

(mainly Fe-Co/CaCO3 ) but the yield of the impurities decreased as the synthesis temperature 

increased to 850 °C (~ 6% impurities). A large amount of the residual metal catalyst particles 

(Fe2O3 and Co3O4) was observed at lower synthesis temperatures at all CH3CN heating 

temperatures.  

The weight loss derivative curves of the purified N-MWCNTs (supplementary Figures S3-

S5) showed noweight gains due to metal oxide formation, indicating that HNO3 was effective 

in removing Co and Fe from the N-MWCNTs. It was also observed that after acid-treatment 

of all N-MWCNTs, the amount of residual catalyst decreased as the synthesis temperature 
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increased, suggesting that the residual Fe2O3 and Co3O4 catalyst particles were mostly 

removed. As shown in Table 3.3 and supplementary Figures S3-S5, the acid-treated N-

MWCNTs oxidized earlier than the as-synthesized N-MWCNTs. This can be attributed to the 

presence of -OH and -COOH functional groups on the tubes, which assist the decomposition 

of the CNTs.  

3.3.5 Elemental (C and N) analysis of N-MWCNTs 

The purified nitrogen-containing carbon nanomaterials were also characterized by C and N 

elemental analysis. CN analysis confirmed the presence of nitrogen in the N-MWCNTs 

(Table 3.4). It is clear from the data that as the synthesis temperature increased (700 to 800 

°C), the percentage of N inserted into the N-MWCNTs decreased and then increased. This 

arises from two effects: As the temperature increases the N doping of the CNTs decreases.
49, 

53
 However, at the higher temperatures, CSs form that also contain nitrogen. In independent 

studies,
71

 it was shown that the N content of CSs increased slightly with increasing 

temperature. Thus, the two effects operate in opposite directions to give the results seen. 

The data also showed that at 700 °C and 750 °C, as CH3CN vaporization temperature 

increased (r.t. to 80 °C) the N concentration  showed little variation, suggesting that the 

C2H2/CH3CN ratio had little effect on the N-MWCNT growth.   

 

Table 3.4: CN elemental analysis of the purified N-MWCNTs. 

 
CH3CN  TEMPERATURE 

 r.t. 

Atomic % 

50 °C 

Atomic % 

80 °C 

Atomic % 

Sample C N C N C N 

700P 78.24 2.23 86.58 2.16 84.78 2.14 

750P 88.89 1.44 86.91 1.76 89.82 1.68 

800P 91.11 1.98 87.85 2.22 82.90 2.81 

850P 88.39 3.46 94.55 3.64 87.18 4.18 
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3.3.6 Raman spectroscopy analysis of N-MWCNTs 

Raman spectroscopy is an effective tool to analyze the crystallinity and the defects in carbon 

structures.
72

 Raman spectroscopy was used to provide information on the degree of structural 

defects in N-MWCNTs (supplementary Figures S6-S8). The Raman spectra (also, see Table 

5) show two main bands at approximately 1350-1360 cm
-1

 (D-band) and approximately 1590-

1600 cm
-1

 (G-band), which are characteristic of MWCNTs. The D-band is associated with 

defects and impurities in the CNTs. The G-band corresponds to the stretching mode of the C-

C bond in the graphite plane. The area ratio of the D- to G-bands (ID/IG) allows for a 

comparison of defects in the N-MWCNTs. A high ID/IG ratio indicates more defects present 

inside the carbon layers of CNTs. The results indicate that as the reaction temperature 

increases the degree of disorder increases, correlating with the higher nitrogen content (Table 

3.4).  

Table 3.5: The D-, G-bands and ID/IG ratios of the as-synthesized and purified N-MWCNTs. 

 CH3CN  TEMPERATURE 

 r.t. 50 °C 80 °C 

Sample D-band 

(cm
-1

) 

G-band 

(cm
-1

) 

ID/IG 

ratio 

D-band 

(cm
-1

) 

G-band 

(cm
-1

) 

ID/IG 

ratio 

D-band 

(cm
-1

) 

G-band 

(cm
-1

) 

ID/IG 

ratio 

700 1352 1598 1.43 1352 1601 1.31 1354 1600 1.05 

700P 1355 1595 1.44 1353 1595 1.48 1355 1597 1.52 

750 1355 1600 1.41 1354 1597 1.48 1357 1601 1.47 

750P 1354 1595 1.52 1352 1593 1.65 1363 1602 1.52 

800 1361 1600 2.20 1360 1598 1.75 1361 1597 2.53 

800P 1362 1599 1.72 1361 1594 1.87 1368 1604 1.92 

850 1359 1592 2.15 1351 1614 1.68 1358 1591 1.55 

850P 1359 1596 2.14 1355 1614 2.02 1360 1596 2.04 

 

3.3.7 XPS analysis of purified N-MWCNTs grown at 800 °C using CH3CN at r.t. 

XPS was used to determine the nitrogen-doping level and the types of N-moieties in the N-

MWCNTs grown at 800 °C using CH3CN at r.t. According to van Dommele and co-

workers,
73

 nitrogen can be incorporated into the CNT lattice in different bonding 



43 | P a g e  

# Z.N. Tetana, S.D. Mhlanga, G. Bepete, R.W.M. Krause, N.J. Coville, S. Afr. J. Chem., 2012, 65, 39-49.  
 

 

configurations (Figure 3.7); namely, (A) pyridinic oxides: which are attributed to oxidized 

nitrogen on the graphite layers, (B) pyridine-like N: where the N atom is sp
2
 hybridized, 

bonding to two C atoms, (C) pyrrole-like N: where the N is sp
3
 hybridized in a five-

membered ring, and (D) quaternary/graphitic/substitutional N: where a graphitic carbon atom 

is substituted by a N atom in the graphitic sheet.
 

XPS spectra of the purified N-MWCNTs grown at 800 °C using CH3CN at r.t. are displayed 

in supplementary Figure S9 and the results of the peak analysis are summarized in Table 3.6. 

Figure 3.8 shows the high-resolution N 1s XPS spectrum, which indicates the presence of 

nitrogen-based species on the N-MWCNTs. The N 1s peak can be deconvoluted into three 

peaks, representing molecular nitrogen intercalated within the walls or within the inner cavity 

of the CNTs (molecular N2 at 405 eV)
74

, quaternary nitrogen (NQ at 401 eV) and pyridinic 

nitrogen (NP at 398 eV).
75 

The analysis of the N 1s spectra reveals that N atoms in the outer 

layer mainly exist as molecular N2 (0.76%). The N 1s peak also showed quaternary N 

(0.35%) with a small portion of pyridinic N (0.21%). This result is in line with other 

observations reported in the literature.
73,74,76 

For example, van Dommele and co-workers,
73

 

when using CH3CN and pyridine as N sources over Fe, Co or Ni supported on Al2O3 or SiO2, 

established that quaternary nitrogen was found when nitrogen-doped CNTs were grown at 

high temperatures (750 and 850 °C), while pyridinic nitrogen was predominantly present at a 

lower temperature (550 °C). In addition, Yadav and co-workers
53 

also established the 

presence of quaternary N when they synthesized bamboo-shaped CNTs using spray pyrolysis 

of ferrocene/acetonitrile solution at 850-950 °C. The total concentration of N from XPS 

analysis was 1.32% (Table 3.6), consistent with the results of our CN elemental analysis 

(1.98%, Table 3.4). Generally, an XPS spectrum mainly reflects the information of the outer 

layer of the measured sample. The combination of XPS and CN analysis results here suggests 

that nitrogen atoms appear uniformly doped from the interior to the surface of the N-

MWCNT structure. 
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Figure 3.7: Types of nitrogen-based species that can be incorporated into graphitic carbon: 

A) oxidised pyridinic, B) pyridinic, C) pyrrolic, D) quaternary.
73

 

 

Carbon and oxygen were also identified by XPS analysis (Table 3.6, peaks at about 285-289 

eV and 531-533 eV, respectively). The strong C 1s peak at 284.7 eV can be assigned to sp
2
 

hybridized carbon (C-C bond) which is the major component in the N-MWCNTs. This value 

is similar to the previously reported for the N-CNTs by Ayala and co-workers.
75

 The peaks at 

about 287 and 289 eV can be assigned to C-N bonding species
75 

and O=C-O bond, 

respectively, due to the functionalization of N-MWCNTs by HNO3. The O 1s peak at about 

532 eV can be assigned to C-O and O-H bonds, also due to functionalization of N-MWCNTs 

by HNO3. The oxygen peak is associated with C-O functionalities due to the oxygen 

absorbed on the surface of the CNTs,
77

 the substrate on which the nanotubes were grown
78

 

and exposure of the sample to atmospheric air.
79
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Figure 3.8: Deconvoluted N 1s XPS spectra of the purified N-MWCNTs synthesized at 800 

°C using CH3CN at r.t. 

 

 

 

Table 3.6: XPS analysis of the purified N-MWCNTs grown at 800 °C using CH3CN at r.t. 

BINDING ENERGY (eV) (and atomic concentration (%)) 

C N O 

284.70 (71.01%) 

 

398.68 (0.21%) 531.81 (5.67%) 

 

288.56 (4.64%) 

 

401.45 (0.35%) 533.61 (2.5%) 

 

287.19 (2.26%) 

 

404.98 (0.76%) 532.91 (2.76%) 

 

286.12 (9.84%)   
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3.4 Conclusions 

Our results describe a simple method to make good yields of nitrogen-containing multiwalled 

carbon nanotubes with known nitrogen content. We have successfully synthesized nitrogen-

doped carbon nanotubes by the catalytic pyrolysis of acetonitrile over a CaCO3 supported Fe-

Co catalyst. The CNTs formed were mostly multi-walled and bamboo-shaped. At higher 

temperatures (800-850 °C) a mixture of N-MWCNTs and CSs was observed. It is obvious 

that an increase in CH3CN vaporization temperature plays a role in the formation of the 

nitrogen-containing materials. The study shows that the best conditions for the synthesis of 

high quality N-MWCNTs in good yields are 800 °C and a r.t. CH3CN vaporization 

temperature, as the conditions give pure N-MWCNTs in good yield. The presence of nitrogen 

in all N-MWCNTs was confirmed by CN elemental analysis. The results showed that N-

doping increased with an increase in CH3CN vaporization temperature.  

XPS results revealed that the nitrogen atoms were successfully doped inside the carbon walls 

and are trigonally bonded to graphitic carbon atoms. CN analysis and XPS data suggested 

that nitrogen atoms were uniformly doped throughout the N-MWCNT structure. At high 

synthesis temperatures, nitrogen incorporation into carbon is higher than for samples 

synthesized at low temperatures. This can be related to the higher number of defects in their 

structure, as confirmed by Raman spectroscopy. It has been shown that the properties of N-

MWCNTs, i.e., the level and the type of nitrogen-doping, surface area, diameter, quality and 

thermal stability, can be tuned by changing the growth and CH3CN temperatures. The high 

surface area and thermal stability properties of the N-MWCNTs provide advantages for the 

N-MWCNTs to be used in several applications in catalysis. The N-MWCNTs synthesized are 

suitable for use as catalyst supports for the synthesis of chemicals, in water purification, as 

well as in fuel cell and solar cell applications. The method used here is environmentally 

friendly and suitable for large scale production of N-MWCNTs.  

This work has shown that N-doped MWCNTs can be synthesized over an Fe-Co/CaCO3 

catalyst, suggesting that this method could be used to make other doped CNTs. The study 

shows that operating conditions need to be clearly established. Nitrogen-doping of the CNTs 

are limited to ~2% using this procedure. 
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Appendix A: Supplementary material 

 

Carbon yield calculation 
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Figure S1a: Diameter distributions of the purified N-MWCNTs grown at 700-850 °C using 

CH3CN at r.t. 
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Figure S1b: Diameter distributions of the purified N-MWCNTs grown at 700-850 °C using 

CH3CN at 50 °C. 
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Figure S1c: Diameter distributions of the purified N-MWCNTs grown at 700-850 °C using 

CH3CN at 80 °C. 
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Figure S2: SEM images of the purified N-MWCNTs grown using CH3CN at 80 °C: (a) 800 

°C and (b) 850 °C. 
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Figure S3: TGA curves of the as-synthesized and purified N-MWCNTs grown at 700-850 °C 

using CH3CN at r.t. 
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Figure S4: TGA curves of the as-synthesized and purified N-MWCNTs grown at 700-850 °C 

using CH3CN at 50 °C. 
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Figure S5: TGA curves of the as-synthesized and purified N-MWCNTs grown at 700-850 °C 

using CH3CN at 80 °C. 
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Figure S6: Raman spectra of the purified (700P-850P) and as-synthesized (700-850, inset) 

N-MWCNTs using CH3CN at r.t. 
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Figure S7: Raman spectra of the purified (700P-850P) and as-synthesized (700-850, inset) 

N-MWCNTs using CH3CN at 50 °C. 
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Figure S8: Raman spectra of the purified (700P-850P) and as-synthesized (700-850, inset) 

N-MWCNTs using CH3CN at 80 °C. 
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Figure S9: XPS spectra of the purified N-MWCNTs synthesized at 800 °C using CH3CN at 

r.t. 
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CHAPTER 4 

Large-scale Synthesis of Nitrogen-Doped Carbon Spheres (N-CSs) using a 

vertical CVD reactor 

___________________________________________________________ 

4.1. Introduction 

In recent years, nitrogen-containing carbon materials have attracted much interest because the 

presence of nitrogen atoms generate materials that can be used as catalyst supports,
1-4

 

electrodes for lithium secondary batteries,
5,6 

electrical double layer capacitors,
7-10

 etc. 

Nitrogen is an n-type dopant.  Due to its atomic size being similar to that of carbon,
11

 it can 

readily be incorporated into carbon structures. The introduction of nitrogen into carbon 

materials is a useful method of altering the physical, chemical, mechanical and electronic 

properties of carbon materials. For example, properties such as basicity, oxidation stability
12-

14
 and enhanced electrocatalytic activity for fuel cells applications

15
 are realized when 

nitrogen atoms are incorporated into carbon materials.  

A number of synthetic procedures have been employed in the synthesis of nitrogen-

containing carbon materials. These include in situ doping of carbon materials using nitrogen-

containing precursors such as ammonia,
16,17

 acetonitrile,
14,18,19

 melamine,
20

 pyrrole
21

 or 

polyaniline,
 22,23 

as well as post-treatment of carbon materials with NH3
24,25 

or amines,
26

 etc. 

In situ doping of carbon materials is preferred as it results in a homogeneous incorporation of 

nitrogen into the carbon material with a controlled chemistry. Many efforts have been made 

to synthesize nitrogen-doped carbon materials using this method. Nitrogen-doped carbon 

nanotubes (CNTs),
18,20,27

 nitrogen-doped carbon nanofibers,
28,29

 nitrogen-doped hollow 

carbon spheres
30,31,32

 and nitrogen-doped solid carbon spheres,
1,33,34 

have all been synthesized 

by methods that are similar to the synthesis of their undoped counterparts, but using nitrogen-

containing precursors. Various synthesis methods have been used to make undoped and 

nitrogen-doped carbon materials. Among the synthesis routes used, the chemical vapour 

deposition (CVD) method is the most attractive because it is considered to be the best method 

to produce bulk amounts of carbon materials and it also offers better control over growth 

parameters.
35

 Compared with high temperature arc-discharge and laser methods, CVD is a 

simple and economic technique for synthesizing carbon materials at relatively low 

temperature and at ambient pressure. 
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There are two types of CVD furnaces commonly used to make carbon materials, one has a 

horizontal configuration and the second has a vertical configuration. The horizontal furnaces 

are most popular. On the other hand, the vertical furnaces are known to have advantages over 

horizontal reactors because they are usually employed for the continuous mass production of 

carbon materials.
1b 

Further, compared to the horizontal furnace, the residence time of carbon 

materials in a vertical furnace is relatively short. 

The synthesis of solid undoped carbon spheres (CSs) and nitrogen-doped carbon spheres (N-

CSs) have been reported by many researchers using the CVD method. CSs have been 

prepared by the pyrolysis of hydrocarbons in the presence of a catalyst. For example, Miao et 

al.
36

 reported the synthesis of CSs at 650 °C using transition metal catalysts deposited on a 

hydrated aluminium silicate support. Lei and co-workers
37

 also synthesized CSs (ranging 

from 600-1250 nm) by catalytic CVD using C2H2 as the carbon source and non-magnetic 

metal complexes of La, Nb, and Ti as catalyst supported by kaolin. Pyrolysis of 

organometallic complexes such as ferrocene (10 wt%) in pentane solution at 900-1000 °C,
38

 

ferrocene and anthracene mixture at 800-1000 °C,
39

 as well as vanadium β-diketonenate with 

C2H2 at 700 °C,
40

 have also been used as catalysts to generate CSs.  

More importantly, CSs and N-CSs can be synthesized by the pyrolysis of hydrocarbons 

without using a catalyst. For example, Nieto-Marquez and co-workers
33

 synthesized 

uniformly sized CSs and N-CSs (2.1-3.4 at.% N) from the direct pyrolysis of benzene, aniline 

or  nitrobenzene at 950 °C for up to 2 hours in the absence of a catalyst. The diameter range 

(200-1000 nm) of their CSs did not seem to be sensitive to pyrolysis time or to the nature of 

the precursor.  

Recently, Xiong and co-workers
34

 reported the synthesis of CSs and N-CSs (ca. 700 nm, ~ 2 

wt% N) by a horizontal CVD method through the pyrolysis of C2H2 (100 ml/min) and using 

25% NH3 solution as the nitrogen source (900 °C for 1 hour). The synthesis of N-CSs (1-1.5 

wt% N, 400-750 nm diameter range) using a horizontal CVD reactor has also been 

demonstrated by Deshmukh et al.
1a

 who used C2H2 as a carbon source and ammonium 

hydroxide or acetonitrile solution as a nitrogen/carbon source. In their synthesis of N-CSs, 

C2H2 was bubbled through ammonium hydroxide or acetonitrile solution at a carbonization 

temperature of 900 °C for 2 hours. Lazo-Cannata and co-workers
41

 synthesized undoped CSs 

at 950 °C for 2 hours from the pyrolysis of benzene as carbon source and He (150 ml/min) as 

an inert gas. The produced CSs with diameters in the range 300-500 nm (average ~400 nm) 
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were successfully used in the absorption of phenol and nitrophenols. Qian and co-workers
42

 

used toluene as a precursor for the synthesis of CSs and the diameters and morphologies of 

the materials were linked to the carrier gas in a non-catalytic CVD approach.  More recently, 

Mhlanga et al.
43

 used a horizontal furnace to produce high yields of microspheres with 

diameters ranging from 300-1900 nm (with about 90% in the range of 800-1000 nm) through 

direct pyrolysis of acetylene at a flow rate of 100 ml/min over a wide temperature range (600-

1000 °C) for 2 hours. 

Undoped spheres can also be synthesized in a non-catalyst vertical CVD reactor. Wu and co-

workers
44

 used a vertical CVD reactor to prepare undoped carbon spheres using C2H2 (100 

ml/min) as the carbon source and N2 (1000 ml/min) as the carrier gas without any catalyst. 

The produced CSs were collected in a stainless steel collector mounted at the bottom of the 

reactor, and had diameters in the range 200-500 nm and were perfectly spherical in shape 

with rough surfaces.  Previously, Mhlanga et al.
45

 have also reported the controlled syntheses 

of CSs (50-250 nm) in a swirled floating catalytic vertical CVD reactor. Their reactor 

consisted of a vertical quartz tube inside a furnace. Carbon feedstock and carrier gas were 

uniformly mixed together with the aid of a swirled coiled mixer. The upper end of the reactor 

was connected to a condenser which led to two delivery cyclones where the CSs produced 

were collected. The CS production rate was found to increase with an increase in pyrolysis 

temperature (900-1000 °C) and with flow rates of the C2H2 (70-370 ml/min) and Ar (70-480 

ml/min). Mamo et al.
46

 also synthesized undoped CSs (124±13 nm) using a vertical CVD 

reactor by the pyrolysis of C2H2 (100 ml/min) at 900 °C. The carbon source and carrier gas 

(Ar, 100 ml/min) were introduced at the top of a vertically aligned tube furnace and the CSs 

were grown during passage through the heating zone and the material was collected in a 500 

ml round bottom flask. However, to the best of our knowledge, N-doped CSs have not been 

synthesized using a vertical CVD reactor in the absence of a catalyst.  

Herein, we report that high yields of N-CSs (and CSs) can be obtained by the pyrolysis of 

C2H2/CH3CN (or C2H2), at 900 °C by means of a vertical CVD reactor. Argon was utilized as 

both an inert carrier gas to prevent oxidation of the carbon, and a diluent gas in order to lower 

the deposition rate of the C2H2 during the reaction. In this study we present the effects of 

using different gas flow rates and reactant concentrations on the large scale synthesis of N-

doped CSs (and undoped CSs) with varying diameters.  
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It is important to mention that a blank run was performed whereby acetonitrile was used as 

sole C and N sources. The reaction produced no carbon. Acetonitrile as sole C and N sources 

is usually employed in catalytic CVD methods to make good yields of CNTs by the pyrolysis 

of CH3CN over metal catalysts,
47

 or in template-assisted growth of hollow N-doped CSs, in 

which carbon and nitrogen deposition occurs on the surface of the silica spheres.
48

 It seems 

like the pyrolysis of sole CH3CN is simple in the presence of a catalyst or silica spheres, in 

which C and N atoms diffuse into the catalyst to contribute to the growth of N-doped CNTs 

or hollow N-CSs. Nitrogen-doped CNTs have also been successfully prepared using CH3CN 

with ferrocene 
49

 and CH3CN with xylene.
50

 In the case of non-catalytic CVD growth of N-

CSs, CH3CN has been used with C2H2 to synthesize good yields of N-CSs.
1a 

However, when 

we used CH3CN only, the reaction yielded no carbon product; hence we decided to use 

CH3CN and C2H2 as an additional carbon source to enhance N-CSs growth reported here.  

 

There are two types of furnace modality, one is a horizontal configuration and the second is a 

vertical configuration. The application of horizontal furnace is the most popular. Here the 

catalyst is placed in a ceramic or quartz boat which is put into a quartz tube. The reaction 

mixture containing a source of hydrocarbon and an inert gas is passed over the catalyst bed at 

temperatures ranging from 500 °C to 1100 °C. The system is then cooled down to room 

temperature. The vertical furnace configuration is usually employed for the continuous mass 

production of carbon fibers/nanotubes.   

 

4.2 Experimental 

4.2.1 Synthesis of CSs and N-CSs 

The synthesis of the CSs and N-CSs was based on that reported by Mamo and co-workers
46

 

for the synthesis of undoped CSs. The synthesis of the materials was carried out in a tubular 

quartz reactor (having dimensions 1.5 m x 32 mm o.d) placed in a vertical CVD furnace. 

C2H2 (Afrox), Ar (Afrox) and CH3CN (Sigma-Aldrich) were used as carbon, carrier gas and 

carbon/nitrogen sources, respectively. The furnace was raised to 900 °C at 10 °C/min under 

flowing Ar gas (40 ml/min). For the synthesis of N-CSs, the Ar (240 ml/min) and C2H2 (300 

ml/min) were simultaneously bubbled through CH3CN (heated to 80 °C) and were allowed to 

flow from top to bottom through the quartz tube for 1 hour and the carbon material was 

collected in a 500 ml round bottom flask. After this, the bubbling of the gases through 
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CH3CN was stopped and the system was left to cool down to room temperature under an Ar 

atmosphere. The product (denoted here as N-CSs-540) was removed from the round bottom 

flask and weighed. Other nitrogen-doped CSs (denoted here as N-CSs-140) were grown by 

the same procedure but using different Ar (40 ml/min) and C2H2 (100 ml/min) flow rates. 

For the synthesis of the undoped CSs, a similar procedure used for the synthesis of N-CSs 

was used but without the presence of CH3CN. The materials were produced in good yields 

and are denoted as CSs-140 and CSs-540 for the materials grown at a total gas flow rate of 

140 ml/min and 540 ml/min, respectively. The as-grown spheres were purified by Soxhlet 

apparatus by extraction with toluene for about 6 hours, to remove impurities such as the 

polycyclic aromatic hydrocarbons formed during the reaction, and then dried at 120 °C for 12 

hours. The percentage yields of the synthesized undoped and N-doped CSs were calculated 

using the formula:  

        
                           

                                                
      

 

4.2.2 Characterization of CSs and N-CSs 

The morphology and structural features of the undoped and nitrogen-doped carbon spheres 

were ascertained by transmission electron microscopy (TEM) using a FEI Technai G
2
 Spirit 

electron microscope operated at 120 kV, and Raman spectroscopy using a Jobin-Yvon T6400 

micro-Raman spectrometer equipped with a liquid nitrogen cooled charge coupled device 

detector. The thermal stability of the produced carbon materials was investigated by 

thermogravimetric analysis (TGA) using a Perkin Elmer Pyris 1 TGA. About 10 mg of the 

samples were heated to 900 °C at a rate of 10 °C/min under air. The mass of CSs and N-CSs 

was kept constant (ca 10 mg) in order to reduce the effects of variability in measurements. 

BET surface areas of the carbon materials (~ 200 mg for each measurement) were obtained 

through N2 adsorption using an ASAP 2000 Micrometrics TriStar Surface Area and Porosity 

Analyzer. The nitrogen concentration in the N-CSs was determined by CN elemental analysis 

using a Carlo Erba NA 1500 Nitrogen Carbon Sulphur Analyzer at the Agricultural Research 

Center, Institute for Soil, Climate and Water in Pretoria. The X-ray photoelectron 

spectroscopy (XPS) measurements were obtained on a Quantum 2000 Physical Electronics 

spectrometer (National Metrology Institute of South Africa (NMISA), Pretoria) equipped 

with a monochromatic Al Kα X-ray source (1486 eV) operated at 20 W. X-ray diffraction 
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(XRD) studies were performed on a Bruker D2 phaser equipped with Cu-Kα radiation (λ = 

1.5406 Å), and the operation voltage and current were maintained at 30 kV and 10 mA, 

respectively. The XRD patterns were recorded in the range 10 °< 2θ <90 ° with a step size of 

0.040 ° and a time of 1 s per step. 

 

4.3 Results and discussion 

The synthesis of undoped and N-doped CSs was achieved by the direct pyrolysis of C2H2 and 

C2H2/CH3CN, respectively, at 900 °C for 1 hour via a vertically aligned furnace without 

using a catalyst. In this study, the effects of using different gas flow rates during the reactions 

and the properties of the resulting CSs and N-CSs are discussed. The as prepared CSs and N-

Cs were all obtained in good yields (see Table 4.1). The reported yields are based on the mass 

of the spheres obtained after the reactions. The carbon percentage yields of the carbonaceous 

materials were also calculated to be in the 15-28% range (Table 4.1). It is noted that nitrogen-

doped CSs gave lower percentage yield when compared to undoped CSs. The lower yield 

suggested that the addition of CH3CN inhibited the nucleation of N-CSs. As compared to 

other results reported in the literature, the results indicate that the higher the flow rate of the 

carbon source and carrier gas the more spheres produced at a given time. To be specific, 

Deshmukh et al.
1a

 obtained 0.5 g of N-CSs via the pyrolysis of CH3CN and C2H2 (100 

ml/min) at 900 °C for 2 hours in a horizontal reactor. Our reported yields here are in close 

agreement with the yield of CSs synthesized using a vertical furnace reported by Wu et al.
44 

In their study, they obtained about 1.5 g/hour of CSs under the reaction conditions mentioned 

in the introduction, in which the yield was calculated to be 26%, using the same formula in 

Section 2.1. 

Table 4.1: Carbon yields of the CSs and N-CSs. 

Sample ID Total weight after reaction (g)
 a
 Carbon yield (%)

b
 

N-CSs-540 4.05 15.4 

CSs-540 3.85 19.8 

N-CSs-140 2.28 18.4 

CSs-140 1.81 28.0 

a
 Mass of the product after the reaction (1 hour); 

b
Calculated percentage carbon yield based 

on the starting materials 
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4.3.1 Structural analysis of the carbon spheres 

4.3.1.1 TEM analysis  

The morphology and structural features of the carbon materials (CSs and N-CSs) was 

examined by TEM (Figure 4.1). The TEM images reveal that the CSs were solid, spherical 

and have smooth surfaces. It can be observed that the CSs and N-CSs overlap each other and 

are linked together (accreted) to form a chain-like morphology. The diameter distribution of 

all the synthesized CSs and N-CSs were determined from TEM images, by measuring the 

diameters of about 150 carbon materials from each sample (Figures 4.2 and 4.3). The 

diameter histograms plotted in Figures 4.2 and 4.3 show diameters of 125 nm (55-420 nm 

range) for CSs-540 and also 125 nm (70-310 nm range) for N-CSs-540. On the other hand, 

the CSs-140 and N-CSs-140 both show larger average diameters of 450 nm with diameter 

distribution of 250-1050 nm. It is evident from the analysis of the diameter distribution that 

the method for synthesizing undoped CSs and N-doped CSs at higher gas flow rates produce 

smaller sized CSs and N-CSs, compared to lower gas flow rates and other carbon spheres as 

previously reported.
1,34,43

 The CSs-140 and N-CSs-140 were found to be structurally more 

uniform in size that the CSs-540 and N-CSs-540. Interestingly, the addition of CH3CN did 

not have a major impact on the carbon sphere diameter at the same total gas flow rate (e.g. 

CSs-540 vs. N-CSs-540).  
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Figure 4.1: TEM images of the undoped CSs and N-doped CSs obtained at total constant gas 

flow rates of 140 and 540 ml/min. 
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Figure 4.2: Diameter distribution of N-CSs synthesized at total constant gas flow rates of 

140 and 540 ml/min. 
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Figure 4.3: Diameter distribution of CSs synthesized at total constant gas flow rates of 140 

and 540 ml/min. 
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4.3.1.2 XRD and Raman analysis of the CSs and N-CSs 

XRD and Raman analysis were used to determine the degree of graphitization of the carbon 

materials. The XRD patterns of the synthesized carbon materials are shown in Figure 4.4. 

The diffraction peaks at around 25.2° and 43.6° in 2θ can be seen in all samples. These two 

broad peaks could be assigned to (002) and (100) planes of carbon materials, respectively. 

The broadness of both diffraction peaks and the weakness of the (100) in all samples suggest 

turbostratic structures of CSs with highly disordered amorphous carbon and randomly 

oriented graphene layers.
32

 An interesting observation in the XRD patterns is that N-CSs-540 

exhibits a weaker peak at 43.6° in 2θ as compared to other carbon spheres examined in this 

study. This is related to carbon materials containing weakly ordered graphitic structures,
32 

probably due to the high nitrogen content.  
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Figure 4.4: XRD patterns of the synthesized CSs and N-CSs. 

 

Figure 4.5 shows the Raman spectra of the synthesized carbon spheres. The broader D and 

narrower G bands are predominant features in the spectra. The peak at around 1350 cm
-1

 

(disorder-induced D band) is associated with the presence of structural defects and disorder 
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of carbon materials, whereas the peak at 1580-1600 cm
-1

 (G band) is related to the vibration 

of sp
2
-bonded carbon atoms in a 2-D hexagonal lattice, resulting from the stretching modes of 

C=C bonds of graphite. We observed that nitrogen doping resulted in more broadening and 

shift of the D-band position to higher wavenumbers, as seen from Table 4.2. Figure 4.5 

shows that the intensity of the G band is higher with respect to that of the D band in all the 

samples. This finding is unusual in nitrogen doped carbons. Some studies reported a strong 

and broad D band with respect to G band caused by the structural defects due to nitrogen 

incorporation.
27c 

A more detailed evaluation was obtained after deconvolution of the bands 

(see Supplementary Figures S1-4). The analysis of the deconvoluted Raman spectra for all 

CSs and N-CSs showed a strong D band compared to a G band. Thus, Figures S1-4 

confirmed the presence of defects in all the carbon structures.  

The intensity of the D band divided by the intensity of the G band (ID/IG ratio) is usually used 

to evaluate the graphitic nature and quality of the carbon materials. The ID/IG ratios shown in 

Table 4.2 were calculated after the deconvolution of the Raman spectra in Supplementary 

Figures S1-4. The ID/IG ratios for the CSs-140, N-CSs-140, CSs-540, N-CSs-540 were found 

to be 1.05, 1.24, 1.27 and 1.29, respectively. This implies that the undoped and the nitrogen-

doped CSs have many defects and low graphitized degree of order. In addition, more disorder 

was observed when nitrogen was added. This strongly supports the findings from the XRD 

analysis in Figure 4.4.  
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Figure 4.5:  Raman spectra of the CSs and N-CSs. 

 

Table 4.2: Decomposition temperatures (determined by TGA), Raman shifts, ID/IG ratios, 

BET surface areas and pore volume data of the CSs and N-doped CSs. 

Sample ID Decomposition 

temperature 

(°C) 

D-band 

(cm
-1

) 

G-band 

(cm
-1

) 

ID/IG 

ratio 

Surface 

area 

(m
2
/g) 

Pore 

volume 

(cm
3
/g) 

N-CSs-540 606, 811 1350 1587 1.29 11.8 0.026 

CSs-540 597 1347 1588 1.27 11.1 0.023 

N-CSs-140 612 1347 1586 1.24 7.3 0.015 

CSs-140 594 1342 1586 1.05 5.9 0.013 

 

4.3.1.3 BET surface area and pore volume analysis of CSs and N-CSs  

The BET analysis was used to calculate the surface areas of the synthesized carbon materials. 

The CSs-140, N-CSs-140, CSs-540 and N-CSs-540 formed in this work have non-porous 

structures as indicated by their low BET surface areas (and pore volume) of about 6, 7, 11 
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and 12 m
2
/g, respectively (see Table 4.2). The surface areas of the N-containing CSs were 

found to be slightly larger than the undoped CSs. 

4.3.1.4 Thermogravimetric analysis of the synthesized CSs and N-CSs  

The TGA technique was used to obtain information about the stability of the carbon materials 

as a function of temperature. Figures 4.6 and 4.7 demonstrate the TGA and corresponding 

derivative profiles of the CSs and N-CSs. Figure 4.7 and Table 4.2 indicate a weight loss due 

to decomposition of the carbon materials. It was established that the weight loss occurs in the 

594 and 597 °C range for undoped CSs and in the 606 and 612 °C range for nitrogen-doped 

CSs. The decomposition temperatures determined by derivative TGA (Table 4.2) indicate the 

higher thermal stability of the N-CSs relative to CSs in air flow. It is also noted that N-CSs-

140 (2.92 at% N) exhibited higher thermal stability than N-CSs-540 (4.41 at% N), 

presumably due to a decreased nitrogen content. The decrease in stability with the increased 

in N incorporation is attributed to the structural disorder and defects introduced by the 

presence of more nitrogen into the carbon lattice.
51 

This phenomenon was also observed by 

Nxumalo and co-workers on the stability of N-doped CNTs.
27a

 The appearance of another 

peak at 811 °C in addition to the peak at 606 °C in the N-CSs-540 correspond to the 

oxidation of CSs with different sizes. This suggests that the N-CSs-540 were non-uniform in 

size, as was evidenced by TEM studies. It is well known that smaller diameter CNTs are 

easily oxidized in air as compared with larger diameter CNTs.
52
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Figure 4.6: TGA profiles run in air of the synthesized CSs and N-CSs. 
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Figure 4.7: The corresponding derivative profiles of synthesized the CSs and N-CSs. 
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4.3.1.5 XPS and CN elemental analyses of the CSs and N-CSs 

XPS and CN elemental analyses were used to quantify the concentration of C and N atoms in 

the synthesized CSs. Table 4.3 depicts the CN and XPS results for the synthesized materials. 

Carbon is the main element present, comprising more than 91 at% in all the carbon materials 

(Table 4.3). CN elemental analysis of the N-containing CSs demonstrates the nitrogen 

incorporation according to the total gas flow rate used. It has been found that the use of a 

total gas flow rate of 140 ml/min gives a nitrogen concentration of 2.92 at%, whereas the use 

of a total gas flow rate of 540 ml/min gives a nitrogen concentration of 4.41 at%. The results 

indicate a correlation between the total gas flow rate used and the nitrogen concentration in 

the formation of the N-containing CSs. With the increase of total gas flow rate, the 

yield/growth rate and the nitrogen concentration of the N-containing CSs increase 

significantly. The surface elemental composition shown in Table 4.3 shows that the nitrogen 

content of the N-CSs-540 to be 3.10 at%, using XPS. In contrast to the results from CN 

elemental analysis, the value for the nitrogen content is different for N-CS-540. Since XPS is 

a surface sensitive technique and elemental analysis applies to the bulk, this indicates that the 

nitrogen atoms are preferably bound to the outer surface in N-containing CSs. Noteworthy, 

the oxygen content of the N-CSs-540 is, according to CHN analysis, considerably lower 

(0.27%, calculated by the difference to 100%) than the oxygen content estimated by XPS 

analysis (3.6%). This difference still remains to be explained; the fact that elemental analysis 

gives bulk composition while XPS is used to measure the elemental composition of the 

surface cannot be excluded.  

Table 4.3: CN and XPS measurements of the synthesized carbon spheres. 

 CN analysis XPS analysis 

Sample ID C (%) N (%) C (%) N (%) O (%) 

NCSs-540 95.32 4.41 93.3 3.1 3.6 

NCSs-140 91.95 2.92 - - - 

CSs-540 94.90 < 0.05 94.7 - 5.3 

CSs-140 94.10 < 0.05 - - - 
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XPS has also been used to determine the binding configuration of the N-containing CSs. 

Table S1 in Supplementary material lists the species detected after deconvolution of the XPS 

peaks, i.e. the C (~285 eV), N (~400 eV), and O (~530 eV) peaks.  The XPS data confirms 

that the N-CSs-540 consists of only carbon, nitrogen and oxygen atoms. The binding energy 

at 284.86 eV can be assigned to sp
2
 hybridized carbon (C=C). The binding energies at 

285.90, 287.90, 289.06 and 533.0 eV correspond to the bond types sp
2
 C-N, sp

3
 C=N,

53
-COO 

and O-C,
54

 respectively. The traces of oxygen observed in the N-doped CSs are a result of 

oxygen uptake from the atmosphere when the material was exposed to the air, as suggested in 

the literature.
55

 

Figure 4.8 shows the types of nitrogen that can be found in carbon materials. These are: (A) 

oxidized pyridinic-N, (B) pyridinic-N, (C) pyrrolic-N and (D) quaternary-N.
12,56

 The XPS 

analysis shows that the N 1s core level spectra (Figure 4.9 and Table S1) for N-CSs-540 can 

be deconvoluted in terms of two peaks related to sp
2
 (C-N=C, pyridinic-N; 398.88 eV) and 

sp
3
 hybridization (C-N configuration, pyrrolic-N; 400.50 eV). The pyridinic nitrogen atoms 

have a localized electron lone pairs which are active in base catalysed reactions, and the 

optimisation of the amount of pyridinic-N is important for catalysis as suggested by van 

Dommele and co-workers.
57

 Furthermore, Stoyanov and co-workers
58

 have shown that 

nitrogen sites in N-CNTs bind strongly to metals leading to excellent metal dispersion in N-

CNT/metal materials, and the CNTs doped with nitrogen can thus enhance the reactivity and 

the selectivity of carbon supported catalysts in many catalytic applications.
59 

  

N

H

NN

O
N

N

N

BA C D  

Figure 4.8: Types of nitrogen-based species that can be incorporated into graphitic carbon: 

A) oxidised pyridinic, B) pyridinic, C) pyrrolic, D) quaternary.
12,46
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Figure 4.9: Deconvolution of the XPS N 1s peaks of the N-CSs-540. 

 

Figure S5 presents the survey XPS of the CSs-540. As evident from the spectrum, the 

material consists of C and O atoms. The total amounts of C and O of the CSs-540 as detected 

by XPS measurements are given in Table 4.3 and supplementary material (see Figure S5). 

Compared with CSs-540, there is a clear decrease of C and O content on the N-CSs-540, 

which is induced by a nitrogen-doping effect in N-CSs-540. The CSs-540 showed a large 

carbon peak at 284.9 eV, attributed to the graphitic structure, similar to the N-CSs-540. The 

peaks at 286.6 and 288.0 eV were attributed to carbon atoms attached to different oxygen-

containing groups. Moreover, the oxygen binding energy at 533.2 eV confirmed the presence 

of carboxylic groups on the CSs-540. 

 

4.4 Formation mechanism of N-CSs 

The mechanism of formation entails the breakdown of the carbon and nitrogen sources in the 

reactor. The various radicals and ions formed in the reactor nucleate to generate small carbon 

(and nitrogen) structures. During passage through the reactor, then continue to grow. Two 

important points to be noted: (1) The slower the total gas flow rate, the larger the CSs and 
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higher yield; (2) The CH3CN had little effect on the size of the N-CSs (vs. CSs). Both issues 

can readily be understood; (3) Nitrogen incorporation retarded the nucleation of the N-CSs.  

 

4.5 Conclusions 

Nitrogen doped and undoped carbon spheres were successfully synthesized in large amounts 

using a vertical chemical vapour deposition technique in the absence of a catalyst. TEM 

images showed that the CSs synthesized at a total gas flow rate of 540 ml/min (with 

dimensions of 125 nm) had smaller diameters than the carbon materials synthesized at a total 

gas flow rate of 140 ml/min (with dimensions of 450 nm). N-CSs-540 was found to have a 

nitrogen content of 4.4 at% as determined by C and N elemental analysis and 3.1 at% as 

determined by XPS analysis, while the N-CSs-140 sample was found to have a nitrogen 

content of 2.92 at% as determined by C and N elemental analysis. The existence of nitrogen-

atom substitution in the grapheme planes was confirmed by XPS. Two bonding 

configurations were obtained on doping CSs with nitrogen: pyridinic N and pyrrolic N. 

Analysis of Raman and XRD data revealed that the CSs synthesized here have a low degree 

of graphitization and the structural defects were introduced by nitrogen doping.  

It is evident from the literature and our study that the vertical CVD furnace (with higher 

feedstock flow rates) has advantages when compared to the horizontal reactor, in terms of the 

continuous and large-scale production. The sizes of the CSs and N-CSs can be readily varied 

by varying the residence time. Thus, by controlling the gas flow rates, undoped and N-doped 

CSs with smaller and uniform diameters can be obtained. It was found that an increase in the 

total gas flow rate led to an increase in the yield and amount of nitrogen incorporated in the 

N-containing CSs.  

The synthesized materials have low BET surface areas and, although such materials are non-

porous, they can be used as catalyst supports. Furthermore, Stoyanov and co-workers
55

 have 

shown that nitrogen sites in N-CNTs bind strongly to metals leading to excellent metal 

dispersion in N-CNTs/metal materials, and the CNTs doped with nitrogen can thus enhance 

the reactivity and the selectivity of carbon supported catalysts in many catalytic 

applications.
49

 These supports are currently being evaluated in our group for use as catalyst 

supports. 
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Appendix B: Supplementary material 
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Figure S1: The deconvoluted Raman spectrum of N-CSs-540. 

Figure S2: The deconvoluted Raman spectrum of CSs-540. 
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Figure S3. The deconvoluted Raman spectrum of CSs-540. 

Figure S4. The 

 

 

Figure S3: The deconvoluted Raman spectrum of CSs-140. 

Figure S4: The deconvoluted Raman spectrum of N-CSs-140. 
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Table S1. The resolved binding energies (eV) and atomic concentrations (%) of N, C and O 

atoms in the N-CSs-540 and CSs-540 samples. 

N-CSs-540 

Binding energy (eV) (and atomic concentration (%)) 

CSs-540 

Binding energy (eV) (and atomic 

concentration (%)) 

C N O C O 

284.9 (90%) 

 

398.88 (62%) 533.0 284.9 (93%) 533.2 

285.90 (9%) 

 

400.72 (38 %)  286.6 (6%)  

287.90 (0.6%) 

 

  288.0 (0.6%)  

289.06 (0.3%)     
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Figure S5: The survey XPS of CSs-540. 
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CHAPTER 5 

The Synthesis and Characterization of Boron-Containing Multiwalled 

Carbon Nanotubes using an Fe-Co/CaCO3 catalyst 

_______________________________________________________ 

5.1 Introduction 

Since the investigation of carbon nanotubes (CNTs) by Iijima,
1
 much effort has been put into 

the synthesis of single walled CNTs (SWCNTs) and multiwalled CNTs (MWCNTs) 

containing other elements such as nitrogen and boron. Substitutional atom doping of carbon 

nanotubes was first attempted by Stephan and co-workers
2
 in 1994. They synthesized boron-

nitrogen doped multiwalled carbon nanotubes using the arc-discharge method. Soon after 

their report, many researchers prepared B-C-N-containing nanotubes by an arc discharge 

method,
3
 laser ablation,

4 
and catalytic vapour deposition (CVD) methods,

5
 using carbon-, 

boron- and nitrogen-containing precursors.  

Chemical substitution brings about significant changes in carbon nanomaterials, in particular, 

substitution of boron or nitrogen in carbon nanostructures makes them p-type or n-type semi-

conductors, respectively, as well as providing a means of modifying other properties of the 

CNTs.
6a-b

 In addition, boron-doped CNTs have shown remarkable zigzag tube chirality
7
 and 

stiffness.
8
 Thus, considerable effort has been made to study both experimentally and 

theoretically the substitutional doping of CNTs with boron.
9-12

 Carroll and co-workers
13

 

proposed that B substitution of CNTs leads to the formation of BC3 nanodomains inserted in 

the 1D nanotube structure, giving rise to an acceptor state 0.4 eV below the Fermi level due 

to the realignment of this superstructure with the graphitic one.  

Boron-containing CNTs can be synthesized by the same methods most widely used to 

produce undoped CNTs. These include high temperature arc-discharge
14

 and laser ablation 

methods
15,16 

as well as low temperature catalytic chemical vapour deposition (CCVD) 

methods.
17-19 

Various methods have successfully been employed for making boron-containing 

carbon nanotubes. Table 5.1 presents some of the results on boron-containing carbon 

structures reported recently using different synthetic methods with different catalyst 

precursors and carbon/boron sources. From Table 5.1, it can be seen that the incorporation of 

boron in a carbon framework and the type of carbon material produced strongly depend on 
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the synthetic method, carbon/boron precursors, catalyst, reaction temperature and time as 

well as gas flow rate and pressure.  

  

Table 5.1: B-containing CNTs obtained by various synthetic methods using different 

catalysts and reaction temperatures 

Method Boron-containing Precursor Catalyst 
Material 

produced 

Boron 

concentration 

(at.% B) 

Reference 

Thermal CVD, 

785-850 °C, 

Ar/H2 

 

C9H21BO3 

C9H21BO3/C6H5CH2NH2 

CoO thin film deposited 

on a SiO2/Si substrate 

B-SWCNTs 

B-N-SWCNTs 

~ 1 

~ 1 
[20] 

High vacuum 

CVD, 800-900 

°C, H2 

C9H21BO3 Fe/MgO B-SWCNTs ~ 0.6 [21(a-b)] 

Laser ablation, 

1100 °C, Ar 

Mixture of carbon paste, elemental 

boron and catalyst: 0.5-3 at.% B 

 

> 3-10 at.% B 

Co/Ni/B-doped graphite 

targets 

B-SWCNTs 

 

graphite 

encapsulated boron 

carbide particles and 

very small number 

of SWCNTs + 

DWCNTs 

< 0.05-0.1 

 

 

 

- 

[15], [16] 

Arc discharge 
C2H2 and anode rod doped with 

varying weight concentrations of B 
- B-MWCNTs - [14] 

Arc discharge, 

He 

BC4N anode prepared by thermal 

decomposition of  C5H5N-BH3 and 

cathode made of graphite 

- 
B-C-N MWCNTs 

and B-MWCNTs 
1-5 

[22], [2], 

[6b] 

Arc discharge, 

He 

Hollow graphite anode filled with 

BN powder + pure graphite 

cathode 

- B-MWCNTs - [23], [24] 

Fixed-bed flow 

CVD, 800 °C, 

5% H2/Ar 

C2H2 and 1.3 M BF3 in MeOH Fe/Ca(BO3)2/CaCO3 

B-MWCNTs 

and carbon spheres 

(CSs) 

< 0.5 [25] 

Microwave 

plasma CVD, 

700 °C 

CH4/H2 and (CH3O)3B Fe/SiO2 B-MWCNTs - [26] 

CVD, 950 °C, 

Ar, CH4, 
B2H6 Fe-Mo/MgO B-DWCNTs 1 [27] 

Hot filament 

CVD, Ar/H2, 

527 °C 

C2H5OH/ B2O3  (5000 ppm) 

(bubbling hydrogen gas through 

B2O3 diluted in water/ethyl 

alcohol) 

Cu substrates 
B-MWCNTs 

 
- [18] 

Laser Ablation, 

500-1200 °C, Ar 

Pellet made from a mixture of 

carbon powder with either B (rare-

metallic), BN or B4C 

B-catalysed graphite B-MWCNTs 

 

B4C 

 

[28] 

Arc discharge Graphite and BN powder 
Graphite and Ni/Y 

mixed with BN powder 
C-B-N-SWCNTs < 0.1 [29] 

Arc discharge 
BN and graphite soot (0-50 wt.% 

BN) 
C:BN:Ni:Y2O3 

B-N-SWCNTs and 

nano flakes 
- [30] 

CVD, 1000 °C, 

He, H2 
C2H2-B2H6 mixture Co nanoparticles 

B-MWCNTs 

(bamboo-shaped) 
C35B [17] 

Induction- 

heating system, 

1100 °C, Ar 

B2O3 + CNTs - 
B-MWCNTs and 

nanorods 
B4C and B13C2 [31] 
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CVD, 1150 °C, 

NH3 
B2O3:SWCNTs 5:1 - B-SWCNTs 

15-20 

 
[32] 

CVD, 1050 °C, 

B powder (99.99%):CNTs 4:1 

mass ratio 

 

- 

 

B-MWCNTs 

 

 

B4C 

 

 

[33] 

 

CVD, 900 °C, 

Ar 

Organoboron polymer/alumina 

composite membrane 
- B-MWCNTs BC4 and BC3 [34] 

Laser 

vaporization, N2 
Graphite targets containing NiB - B-SWCNTs ~ 1.8 [11] 

CVD, 900 °C, 

Ar (H2 to reduce 

catalyst) 

THF (C4H8O), C9H21BO3/MeOH 

(boron molar conc. At 0.85, 1.7 and 

2.5 M) 

Fe-Mo/MgO B-DWCNTs 0.8-3.1 [35], [19] 

CVD 
Benzene, triphenylborane (different 

B content 0-2.24%) 
Ferrocene B-MWCNTs 0.86-2.24 [36] 

Substitution 

reaction, Ar 

bubbled through 

NH4OH,  

1000 °C 

Thermal annealing of SWCNTs 

with B2O3 
- B-SWCNTs 7.83 [37] 

CO2 laser 

pyrolysis, N2 

MgO+ C6H7BO2 

MgO+ C8H11BO4 

MgO+C14H10+B2O3 

Graphite+ C8H11BO4 

Ceramic nanowires 

 
B-MWCNTs 0.6-1 [38] 

Substitution 

reaction. 

1250-1350 °C, 

N2 

Thermal treatment of a mixture of 

B2O3 and SWCNTs 
- 

B-SWCNTs 

B-N-SWCNTs 

 

B/C ratio ~0.1 

B/N ratio ~1 

 

[6a] 

 

Aerosol-assisted 

CVD, 860 °C, 

Ar 

Triethylborane (C2H5)3B 

25 mg/ml mixture of 

toluene and ferrocene 

(Fe:B ratio 5:1) 

 

CBxMWCNTs 0.7 [39] 

Aerosol-based 

CVD 

900-1100 °C 

10Triethylborane:90 Toluene 

10Triethylborane:2 benzyl amine: 

88 Toluene 

5wt% ferrocene in 

toluene 

CBx-MWCNTs 

CNxBy-MWCNTs 

0.25 

0.1 
[40] 

CVD, 1260 °C, 

NH3 

N-CNTs + 

B2O3 (held in Pt crucible)  

 

- BxCyNz-MWCNTs 

B/N ratio  

0.92 

B/C ratio 1.5 

[41] 

CVD, 730 °C, 
H3BO3/MeOH solution  

(2 atm% B) 
Fe/Si substrate B-MWCNTs - [42] 

CVD, 1000 °C, 

Ar/H2 

Melamine diborate (from  

melamine + H3BO3) 

Ni-Fe coated SiO2/Si 

substrate 
B-C-N-MWCNTs 

B = 27 

C = 25 

N = 31 

[43]  

CVD, 1700 °C 

N2/H2O (25 °C), 

carbon black 

(1500 °C) 

B4N3O2H powder (prepared from 

melamine diborate) charged into a 

graphite crucible placed in a 

crucible susceptor,  

- 
B-N multi-walled 

nanotube  

B/N ratio from 

0.8 to 1.15 
[44] 

 

 

The CVD method gives higher yields of CNTs and remains the most attractive method for the 

production of boron-doped CNTs by catalytic decomposition of suitable carbon and boron 

sources. Catalytic transition metals such as Fe, Co and Ni and their alloys are often used in 

the production of the boron-containing CNTs. In the CVD method, the type, quality and 

quantity of the products produced strongly depends on the size of the catalyst particles, 
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reaction temperature and carbon feedstock. The growth process usually involves heating a 

catalyst (typically to 700-1000 °C) in an atmosphere of carbon- and boron-containing 

precursors. Low boron doping (< 1 at.%) of SWCNTs is achieved by the CVD method using 

triisopropyl borate vapour as the carbon and boron sources.
21a

 Golberg and co-workers 

prepared boron-doped SWNTs (B/C ratio up to 0.1) by thermal treatment of B2O3 and 

SWCNTs at 1600 K in a nitrogen flow.
6a

 Pyrolysis of C2H2-B2H6 mixtures over Co 

nanoparticles at 1000 °C in the presence of He and H2 gases produces B-MWCNTs.
17

 The 

nanotubes obtained by this procedure are multiwalled, have an average composition around 

C35B and contain nested cone-shaped graphene sheets in the tubular region with the metal 

particles from which they grow and are found at one end of the tube.  

A variety of boron sources such as B2H6, elemental boron, B2O3, etc., have been successfully 

used to prepare boron doped CNTs as indicated in Table 5.1. However, their use as dopants 

faces challenges. For example, diborane (B2H6) is toxic, highly flammable in air and requires 

special handling care. In addition, it is instantly hydrolysed by water and the oxidation of 

B2H6 is extremely exothermic. Elemental boron is expensive to manufacture. The preparation 

methods used involve reduction of B2O3 with metals such as Mg or Al. However, the product 

is impure and contaminated with metal borides. Highly pure elemental B is also produced by 

decomposition of B2H6 at high temperatures. The use of B2O3 often requires high growth 

temperatures (1000-1350 °C),
6a,31,32,37,41

 which creates structural defects inside the CNTs. 

Considering the above literature data, there is therefore a need for developing a technique to 

produce inexpensive B-doped CNTs. The present research addresses this need.  

Our goal has been to synthesize multiwalled carbon nanotubes (and carbon spheres (CSs)) 

containing substitutional elements such as boron or nitrogen, using simple and reproducible 

CVD methods to give high yields of clean doped CNTs (and CSs). Potentially these 

fabricated materials will have tailored electrical and mechanical properties. For example we 

have achieved a simple route to nitrogen doped multiwalled carbon nanotubes using an Fe-

Co/CaCO3 catalyst.
45

 The present study reports the synthesis of boron-containing CNTs 

obtained by the pyrolysis of C2H2 and (CH3O)3B over an Fe-Co/CaCO3 catalyst using a CVD 

method at 700-900 °C. The B-MWCNTs synthesized here can be used as supports in 

heterogeneous catalysis because of their desirable properties. As far as we are aware, there 

have been very few reports on the synthesis of boron-doped multiwalled CNTs from readily 

available and easy to use boron sources using an easy to prepare catalyst.
18,25,26,36

 Because the 
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CVD method and the use of Fe-Co metals supported on CaCO3 are generally recognised for 

producing very high purity MWCNTs.
46,47

 and N-MWCNTs,
45

 as well as the easy removal of 

CaCO3 during the purification process, it is suggested to us that B-containing MWCNTs 

could be prepared using this method. 

 

5.2 Experimental 

5.2.1 Catalyst preparation 

The Fe-Co/CaCO3 catalyst was prepared by an impregnation route using an aqueous mixture 

of Fe(NO3)3
.
9H2O and Co(NO3)2

.
6H2O.

46
 The two metal nitrates (purchased from Sigma-

Aldrich) were of analytical reagent grade and were used without further treatment. Calculated 

amounts of the metal nitrates were mixed and dissolved in distilled water to make a 0.3 M Fe-

Co (50:50 w/w) precursor solution. This precursor solution was added dropwise to the stirred 

CaCO3 and the mixture was left to stir for 30 minutes. The resulting metal-support mixture 

was then filtered and dried in an oven at 120 °C for 12 hours, cooled to room temperature, 

ground and sieved using a 150 µm mesh sieve. The catalyst was then calcined at 400 °C for 

16 hours in air to decompose the nitrates. The total loading of the Fe-Co catalyst on the 

CaCO3 was 5 mass %. These catalysts were completely characterized as reported earlier.
46  

 

5.2.2 Synthesis and purification of B-MWCNTs 

B-MWCNTs were synthesized using a procedure similar to that reported by Tetana et al. for 

the synthesis of nitrogen-doped multiwalled carbon nanotubes.
45

 The syntheses were carried 

out in a tubular quartz reactor (51 cm x 1.9 cm i.d.) placed in a horizontal furnace. C2H2 

(Afrox) and trimethyl borate ((CH3O)3B ≥ 99.0% (GC), purchased from Fluka Analytical), 

were used as carbon and carbon/boron precursors, respectively. N2 (Afrox) was used as a 

carrier gas to dilute the C2H2 in order to decrease the contact time between C2H2 and the Fe-

Co/CaCO3 catalyst, and consequently reduce the formation of amorphous carbon.
48

 For each 

synthesis, 0.3 g of the catalyst was uniformly spread onto a quartz boat (120 mm x 15 mm) 

which was then placed in the centre of a quartz tube. The furnace was raised to a desired 

temperature (700-900 °C) at 10 °C/min under flowing N2 gas (40 ml/min) in the reaction. 
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Once the desired temperature was reached, the N2 (240 ml/min) and C2H2 (100 ml/min) were 

simultaneously bubbled through (CH3O)3B (at room temperature) for 1 hour. After this, the 

bubbling of the gases through (CH3O)3B  was stopped and the system was left to cool down 

to room temperature under N2 (40 ml/min). The quartz boat was then removed from the 

reactor. At 900 °C, two sets of products were collected, one from the quartz boat and the 

second, a fluffy material, from the wall of the quartz tube close to the end of the tube. The as-

produced boron-containing materials were purified using 55% HNO3 under reflux in an oil 

bath held at 110 °C for 4 hours to remove the CaO, residual Fe-Co particles and introduce 

oxygen surface groups. The acid-treated B-CNTs were then filtered and washed several times 

with distilled water (to remove the residual HNO3) until the pH of the filtrate was neutral. 

The boron-containing materials were dried at 120 °C for 12 hours prior to further 

characterization. No structural alteration as determined by TEM studies was observed after 

acid-treatment of the B-MWCNTs. 

 

5.2.3 Characterization of B-CNTs 

The morphology and structural features of the boron-containing carbon nanotubes were 

studied by transmission electron microscopy (TEM) using a FEI Technai G
2
 Spirit electron 

microscope operated at 120 kV, equipped with an energy dispersive X-ray spectrometer 

(EDX), X-ray diffraction (XRD) using a Bruker D2 phaser equipped with Cu-Kα radiation (λ 

= 1.5406 Å), and the operation voltage of 30 kV and current of 10 mA, as well as Raman 

spectroscopy using a Jobin-Yvon T6400 micro-Raman spectrometer equipped with a liquid 

nitrogen cooled charge coupled device detector. The thermal stability and purity of the B-

MWCNTs were investigated by thermogravimetric analysis (TGA) using a Perkin Elmer 

Pyris 1 TGA. About 10 mg of each sample was heated to 900 °C at a rate of 10 °C/min under 

air. The mass of the samples was kept constant (ca 10 mg) in order to reduce the effects of 

variability in measurements. BET surface areas of the B-CNTs (~200 mg for each 

measurement) were obtained through N2 adsorption using an ASAP 2000 Micrometrics 

TriStar Surface Area and Porosity Analyzer. The boron concentration was determined by X-

ray photoelectron spectroscopy (XPS) with data obtained on a Quantum 2000 Physical 

Electronics spectrometer (National Metrology Institute of South Africa (NMISA), Pretoria) 

equipped with a monochromatic Al Kα X-ray source (1486 eV) operated at 20 W. Fourier 

Transform Infrared (FT-IR) spectroscopy was used to record absorption spectra of the carbon 



90 | P a g e  
 

materials using a Brüker FT-IR spectrometer (BRUKER TENSOR 27) in the range 4000-500 

cm
-1

.  

 

5.3 Results and discussion 

5.3.1 Structural analysis of B-MWCNTs  

Boron-containing MWCNTs were synthesized in the temperature range 700-900 °C and 

purified using nitric acid. Boron-doping effects in MWCNTs were studied by comparing the 

B-MWCNTs with undoped MWCNTs. TEM images of the purified undoped MWCNTs 

synthesized at 700 °C by the same method, using the same catalyst, but without using 

(CH3O)3B, were recorded (Figure 1). As seen in the figure, the undoped MWCNTs possess 

clean, hollow, open ends and straight unbuckled CNT walls with diameters of about 20-30 

nm and an average diameter of ca. 25 nm.  

 

    

Figure 5.1: Typical TEM images (taken at different magnifications) of the purified undoped 

MWCNTs grown at 700 °C. 
 

TEM images of the B-containing carbon materials made at 700-900 °C are shown in Figures 

5.2 to 5.9. The results of each CVD synthesis temperature will be described and discussed in 

detail below. It was found that these carbon materials had defective tubular and spherical 

(b) (a) 
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structures, depending on the synthesis temperature used. The diameter distributions, average 

diameters and the type of each material produced, determined from the TEM data, are 

summarized in Table 5.2. Supplementary Figure S1 in Appendix C also presents the diameter 

distributions of the purified B-MWCNTs grown at 700-850 °C.  

Generally, the B-containing MWCNTs synthesized by this method showed very different 

morphologies and outer diameters from the undoped MWCNTs. The B-MWCNTs were 

mostly curved, distorted, long, bamboo-like, had open ends and intertwined with each other. 

A base growth mechanism is suggested for the synthesized materials, based on TEM 

evidence which showed that the B-doped MWCNTs tip ends were particle free. Because of 

the intertwined effect, it was difficult to measure the length of most B-containing MWCNTs. 

The length of fairly straight B-MWCNTs was found to range from 5 to 10 micrometers.  

 

Table 5.2: The influence of reaction temperature on the formation of boron-containing 

carbon materials. 

Temperature 

(°C) 

Diameter distribution 

(nm) 

Average diameter 

(nm) 

Type of material 

700 20-30 25 undoped MWCNTs 

700 12.5-62.5 43 rough B-MWCNTs 

750 30-170 50 rough B-MWCNTs 

800 30-210 70 bamboo-like B-MWCNTs 

 

850 

75-425 

50-450 

30-170 

105-385 

650-1150 

175-375 

125 

150 

70 

175 

800 

225 

bamboo-like B-MWCNTs, 

catalyst filled CNTs, 

catalyst inside the CNTs, 

bulbous-shaped catalyst, 

core-shell CSs 

and CSs shell thickness 

 

 

900 

50-550 

75-275 

30-130 

100-220 

300-1500 

25-425 

350 

125 

30 

160 

700 

175 

thicker walled B-MWCNTs, 

catalyst filled CNTs, 

catalyst inside the CNTs, 

bulbous-shaped catalyst 

core-shell CSs
a
  

and CS shell thickness 

250-1550 

50-650 

450 

350 

core-shell CSs
b
  

and CS shell thickness 
a 

CSs collected from the quartz boat, 
b 

CSs collected from the wall of the quartz tube. 

 

Figure 5.2 shows the TEM images of the B-MWCNTs made at 700 °C. The figure shows that 

the carbon materials exhibit very rough surfaces with average diameter of about 43 nm (see 

Table 5.2 and Figure S1). Thus, the addition of the boron source generates tubes that have 

larger diameters and a different morphology than produced without a boron source (Figure 
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5.1). The tubes synthesized at 750 °C (Figure 5.3) show a similar structural morphology to 

those made at 700 °C, and have an average diameter of 50 nm (Table 5.2 and Figure S1).  

    

Figure 5.2: TEM images (taken at different magnifications) of the purified B-MWCNTs 

grown at 700 °C. 

 

    

Figure 5.3: TEM images (taken at different magnifications) of the purified B-MWCNTs 

grown at 750 °C. 

 When the growth temperature was further increased to 800 °C (Figure 5.4), the average 

diameter of the B-MWCNTs increased to 70 nm. An increase in diameter distribution of the 

B-MWCNTs is conveyed by an increase in diameter of the catalyst as the reaction 

(a) (b) 

(b) (a) 
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temperature increases. At 800 °C, the CNT surface roughness decreased and the bamboo-like 

structures became more prominent.  

 

        

    

Figure 5.4: TEM images (taken at different magnification) of the purified B-MWCNTs 

grown at 800 °C. 
 

Bamboo-like structures (though in their case the tubes had metal particles at the tips) have 

been observed in boron-containing CNTs prepared from the pyrolysis of C2H2-B2H6 mixtures 

over Co nanoparticles at 1000 °C.
17

 Carbon nanotubes containing bamboo compartments are 

commonly observed in N-doped CNTs.
45,49 

The bamboo-like structures seen in our B-

MWCNTs are not due to the N2 gas used during the synthesis, as confirmed by the absence of 

(d) 

(b) (a) 

(c) 
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peak at around 400 eV in XPS studies (see Section 5.3.5). The bamboo-like structures 

observed in our B-MWCNTs are due to effects related to the catalyst particle shape, the bulk 

diffusion of carbon and the boron source.  

After purification of the B-MWCNTs synthesized at 700-800 °C there were no catalyst 

particles detected and the structures of the B-MWCNTs remained unchanged. However, at 

growth temperatures of 850 and 900 °C, changes in the products were detected after 

purification. Therefore we discuss in detail the carbon products of both raw and the purified 

samples grown at 850 and 900 °C.  

TEM images of the unpurified sample synthesized at 850 °C (Figure 5.5) showed that the 

carbons produced were quite varied. A wide range of shapes were observed: (a) straight 

bamboo-like (indicated by red arrows) tubes and catalyst filled tubes (indicated by white 

arrows) with a closed end, (b) very rough bamboo-like tubes, (c) elbow-shaped bamboo-like 

tubes, (d) Y-junction tubes, (e) core-shell carbon spheres and (f) catalyst filled tubes with 

bulbous-shaped catalysts.  
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Figure 5.5: TEM images (taken at different magnification) showing various shapes of the 

unpurified carbon materials grown at 850 °C: (a) straight bamboo-like tube and catalyst filled 

tube with a closed end; (b) very rough bamboo-like tube; (c) elbow-shaped bamboo-like tube; 

(d) Y-junction hollow tube; (e) core-shell CSs; (f) catalyst filled tubes with bulbous-shaped 

catalysts. 

 

Quantitative analysis of TEM data showed that the majority of the product was made up of 

CNTs (~85%), catalyst filled tubes with bulbous-shaped catalysts (~10%) and core-shell CSs 

(~5%). The finding of a wide range of structures obtained by using a boron source is not 

unique. Hashim and co-workers
39

 synthesized CBx-MWCNT 3D solid structures via an 

aerosol-assisted CVD using ferrocene as a catalyst and triethylborane as the boron source at 

860 °C for 30 minutes. In their synthesis, they obtained a range of tube morphologies: elbow 

junctions, Y-junctions, four-way covalent nanojunctions in series and two overlapping CBx-

MWNTs welded together assisted by boron doping. In our study, we also found elbow-

shaped bamboo-like tube and Y-shaped tubes (Figures 5.5c and 5.5d). Other shaped carbon 

materials found in our materials synthesized at 850 °C were core-shell carbon spheres (Figure 

5.5e). In a recent study we have successfully grown B-doped core-shell carbon spheres from 

(e) 

(b) 

(f) 

(a) 

(d) 

(c) 

Bamboo 
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C2H2 and trimethyl borate at 900 °C without using a catalyst.
50

 Thus the spherical structures 

formed in this study most likely did not require a catalyst.   

The diameters of all these structures are presented in Table 5.2. The CNTs had an average 

outer diameter of about 125 nm. The bulbous structures shown in Figure 5.5f and 

supplementary Figure S2 are unusual. EDX was performed to determine the chemical 

composition of the filled CNTs and the bulbous regions. The EDX spectrum (Figure S2b) of 

the bulbous structure in Figure S2a showed that the bulbous region was composed of C, Fe 

and Ca and O, with dimensions that varied from 105-385 nm. It was found that the bulbous-

shaped metal particles were significantly larger (~175 nm in average) than the diameters of 

the CNTs. The TEM image reported in Figure S2c and EDX analysis (Figure S2d) indicated 

that the inside of the CNTs was filled with Fe, Ca and O. The metal particles inside the CNTs 

had diameters ranging from 30-170 nm. The metal particles in the bulbous structure and the 

metal nanoparticles encapsulated inside the CNTs obviously came from the Fe-Co/CaCO3 

catalyst. Ma and co-workers
44 

reported similar structures resembling bulbous-shaped 

structures formed in their study. These materials were made from the CVD pyrolysis of 

B4N3O2H precursor (prepared from melamine diborate) at high temperature (1700 °C) in an 

N2/H2O gas environment in the absence of a catalyst. The obtained nanotubes exhibited 

bulbous tips filled with amorphous B-N-O materials. It was suggested that the B-N-O-based 

bulbous tips might play a catalytic role in the BN nanotube tip-growth process. Clearly, in 

this study the metal filled CNT were formed during the growth process (i.e. in situ). Recently, 

Koós et al.
40

 also found Fe particles encapsulated inside the CNTs in their study of B-doped 

and N/B-doped carbon nanotubes.  

Figure 5.6 presents some of the TEM images of the purified carbon materials synthesized at 

850 °C. In addition to the bamboo-like and hollow tubes present in the purified sample (not 

shown), the TEM images showed unfilled open and closed end tubes (Figures 5.6a and 5.6b) 

as well as clean tubes with no bulbous materials (Figure 5.6c).  
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Figure 5.6: TEM images (taken at different magnification) showing various shapes of the 

purified carbon materials grown at 850 °C: (a) an open-end tube and (b) closed end tubes 

showing no catalyst particles inside; (c) hollow tube showing the absence of the bulbous-

shaped catalysts; (d) catalyst filled tube with a closed end; (e) the corresponding EDX 

spectrum of the catalyst particles in (d); a catalyst and a catalyst free tube with a closed end; 

(g) the corresponding EDX spectrum of the catalyst particles in (f). The arrows indicate 

points where the corresponding EDX spectrum was collected. 

 

 

 

(c) (b) 

(g) 

(e) 

(f) 

(d) 

(a) 
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The catalyst filled CNT (Figure 5.6d) and its corresponding EDX spectrum (Figure 5.6e) 

showed that the catalyst particles were still observed after nitric acid treatment. The EDX 

spectrum (Figure 5.6g) of the catalyst particles in Figure 5.6f showed the presence of the Fe, 

Co and Ca metal particles. The bulbous shaped catalysts were not seen after purification. 

These results show that the purification step did not remove the entire catalyst particles in the 

sample.  

As mentioned earlier, the reaction temperature of 900 °C produced two sets of products, one 

found in the boat and the other on the walls of the tube. Similar structures described at a 

reaction temperature of 850 °C were also found at 900 °C. TEM examination (Figure 5.7) of 

the unpurified sample product from the boat showed that the sample exhibited a mixture of 

(a) CNTs and core-shell carbon spheres, (b) core-shell carbon spheres, (c) long catalyst filled 

tubes with bulbous-shaped catalyst, (d) short catalyst filled tube with bulbous-shaped catalyst 

and (f) catalyst filled tube. About 1% of the product was CNTs with thicker walls of about 

350 nm, ~4% was catalyst filled CNTs and ~95% was core-shell CSs with average diameters 

of 700 nm and shell thickness of 175 nm. EDX analysis shown in Figure 5.7e and Figure 5.7g 

confirmed the presence of Fe and Ca particles inside the CNTs.  

Figure 5.8 shows the TEM images of the sample from the boat after acid treatment. The 

figure shows the existence of (a) closed end tubes showing no catalyst particles inside, (b) 

uniform core-shell carbon spheres, (c) various sizes of core-shell carbon spheres, (d) thicker 

walled tubes with catalyst particles (the darker region). The corresponding EDX spectrum of 

the catalyst particles in (d) confirmed the presence of Fe, Co and Ca particles, indicating that 

some catalyst particles were not completely removed by purification.  

The TEM images of the sample from the wall of the quartz tube are shown in Figure 5.9. The 

sample consisted of a fluffy carbon material consisting of only carbon spheres (which 

contained about 95% core-shell CSs and 5% solid CSs): (a) a mixture of core-shell and solid 

carbon spheres as well as (b) and (c) core-shell carbon spheres with different sized-shell 

thickness. Solid carbon spheres have been reported to form at high temperatures.
45
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Figure 5.7: TEM images (taken at different magnification) of the unpurified carbon materials 

grown at 900 °C collected from the boat: (a) CNTs with thicker walls and core-shell CSs; (b) 

core-shell CSs; (c) catalyst filled long tube with bulbous-shaped catalysts; (d) catalyst filled 

short tube with bulbous-shaped catalyst; (e) EDX spectrum of the bulbous area in (d); (f) 

catalyst filled tube with a closed end; (g) the corresponding EDX spectrum of the catalyst 

particles in (f). The arrows indicate points where the corresponding EDX spectrum was 

collected. 
 

 

 

(e) (d) 

(c) (b) (a) 

(f) (g) 
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Figure 5.8: TEM images (taken at different magnification) of the purified carbon materials 

grown at 900 °C collected from the boat: (a) closed end tubes showing no catalyst particles 

inside; (b) uniform core-shell CSs; (c) various sizes of core-shell CSs; (d) thicker walled 

tubes with catalyst particles (the darker region); the corresponding EDX spectrum of the 

catalyst particles in (d). The arrow indicates a point where the corresponding EDX spectrum 

was collected. 

 

     

Figure 5.9: TEM images of the fluffy material formed at 900 °C collected from the wall of 

the quartz tube: (a) solid and core-shell CSs; (b) and (c) different types of core-shell CSs. 

 

 

(e) 

(a) 

(d) 

(c) (b) 

(a) (c) (b) 
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It is well known that different types of catalysts are active at different reaction temperatures. 

Thus, at 850-900 °C, non-catalytic competing pathways are occurring and thus other 

nanostructured materials formed together with the desired materials. The formation of 

spherical materials suggest that boron-doped CSs with core-shell structures could be 

synthesized at 850-900 °C by the same method but without using any catalyst. These results 

indicate that control of the synthesis temperature is crucial for the synthesis of B-MWCNTs 

with specific morphologies. Thus, the generation of clean B-MWCNTs using an Fe-

Co/CaCO3 catalyst requires growth temperatures of not greater than 800 °C. These results 

show that 700-850 °C growth temperatures presented CNTs with many structural defects 

leading to rough bamboo-like and elbow-like tubes. 

 

5.3.2 BET surface areas, pore volumes and pore diameters of the purified B-MWCNTs  

Table 3 lists the specific surface areas, pore volume and pore diameters of the purified 

undoped and B-doped MWCNTs synthesized at different growth temperatures. The undoped 

CNTs showed higher surface area when compared to the B-containing carbon materials. It 

can be observed that the specific surface areas of the B-MWCNTs decreased sharply with 

synthesis temperature. The surface area of the CNTs is directly related to the average 

diameter of the CNTs.
51

  

 

Table 5.3: BET surface areas and pore volumes of the purified undoped and B-doped 

MWCNTs. 

Temperature (°C) Surface area (m
2
/g) Pore volume 

(cm
3
/g) 

Pore diameter (nm) 

Undoped CNTs 144 0.54 14.5 

700 95.1 0.50 21.4 

750 76.7 0.42 22.1 

800 41.9 0.13 13.1 

850 13.2 0.03 8.8 

900
a
 

900
b
 

35.0 

0.48 

0.16 

0.02 

17.5 

128.9 
a 

Carbon material collected from the quartz boat, 
b 

CSs collected from the wall of the quartz 

tube. 
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The B-MWCNTs synthesized at 700-750 °C gave higher surface areas when compared to B-

MWCNTs at 800-900 °C, possibly due to the smaller catalyst particle size yielding smaller 

diameter tubes at the lower reaction temperature. The lower surface area observed at higher 

synthesis temperatures is related to the lower surface area carbon spheres and catalyst 

particles present in the samples. The relatively higher surface areas observed at 700-800 °C 

suggest possibilities for the use of B-doped MWCNTs for applications as new catalyst 

supports, in materials science and in other various areas where high surface area CNTs are 

required.  

 

5.3.3 Thermogravimetric analysis (TGA) of the purified B-MWCNTs 

To investigate the purity and thermal stability of the purified B-MWCNT samples, 

thermogravimetric analysis was carried out. Figures 5.10a and 5.10b show the TGA and 

derivative weight curves of the purified B-MWCNTs (collected from the quartz boat) 

compared with undoped CNTs. The B-MWCNTs showed complete decomposition between 

601-679 °C under air (see Figure 5.10b and Table 5.4). The decomposition temperatures of 

the B-MWCNTs made at 750-900 °C were higher than that of undoped CNTs, but 

interestingly, the B-MWCNTs made at 700 °C were thermally less stable than undoped 

CNTs. 
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Figure 5.10a: TGA curves of the purified B-MWCNTs grown at 700-900 °C compared with 

undoped MWCNTs. 

 

The catalyst content in the materials can be determined from the residual mass %, as seen in 

Table 5.4. Figure 5.10a reveals that the B-MWCNTs purity is greater than 90%, while > 98% 

for undoped CNTs. The residual mass slightly increased with reaction temperature. In a 

previous study done by Mhlanga and Coville
52

 on the TGA of undoped CNTs (made by the 

same method but without using (CH3O)3B), the catalyst impurities (~4-6%) could not be 

removed even after long acid treatment using a wide range of acid treatments. It was 

mentioned that the impurities could be either embedded within the graphite walls of the 

CNTs or were to be found in the inner hollow central tube, indicating that the metal would 

have little influence on the thermal behaviour of the CNTs in air. In this study, the bulk 

residual mass also arose from the catalyst particles found in the filled tubes as confirmed by 

TEM and EDX studies.  
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Figure 5.10b: Derivative profiles of the purified B-MWCNTs grown at 700-900 °C 

compared with undoped MWCNTs. 

 

The TGA data of the sample synthesized at 900 °C and collected from the wall of the quartz 

tube is presented in Figures S3 and S4 and compared with boric acid.  TGA of boric acid was 

performed to get a better understanding of the temperatures where thermal events occur in the 

boron-containing CSs. Boric acid (H3BO3) theoretically contains 56.30% boron oxide (B2O3) 

and 43.70% water (H2O), with a melting point of 171 °C. Thermal decomposition of boric 

acid depicted in Figures S3 and S4 show two mass loss steps. The first decomposition which 

started at 141 °C corresponding to a weight loss of 34.80%, was due to the dehydration of 

H3BO3 forming HBO2. The second stage showed a weight loss of 8.20% at 256 °C which was 

due to the dehydration of HBO2 producing a white hard B2O3 material, leaving a residual 

mass of 56.40% (see Table 5.4). Our results agree with theoretical percentages and those 

reported by Nyambo et al.
53 

on their TGA analysis of boric acid. They reported that the first 

stage which occurred between 100 and 180 °C with a weight loss of 34%, was due to the 

dehydration of H3BO3 into HBO2, while the second one between 180 and 400 °C, with a 

weight loss of 10% attributed to dehydration of HBO2 into B2O3, leaving 56% residual mass.  
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Table 5.4: TGA analysis of the purified undoped and B-doped MWCNTs. 

Growth Temperature (°C) 
Decomposition Temperature (°C) Residual mass (%) 

Undoped CNTs 616 1.8 

700 601 6.5 

750 666 6.9 

800 679 5.4 

850 676 6.4 

900
a
 

900
b
 

671 

108, 160, 730 

10.1 

20.9 

Boric acid 141, 256 56.4 

a 
Carbon material collected from the quartz boat, 

b 
CSs collected from the wall of the quartz 

tube. 

 

As shown in Figures S4, for the sample synthesized at 900 °C and collected from the wall of 

the quartz tube, the three peaks located at 108, 160 and 730 °C in the derivative curve 

correspond to the maximum release of moisture, dehydration of HBO2 in the B-CSs and 

decomposition of carbon spheres, respectively. From Figure S3, the residual mass (about 

21%) was assigned to B2O3, implying that the core-shell carbon spheres contain B2O3 or B-C 

that is oxidized at high temperature. 

 

5.3.4 XPS analysis of the purified B-MWCNTs  

X-ray photoelectron spectroscopy (XPS) was employed to determine the boron content in the 

purified B-MWCNTs. The chemical composition of the B-MWCNTs synthesized at 800 °C 

and determined by XPS is shown in Figure 5.11a. The figure shows that the sample mainly 

contained carbon, oxygen and boron atoms. No nitrogen species were detected in the XPS 

spectrum. Table 5.5 lists the XPS binding energies, atomic concentrations and the possible 

chemical bonds of the species found in the B-MWCNTs grown at 800 °C. The relative 

atomic concentrations of C, B and O estimated from XPS were 83.8%, 1.6% and 14.6%, 

respectively.  
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Figure 5.11a: The survey XPS of the purified B-MWCNTs grown at 800 °C. 

 

The deconvolution of B1s spectrum can be achieved by fitting with only one peak at 192.2 

eV (Figure 5.11b). On the basis of the literature binding energies reported for B attached to C 

atoms in a graphitic state (188.5 eV),
54

 B-C in B4C bonding environment (187.9 eV), as well 

as oxide-related species in BC2O (190 ± 0.1 eV), BCO2 (192 ± 0.1 eV) and B2O3 (193.2 ± 0.1 

eV),
35,54-57

 the peak at ~192 eV found in our B-MWCNTs synthesized at 800 °C can be 

assigned. The B in our B-MWCNTs appears to have B with mixed B-C and B-O bonding as 

found in BCO2 nanodomains, as well as B2O3. Ayala et al.
21a

 observed the presence of a 

defined peak between 191.5 and 192.1 eV using XPS analysis in their B-doped SWCNTs. 

They suggested that the peak should be attributed to the substitutional configuration of B 

within the carbon nanotubes. The binding energy peak at 199 eV can be assigned to a 1s σ* 

resonance. The binding energy peak at 199 eV in boron-doped SWCNTs has been attributed 

to other crystalline phases containing boron as characterized by electron energy loss 

spectroscopy (EELS).
11

 Similar binding energies in boron-doped tubes have been observed 

by Hashim et al.
39 

at 202 eV by EELS analysis, at 197 eV,
38

 198 and 199.5 eV,
21a

 by XPS 

analysis. They suggested that other boron-containing compounds were present in their boron-

doped carbons.  
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Table 5.5: XPS binding energies and chemical composition of elements in B-MWCNTs 

grown at 800 °C. 

Element 
Atomic concentration 

(%) 

Binding energy 

(eV) 

Probable bonds 

C 83.8 284.9 (85.8%) 

286.4 (9.3%) 

287.6 (1.4) 

289.1 (3.5%) 

C-C 

C-O 

C=O 

O-C=O 

O 14.6  531.7 (5.5%) 

532.5 (52.0%) 

533.8 (42.5%) 

C=O  

C-OH 

C-OH  

B 1.6 192.2 

 

199.0 

Mixed B-C and B-O bonds in 

BCO2; B2O3 

1s σ* resonance 
 

 

 

The C 1s spectrum (Figure S5) could be deconvoluted and gave 4 peaks corresponding to sp
2
 

C-C bonding (284.9 eV), and C-O and C=O bonding (286.4 to 289.1 eV).
35

 No peak was 

observed at ~281 eV corresponding to a B-C bond,
21a

 presumably due to the low boron 

concentration in our sample.
35

 The O 1s spectrum (Figure S6) exhibited three peaks at  ~531, 

532 and 533 eV (see Table 5.5), that can be assigned to carbonyl oxygen atoms in esters and 

hydroxyls. The composition of oxygen from Table 5.5 is 14.6%. Usually, the elemental 

analysis and XPS data of undoped CNTs yield oxygen contents of 1-5%. Compared to the 

expected oxygen content in undoped CNTs, the amount of 14.6% can be accounted by the 

presence of boron oxides, which was also suggested by the B 1s spectrum. 
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Figure 5.11b: Deconvoluted B 1s XPS spectra of the purified B-MWCNTs grown at 800 °C. 
 

 

5.3.5 XRD, Raman spectroscopy and FT-IR spectroscopy analysis of the purified B-

MWCNTs 

In addition to chemical analysis, the phase content and the crystal structure of the B-doped 

MWCNTs were studied using XRD (Figures 5.12) as well by the Raman (Figure 5.14) and 

FT-IR spectroscopy (Figure 5.15). The XRD pattern (Figure 5.12) of the undoped CNTs 

revealed the presence of three peaks at 2θ values of 26.7, 43.3, 45.3° corresponding to (002), 

(100) and (101) planes of graphitic carbon. The diffraction patterns (Figure 5.12) of all B-

doped MWCNTs exhibited more peaks in comparison to that of the undoped CNTs. The 

peaks at 25.8, 42.8 and 44.8° can be indexed as typical (002), (100) and (101) diffraction 

planes of hexagonal graphitic carbon, respectively. For the B-MWCNTs, the (002) peak 

downshifted to a lower 2θ angle of 25.8° compared to the undoped CNTs. In addition, the 

(002) peak corresponding to a interlayer spacing 0.34 nm of the nanotubes, is in good 

agreement with the literature on B-doped CNTs.
39 

The downshifting of the (002) diffraction 

peak in B-doped MWCNTs is associated with the presence of boron within the lattice which 

is known to enhance crystallinity, as suggested by Hashim et al.
39

 and others.
58
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Figure 5.12: XRD spectra of the purified B-doped MWCNTs grown at 700-900 °C 

compared with undoped MWCNTs. The asterisks label the peaks associated with the metal 

catalyst. 

 

 

The sharp graphitic peaks of the B-MWCNTs became more intense and broader from 700 to 

900 °C, while the (100) peak became shallow with increasing growth temperature. The XRD 

patterns of the B-MWCNTs showed no evidence of the B4C phases. Although no 

incorporation of boron was evidence (XRD patterns) in B-MWCNTs, the amount of boron 

present in the precursor ((CH3O)3B) clearly had an appreciable effect on the morphology of 

the MWCNTs, which was different from the undoped ones. In addition, the acid treated B-

MWCNTs grown at 900 °C showed peaks (labelled with asterisks) which can be attributed to 

the residual metal catalyst (see below for further discussion). This observation is in good 

agreement with the TGA, TEM and EDX data reported earlier.  
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Figure S7 and S8 give the XRD spectra of the B-MWCNTs synthesized at 850 °C and 900 

°C, respectively, before and after purification. The XRD patterns of the unpurified B-

MWCNTs (Figure S7A) synthesized at 850 °C showed the presence of the metal particles 

originating from the Fe-Co/CaCO3 catalyst, while the purified sample (Figure S7B) showed 

the presence of few peaks corresponding to metal particles, implying that most of the catalyst 

was removed after purification. The unpurified B-MWCNTs made at 900 °C revealed the 

XRD peaks (Figure S8A) related to Fe-Co/CaCO3 catalyst. There was evidence from the 

XRD patterns (Figure S8B) of the B-MWCNTs produced at 900 °C that acid treatment was 

unable to remove all the catalyst particles, as also evidenced by TEM and EDX studies. At 

both 850 and 900 °C, the XRD data also revealed that the graphitic peaks in the unpurified 

samples were very weak but were greatly enhanced after purification, while the peak 

intensities corresponding to the catalyst particles decreased after purification (e.g. Figure 

S8B).  

Figure 5.13 compares the XRD patterns of the boric acid and CSs formed at 900 °C. The 

sharp diffraction peaks indicated by the asterisks can be attributed to the crystalline phase of 

B2O3 in the CSs. XRD data suggest that B2O3 was incorporated into the CSs, which is 

consistent with the TGA results. No diffraction peaks due to boron carbides (B4C) were 

observed. The broad peak at ~25.4° in the CSs can be indexed to a (002) reflection similar to 

the graphite characteristic peak (26.5°), while the low intensity peak at 44.6° can be ascribed 

to the (100) reflection. The broader (002) peak indicated a low degree of graphitization and 

that the structure of the CSs is amorphous. It can be observed that the (002) peak shifted to a 

lower angle (25.4°) for the CSs than for the graphite characteristic peak (26.5°). This result 

may be due to the effect of B2O3 incorporation into the CSs. 
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Figure 5.13: XRD spectra of the solid and core-shell carbon spheres formed at 900 °C 

compared with boric acid. All peaks labelled with asterisks can be indexed as B2O3. 

 

FT-IR spectra of the undoped and purified B-doped MWCNTs are shown in Figure 5.14 and 

are compared with boric acid. The FT-IR bands labelled in the spectrum of the boric acid 

were assigned as shown in Table 5.6. These positions correspond with the FT-IR bands of 

boric acid reported by Andrews et al.
59

 and others.
60

 Figure 5.14 reveals two bands at 1020 

and 1055 cm
-1 

(the highlighted region) in the boric acid and the B-doped MWCNTs 

synthesized at 800, 850 and 900 °C, which are not observed in the undoped MWCNTs and B-

doped MWCNTs synthesized at 700 and 750 °C. The FT-IR results further confirmed B-O 

incorporation into the CNTs at 800-900 °C. The presence of these bands can also be 

associated with doping of CNTs with boron substitution in the carbon network. It has been 

reported that the C-B band usually occurs at 1050-1200 cm
-1

.
34

 In their B-substituted 
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SWCNTs, Borowiak-Palen et al.
32

 observed peaks at 807, 1050 and 1385 cm
-1

. They 

assigned the peak at 1050 cm
-1

 to typical boron carbide related phonons. On the other hand, 

Oki et al.
61

 reported on the FT-IR spectrum of a CNT-B2O3 nanocomposite material, which 

showed B2O3 characteristic peaks at 1458, 1195 and 798 cm
-1

. Côté et al.
62

 also reported the 

FT-IR spectrum of B-C bonds at 1026 cm
-1

. Following the literature data, we assign the peaks 

at 1020 and 1055 cm
-1

 of the B-MWCNTs synthesized at 800-850 °C to a mixture of B-O and 

B-C bands. The weakness of these peaks in the samples synthesized at 700 and 750 °C is a 

sign of very little boron incorporation in the CNTs at these growth temperatures.  The IR 

bands at ~2330-1995 cm
-1

 found in all B-CNTs but absent in the boric acid spectrum, can be 

attributed to CO2.  
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Figure 5.14: FT-IR spectra of the undoped and B-doped MWCNTs grown at 700-900 °C 

compared with boric acid. (i) undoped CNTs; B-doped MWCNTs grown at (ii) 700 °C, (iii) 

750 °C, (iv) 800 °C, (v) 850 °C and (vi) 900 °C; (vii) boric acid. 

 

 

 



113 | P a g e  
 

Figure S9 compares the FT-IR spectra of the boron-containing CSs formed at 900 °C and 

boric acid. As can be seen, the FT-IR spectrum of the CSs demonstrates the presence of most 

IR bands found in boric acid, which imply B2O3 incorporation into the CSs. These results are 

consistent with TGA and XRD results of the B-containing CSs. 

 

Table 5.6: Wavenumbers and assignment of Infrared Absorption bands for boric acid. 

Position (cm
-1

) Assignment Reference 

549 O-B-O bending [60c] 

630 Symmetric BO3 deformation [60(a-d)] 

701 Symmetric BO3 deformation [60c] 

882 Symmetric B-O stretching 

vibrations 

[60(a-d)] 

1055 and 1020 B-O-H bending [59]  

1193 Asymmetric B-O-H bending [60(a-d)] 

1450 Asymmetric B-O stretching 

vibration 

[60(a-d)] 

2255, 2356, 2514 Overtone bands involving B-O 

bending and stretching 

vibrations 

[60c] 

3270 s Symmetric O-H stretching 

vibration 

[60(a-d)] 

 

 

Raman spectra of the purified undoped and boron-doped MWCNTs are given in Figure 5.15. 

Three peaks were clearly identified at ~1350 cm
-1

 (D-band), ~1592 cm
-1

 (G-band) and ~2695 

cm
-1

 (2D-band) in all CNT samples that were analysed. The D-band is a typical sign of 

impurities and defective graphitic structures. The G-band is a characteristic feature of the 

graphitic layers and is derived from the carbon-carbon stretching mode due to the tangential 

vibration of carbon. The peak at ~2695 cm
-1

 is called the 2D peak (also called G´), and is an 

overtone (second-order) D peak.
63

 The D to G peak intensity ratio (ID/IG) is often used as the 

measure of the amount of defects and disorder in carbon nanomaterials. Table 5.7 lists the D-, 

G-, 2D-band values and ID/IG ratios of the purified undoped and B-doped MWCNTs. 

Compared to the undoped MWCNTs, the D and the G band of the B-MWCNTs down shifted. 

The Raman spectra indicated that the B-doped MWCNTs showed higher D-band intensities 

than G-band intensities and the D-band intensities became wider and decreased with 

increasing growth temperature due to structural defects formed by the presence of boron in 

the hexagonal carbon network.
39

 The ID/IG ratio decreased with increasing growth 
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temperature from 700-800 °C but increased at 850-900 °C. Interestingly, the sample prepared 

at 800 °C had the lowest ID/IG ratio, indicating low defects and improved crystallinity. The 

high ID/IG ratios in the B-MWCNTs were associated with defects caused by the very rough 

surface CNTs at 700-750 °C and a variety of disordered shaped carbon nanostructures and 

catalyst impurities at 850-900 °C. These results indicate that the B-MWCNTs were abundant 

with disordered structures caused by boron-doping, and it shows that the graphitic degree of 

these carbon materials decreases with increase in reaction temperature.  
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Figure 5.15: Raman spectra of the purified B-doped MWCNTs grown at 700-900°C 

compared with undoped MWCNTs. 

 

 

The intensity of the 2D-band decreased as the reaction temperature increased from 700-900 

°C. In their study of boron-doped double walled CNTs, Lyu et al.
35

 established that the 

intensity of the 2D-band (or G´-band) decreased as the triisopropyl borate concentration 

increased from 0 to 2.5 M, respectively. They suggested that their results may be due to the 

combination of the weaker B-C bonding compared to the C-C bonding energies. The Raman 

spectroscopy data suggest that boron incorporation in our B-doped MWCNTs increased as 

the reaction temperature increased. Figure S10 depicts the Raman spectra of the CSs formed 

at 900 °C compared with boric acid. The CSs have two characteristic Raman bands at 1347 

and 1591 cm
-1

, corresponding to D- and G- modes of graphite carbon. The ID/IG value of 1.58 
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for the CSs (Table 5.7) suggests structural defects and disordered graphitic layers in the 

sample. As can be seen, there is a shoulder in the spectra of the CSs which coincides with the 

presence of boric acid at 1166 cm
-1

. This result further confirmed the presence of B2O3 in the 

CSs. This conclusion is supported by the TGA, XRD and FT-IR spectroscopy studies which 

are reported earlier. 

 

Table 5.7: The D-, G-bands and ID/IG ratios of the purified undoped and B-doped MWCNTs. 

Temperature (°C) D-band (cm
-1

) G-band (cm
-1

) ID/IG ratio 2D-band (cm
-1

) 

Undoped CNTs 1353 1598 1.22 2695 

700 1343 1578 1.49 2686 

750 1346 1588 1.33 2685 

800 1350 1592 1.08 2695 

850 1356 1596 1.37 2697 

900
a
 

900
b
 

1339 

1347 

1590 

1591 

1.64 

1.58 

2689 

2699 
a 

Carbon material collected from the quartz boat, 
b 

CSs collected from the wall of the quartz 

tube after the end of the high temperature region. 

 

 

5.4 Conclusions 

In summary, boron-doped multiwalled carbon nanotubes have been successfully synthesized 

from C2H2 (carbon source), (CH3O)3B (carbon and boron source), and Fe-Co/CaCO3 catalyst 

by a CVD method at 700-900 °C. In this study, various multiwalled carbon nanotubes 

synthesized included distorted and bamboo-shaped nanotubes, catalyst filled tubes with 

bulbous-shaped catalysts as well as solid and core-shell carbon spheres. The addition of the 

boron source generates tubes that have larger diameters and a different morphology than 

produced without a boron source. It was found that the growth temperature played an 

important role in determining the morphology of the carbon structures and T ≤ 800 °C was 

optimal for the synthesis of only MWCNTs. Based on the TEM images (which showed only 

CNTs), XRD, XPS and FT-IR data which evidenced boron doping; the best synthesis 

temperature to produce clean B-MWCNTs is 800 °C. The MWCNTs at 800 °C growth 

temperature were doped with boron up to 1.6 at.%, as confirmed by XPS analysis. TEM data 

and Raman spectroscopy confirmed that the B-doped MWCNTs contain a large number of 
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defects. Our study has shown that boron-doping and growth temperature significantly alters 

the morphology of CNTs, typically leading to rough surfaces and bamboo-like structures that 

contain regularly arranged compartments with a hollow channel. This approach is expected to 

provide a new route for the synthesis of boron-doped MWCNTs and boron-doped CSs, the 

physical properties which are of great interest. These materials can be suitable as supports for 

metals in catalysis. 
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Figure S1: Diameter distributions of the purified B-MWCNTs grown at 700-850 °C. 
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Figure S2: TEM images (taken at different magnifications) of the unpurified carbon 

materials grown at 900 °C: (a) catalyst filled tube with bulbous-shaped catalyst; (b) the 

corresponding EDX spectrum of the bulbous area in (a); (c) catalyst filled tube with open end 

showing the entire image of (a); (d) the corresponding EDX spectrum of the catalyst particles 

in (c). The white arrows indicate points where the corresponding EDX spectrum was 

collected.  

 

(a) 

(c) 

(b) 

(d) 
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Figure S3: TGA curves of boric acid and CSs formed at 900 °C. 
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Figure S4: TGA derivative curves of boric acid and CSs formed at 900 °C. 
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Figure S5: Deconvoluted C 1s XPS spectrum of B-doped MWCNTs synthesized at 800 °C 

 

 
 

Figure S6: Deconvoluted O 1s XPS spectrum of B-doped MWCNTs synthesized at 800 °C. 
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Figure S7: XRD patterns of the B-CNTs grown at 850 °C: A before and B after purification. 
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Figure S8: XRD patterns of the B-CNTs grown at 900 °C: A before and B after purification. 
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Figure S9: FT-IR spectra of the CSs formed at 900 °C compared with boric acid. 
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Figure S10: Raman spectra of boric acid and CSs formed at 900 °C. 
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CHAPTER 6 

Novel CVD Syntheses and Characterization of Core-shell Boron-Doped 

Carbon spheres 

_______________________________________________________ 

6.1 Introduction 

Carbon nanomaterials such as carbon nanotubes (CNTs), carbon spheres (CSs), carbon fibers, 

etc, have been studied because of their novel electronic and chemical properties.
1a

 The 

diverse range of structures and morphologies produced by carbon are determined by its 

unique ability to form sp, sp
2
 and sp

3
 bonds. Spheres made of carbon can have different 

morphologies; they can be solid, hollow or core-shell.
1
 Solid carbon nanospheres have been 

studied extensively for decades and have attracted an increasing attention because of their 

excellent properties (high specific surface area, high chemical inertness, thermal insulation, 

low effective density, high comprehensive strength)
2
 and extensive applications. Such 

applications include their use as supports for catalysts,
3-6

 in lithium-ion batteries,
7
 hydrogen 

storage media,
7,8

 drug delivery,
9
 templates for synthesis of other hollow materials,

10
 fuel 

cells
11

 etc. In more recent years, hollow carbon spheres have attracted much attention and 

several ways of preparing hollow CSs such as template assisted,
8,12

 pyrolysis,
13,14

 medial-

reduction,
15

 hydrothermal,
16

 solvothermal
17,18 

and CVD
19,20 

methods have been developed. 

Doping of carbon with heteroatoms such as nitrogen and boron has a significant effect on the 

structure of a carbon material. For example, multiwalled CNTs doped with nitrogen and 

boron were found to typically have bamboo-like structures and contained structural defects in 

their carbon layers.
21-24

 It is further known that boron doping improves the electronic 

properties
25-27 

and the crystallinity of CNTs.
26

 Doping of solid CSs,
28,29

 hollow CSs,
30-32

 

multiwalled CNTs,
22,25

 singlewalled CNTs
33-35 

and carbon nanofibers
36-38 

with nitrogen (and 

boron) has been used for altering the electronic properties of the carbons for specific 

applications.  

There is a paucity of information available on boron-doped carbon spheres
39-42

 (see summary 

in Table 6.1). Mondal et al.
39

 synthesized boron-doped carbon microspheres by a non-

catalytic chemical vapour deposition (CVD) method using 1.3 M BF3/MeOH as the boron 

source and acetylene as the carbon source. During the synthesis, the furnace was heated to 

800 °C and C2H2 (100 ml/min) was allowed to bubble through a 1.3 M BF3 in methanol 
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solution for 2 hours. The synthesized boron-doped CSs (boron content of 0.13±0.03 at.%) 

were found to be uniform in size (650-800 nm) and had core-shell structures with a shell 

thickness of about 11 nm. Hidetaka and co-workers
40

 synthesized boron- and nitrogen-

containing carbon microspheres at 1000-1600 °C from a chelate resin, in which N-methyl 

glucamate functional groups formed an ester with borate ions. Hollow B-doped CSs were 

achieved by removing the silica spheres with 20 wt% HF solution. BCN hollow spheres were 

also prepared by pyrolyzing a polymeric precursor made from B3N3Cl3 and aniline at 1000 

°C for 1 hour in an N2 atmosphere.
41

 More recently, Ravat et al. used monodisperse silica 

spheres as template to synthesize hollow B-doped microspheres with a diameter of 1200 

nm.
42

 Bose and Yang
43

 prepared boron-doped microspheres by a CVD method inside a quartz 

tube inserted in a 2-stage furnace. In the synthesis, 0.34 g of ferrocene was dissolved in 23.6 

g of 1.0 M BCl3 solution in p-xylene. The solution was injected and vaporized in the first 

furnace (kept at 200 °C). A H2 (60 ml/min) and Ar (90 ml/min) mixture was used to transport 

the vapour from the first furnace to the second furnace (950 °C) for 30 minutes. The authors 

obtained B-doped microspheres of onion-like structure with diameters of less than 700 nm, a 

surface area of 220 m
2
/g, boron to carbon ratio from 1:4 to 1:12 and a material that exhibited 

a much higher electrical conductivity than CNTs. From the above it is clear that no simple 

procedure exists to make B-doped hollow CSs.  

We report here the novel direct synthesis of boron-doped core-shell CSs (B-CSs) by means of 

horizontal and vertical CVD furnaces at 900 °C without using a catalyst or a template. This 

work follows our previous studies on boron-doped multiwalled CNTs,
23

 which revealed that 

core-shell CSs could be synthesized at 850-900 °C along with B-doped CNTs using a 

horizontal furnace. In this study, (CH3O)3B was used as the boron (and carbon) source and 

C2H2 as the carbon source. Different ratios of the carrier gases (Ar, H2) were used to vary the 

morphology and size of the B-CSs. For comparison, the synthesis of undoped carbon spheres 

using a vertical reactor and their structural characteristics were also synthesized and studied. 

It has been shown that CVD is a viable technique to prepare carbons with a high boron 

content (up to 15 at.% B) of homogeneously distributed boron.
44

 Furthermore the vertical 

CVD furnace is usually the tool of choice for the cost-effective and continuous mass 

production of carbon product when compared to a horizontal furnace. In the CVD synthesis 

of carbon nanomaterials, a gaseous or liquid hydrocarbon (e.g. C2H2, C2H4, toluene, etc) 

source is used to produce CSs (or CNTs). To avoid oxidation of the carbon, the furnace is 

purged continuously with inert gas during the reaction. N2, Ar, H2 or He gases are usually 
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employed for this purpose. In addition, it has been reported that H2 promotes the growth of 

CNTs while preventing the formation of amorphous carbon particles.
45  

 

Table 6.1: Boron-doped carbon microspheres obtained by various synthetic methods using 

different boron sources. 
Method Experimental 

conditions 

B and C 

sources 

Morphology Diameter B content Reference 

Non-

catalytic 

CVD 

800 °C 

2 hours 

 

1.3 M 

BF3/MeOH 

C2H2 

Core-shell 650-800 nm 0.13 ± 0.03% [39] 

Non-

catalytic 

CVD 

1000-1600 °C 

1 hour 

Ar 

 

B/N-containing 

chelate resin 

Hollow 140-340 μm 4.4-4.8% [40] 

 

Non-

catalytic 

CVD 

1000 °C, 1 hour, 

N2 

1B3N3H3Cl3:0.6 

aniline 

Hollow 1-2 μm B:C:N 

1:1.08:0.94 

[41] 

Template 

(silica 

spheres) 

CVD 

900 °C 

4 hours 

Ar/N2 

 

1.0 M BCl3 in 

heptane 

 

Hollow 1200 nm 1% [42] 

Catalytic 

CVD (2 

stage 

furnace) 

Stage 1 (200 °C) 

Stage 2 (950 °C) 

30 min, 

Ar:H2 60:90 

Ferrocene and 

BCl3 solution 

in 1.0 M 

p-xylene 

Solid < 700 nm B:C 1:4 to 

1:12 

[43] 

 

6.2 Experimental 

The B-CSs were synthesized using either horizontal or vertical CVD furnaces. Acetylene 

(C2H2, Afrox) was chosen as carbon source and trimethyl borate ((CH3O)3B ≥ 99.0% (GC), 

Fluka Analytical) was used as both carbon/boron sources for the growth of B-CSs. Ar and H2 

(both purchased from Afrox)were used as carrier gases. In a previous study, undoped and N-

doped CSs were synthesized at 900 °C using a vertical furnace, and it was observed that the 

use of higher gas flow rates (C2H2, 300 ml/min and Ar, 240 ml/min) compared to lower gas 

flow rates (C2H2, 100 ml/min and Ar, 40 ml/min) gave higher yields and smaller diameters of 

carbon spheres.
46

 In addition, Miao and co-workers reported that yields of CSs increased with 

increasing flow rates of C2H2.
47

 Our choice of gas flow rates used in this study was based on 

the undoped and N-doped CS studies. The B-CSs synthesized using horizontal and vertical 

furnaces were named as shown in Table 6.2. All the synthesized materials in this study were 

purified by Soxhlet extraction in toluene for about 6 hours to remove polycyclic aromatic 

hydrocarbons, dried at 120 °C for 12 hours and then analysed. 
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Table 6.2: The synthesis parameters, product yield and diameters of the undoped CSs and B-

doped CSs (samples 1-7). 

Sample 

ID 

Type of 

furnace 

Ar 

(%) 

H2 

(%) 

Reaction 

time 

(min) 

Product 

yield 

 (g) 

Outer 

diameter 

distribution 

(nm) 

Average 

diameter 

(nm) 

Average 

shell 

thickness 

(nm) 

Undoped 

CSs 

Vertical 100 0 60 3.85 55-420 125 none 

Sample 1 Horizontal 100 0 60 0.15 225-725 400 25 

Sample 2 Vertical 100 0 30 1.26 150-650 350 50 

Sample 3 Vertical 95 5 30 1.37 150-775 250 50 

Sample 4 Vertical 90 10 30 2.46 150-750 250 50 

Sample 5 Vertical 80 20 30 2.51 150-750 250 50 

Sample 6 Vertical 50 50 30 2.66 150-750 250 50 

Sample 7 Vertical 0 100 30 2.88 150-850 250 50 

 

Undoped CSs: The synthesis of the materials was carried out in a tubular quartz reactor 

(having dimensions 1.5 m x 32 mm o.d) placed in a vertical CVD furnace. C2H2 (Afrox) and 

Ar (Afrox) were used as carbon and carrier gas sources, respectively. The furnace 

temperature was raised to 900 °C at 10 °C/min under flowing Ar gas (40 ml/min). Once the 

desired temperature was reached, Ar (240 ml/min) and C2H2 (300 ml/min) were allowed to 

flow from top to bottom through the quartz tube for 1 hour and the carbon material was 

collected in a 500 ml round bottom flask. The system was then left to cool down to room 

temperature under an Ar atmosphere. The product was removed from the round bottom flask 

and weighed (3.85 g, Table 6.2). 

Sample 1: The synthesis of B-CSs was carried out in a tubular quartz reactor (51 cm x 1.9 

cm i.d.) placed in a horizontal furnace. The furnace temperature was raised to 900 °C at 10 

°C/min under flowing Ar gas (40 ml/min) in the reaction. Once the desired temperature was 

reached, the Ar (240 ml/min) and C2H2 (300 ml/min) were simultaneously bubbled through 

(CH3O)3B (room temperature) for 1 hour. After this, the bubbling of the gases through 

(CH3O)3B was stopped and the system was left to cool down to room temperature under an 

Ar atmosphere (Table 6.2). 

Sample 2: The synthesis of B-CSs was carried out in a tubular quartz reactor (1.5 m x 32 mm 

o.d) placed in a vertical furnace. The furnace temperature was raised to 900 °C at 10 °C/min 

under flowing Ar gas (40 ml/min). The Ar (240 ml/min) and C2H2 (300 ml/min) were 

simultaneously bubbled through (CH3O)3B (room temperature) and were allowed to flow 
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from top to bottom through the quartz tube for 30 min. The carbon material was collected in a 

500 ml round bottom flask (Table 6.2). A fraction of Sample 2 was refluxed in distilled water 

at 110 °C for 3 hours, filtered and dried overnight at 120 °C. 

Samples 3-7: Another series of experiments similar to those used to make Sample 2 were 

conducted by varying the H2 and Ar ratios of the carrier gases with a total gas flow rate of 

240 ml/min, while keeping the C2H2 flow rate constant at 300 ml/min. During the syntheses, 

the furnace was ramped to 900 °C in flowing Ar/H2. The in situ doping of CSs was achieved 

by bubbling Ar/H2 and C2H2 through the liquid (CH3O)3B (room temperature) for 30 min 

(Table 6.2). 

 

6.2.1 Characterization of undoped and B-doped CSs 

The morphology, structural features and sizes of the undoped and boron-containing carbon 

spheres were studied by transmission electron microscopy (TEM) using a FEI Technai G
2
 

Spirit electron microscope operated at 120 kV, X-ray diffraction (XRD) using a Bruker D2 

phaser equipped with Cu-Kα radiation (λ = 1.5405 Å), and an operation voltage of 30 kV and 

current of 10 mA, and Raman spectroscopy using a Jobin-Yvon T6400 micro-Raman 

spectrometer equipped with a liquid nitrogen cooled charge coupled device detector. 

Scanning electron microscopy (SEM) images of the undoped CSs were obtained on a FEI 

QUANTA 400 FEG ESEM operated at 5 kV. The thermal stability of the synthesized 

materials was investigated by thermogravimetric analysis (TGA) using a TA TGA Q500. 

About 10 mg of each sample was heated to 900 °C at a rate of 10 °C/min under air. The mass 

of the samples was kept constant (ca 10 mg) in order to reduce the effects of variability in 

measurements. BET surface areas of the materials (~200 mg for each measurement) were 

obtained through N2 adsorption using an ASAP 2000 Micrometrics TriStar Surface Area and 

Porosity Analyzer. The boron concentration in samples 2 and 7 was determined by X-ray 

photoelectron spectroscopy (XPS) obtained on a Kratos Axis Ultra DLD XPS spectrometer 

equipped with both an Al (monochromatic) and dual Al/Mg anode and a charge neutralizer 

(Rhodes University, Grahamstown). The operating pressure was kept below 5x10
-9 

Torr. 

Each sample was etched with an Ar ion gun (at 4kV) for 5s to remove residual/adsorbed 

oxygen molecules on the surface of the sample. Survey XPS scans were performed with an 

emission current of 10 mA and the anode (HT) at 15kV. A hybrid lens in slot mode was used 

to acquire the survey and high resolution scans. Survey scans were collected from 1200 to 5 
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eV at 160 eV pass energy, with 1 eV steps and dwell times of 500 ms. High resolution scans 

were acquired at 40 eV pass energy, also in hybrid lens and slot mode, with steps at 0.1 eV 

and dwell times at 500 ms for each element at their relevant regions. The atomic percentage 

of carbon and oxygen in the undoped CSs was obtained from a Quantum 2000 Physical 

Electronics spectrometer (National Metrology Institute of South Africa (NMISA), Pretoria) 

equipped with a monochromatic Al Kα X-ray source (1486 eV) operated at 20 W. Fourier 

Transform Infrared (FT-IR) spectra were recorded in the range 4000-500 cm
-1 

on a Bruker 

Tensor 27 FT-IR spectrometer. 

 

6.3 Results and discussion 

As mentioned earlier, previous reports from our laboratory demonstrated the ability to obtain 

core-shell carbon spheres at 850-900 °C when attempts were being made to synthesize B-

doped MWCNTs using a Fe-Co/CaCO3 catalyst by means of a horizontal furnace.
23

 In this 

study, the effects of using horizontal and vertical furnaces on the synthesis of boron-doped 

carbon spheres at 900 °C without using any catalyst were investigated. The effects of carrier 

gas ratios (Ar:H2 ratio) on the B-CS formation were also investigated using the vertical 

furnace. The effects of boron doping in CSs using a vertical furnace with and without the 

boron source using similar experimental parameters were also studied.  

The yields recorded in Table 2 are based on the mass of the products obtained after the 

reactions. It is noticed that the product yield for sample 1 was very small when compared to 

sample 2 and the rest of the samples (see Table 6.2). After each reaction, a white film was 

found on the quartz tube walls and at the entrance of the furnace. After a few reactions, the 

quartz tube cracked in the middle, a position where the reactions took place. This white film 

is attributed to the formation of boric acid or boron oxides, which reacted with the silica tube, 

leading to tube breakage. Thus, in a horizontal furnace, (CH3O)3B preferentially reacted with 

the quartz tube rather than C2H2, resulting in the low yield of CSs. In a vertical furnace, 

although a white film was also observed on the quartz tube, the reactants and products easily 

fell under the influence of gravity to produce a larger amount of carbon spheres than obtained 

in a horizontal furnace. 

The surface areas, pore volume and pore diameters of the undoped and boron-doped CSs are 

low as shown in supplementary Table S1 (Appendix D). The results show that sample 2 

synthesized without H2 had a lower surface area, as compared to the undoped CSs and rest of 
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the boron-doped CSs, with surface areas ranging from 10-15 m
2
/g. The very low surface area 

observed for sample 1 was related to the presence of amorphous carbon (see derivative 

weight curve in Figure 6.10c), large diameter and possibly more disordered carbon structure. 

The washed sample 2 gave a surface area of 7.1 m
2
/g, a pore volume of 0.032 cm

3
/g and a 

pore diameter of 19.3 nm. The decrease in surface area was presumably due to removal of 

some B2O3 on the surface of sample 2 (see Section 6.3.3 and 6.3.4).  

 

6.3.1 Structural analysis of undoped and B-doped CSs 

TEM and SEM were used to study the structure and diameter distribution of the synthesized 

undoped and boron-doped carbon spheres. Figure 6.1 shows TEM and SEM images of the 

undoped CSs, which were synthesized using a Ar:H2 ratio of 100:0 in a vertical reactor. The 

images clearly show large quantities of CSs with spherical shape, solid and smooth surfaces, 

as well as chain-like structures. The images also show that some spheres accrete and some 

overlap with each other. The undoped CSs had an outer diameter distribution in the range of 

55-420 nm and an average diameter of 125 nm (see Table 6.2).  

 

  

Figure 6.1: (a) TEM and (b) SEM images showing the accretion and large quantities of 

undoped CSs. 

 

 

(a) (b) 
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Figure 6.2 corresponds to a set of selected TEM micrographs (taken at different 

magnifications) of the B-CSs showing a range of different kinds of core-shell structures 

synthesized. When the reaction was performed using (CH3O)3B and Ar:H2 ratio of 100:0 in a 

horizontal reactor (sample 1), a black carbonaceous material was formed. The TEM images 

of the B-CSs synthesized under the same conditions but using a vertical furnace are shown in 

Figure 6.3 (sample 2). TEM images were recorded at different magnifications in order to 

compare the sample morphology. TEM analysis of samples 1 and 2 both showed chain-like 

core-shell structures with varying diameter distributions (225-725 nm) for the B-CSs made in 

the horizontal furnace and diameter distributions from 150-650 nm for the B-CSs made in the 

vertical furnace (Table 6.2). TEM images in Figures 6.2(c) and 6.3(c) also show that both 

samples 1 and 2 contain some (< 5%) spherical and accreted solid CSs. It was noticed that in 

samples 1 and 2 some hollow spheres accreted (Figures 6.2(b) and 6.3(b)), others overlapped 

with each other (Figures 6.2(d) and 6.3(b)) and some contained bubbles (Figures 6.2(b) and 

6.3(c)). Sample 2 also exhibited filled core-shell CSs (see Figure 6.3(d)). From the TEM 

images of Sample 2, the  filled core-shell CSs appear to be darker on the inside (core) as 

shown in Figure 6.3(d). However, a detailed study of this image by high resolution TEM 

(HRTEM) is required to ascertain if the filled core-shell CSs do exist or that they are solid 

CSs formed from C2H2 with or without boron.  

The TEM images showed that the average outer diameter of sample 1 was ~400 nm with a 

carbon shell thickness of 25 nm, while the average outer diameter of sample 2 was ~350 nm 

with a carbon shell thickness of 50 nm. The results show that the outer diameter of sample 1 

is larger than the outer diameter of sample 2, due to the short residence time in the vertical 

furnace. It is evident from the TEM images that the B-CSs formed in a horizontal furnace 

have thicker carbon shells than the B-CSs formed in a vertical reactor. Figures 6.2(f) and 

6.3(f) show the high magnification TEM images of the B-CSs shells from sample 1 and 2, 

respectively. As can be seen, the carbon shells are composed of disordered graphitic layers 

and bubbles, signifying defective surfaces. 
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Figure 6.2:(a-e) TEM images (taken at different magnifications) of sample 1. (f) is the high 

magnified region of the area indicated in (e). 
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(d) (c) 

(e) (f) 
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Accretion  

Bubbles 
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Figure 6.3: (a-e) TEM images (taken at different magnifications) of sample 2. (f) is the high 

magnification image of one of the core-shell CSs in the sample. 

(a) 

(f) (e) 

(d) (c) 

(b) Accretion  

Accretion  

Overlap  

Filled core-shell  Bubbles 
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It is obvious from TEM studies that doping CSs with boron resulted in the formation of 

mostly core-shell structures, whereas solid undoped CSs were formed in the absence of the 

boron source. By comparing undoped CSs with sample 2, it was found that boron doping 

increased the diameter of the B-CSs compared to pristine CSs. Moreover, the product yield 

decreased with boron doping. These results indicate that boron doping influences the 

morphology, size, and the yield of the products.  

The morphology of the B-CSs could also be tuned by varying the ratio of the Ar to H2 in a 

vertical furnace during the synthesis. TEM was used to investigate the structure of the 

synthesized B-CSs in greater detail. Figures 6.4 to 6.8 shows the TEM images of samples 3-7 

taken at different magnifications, showing the general morphological characteristics, from 

which a large quantity of core-shell carbon structures can be clearly observed. Samples 3-7 

show similar characteristics to sample 2, such as accretion and overlapping of CSs, and the 

presence of filled and empty core-shell structures. It can be clearly seen that a difference 

exists between sample 2 (synthesized without using H2) and the B-CSs synthesized in the 

presence of H2 gas (samples 3-7).  Compared to sample 2, which showed core-single-shell 

structures, samples 3-7 showed both core-single-shell and core-double-shell structures 

(Figures 6.3-6.7).  
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Figure 6.4: (a-e) TEM images (taken at different magnifications) of sample 3. (f) is the high 

magnification image of the region shown in (e). 
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Figure 6.5: (a-c) TEM images (taken at different magnifications) of sample 4. (d) is the high 

magnification image of the region shown by an arrow in (c). 

 

TEM images (Figures 6.4-6.8) also revealed that as the amount of H2 increased, the quantity 

of core-double-shell structures increased. The images revealed that the B-CSs formed in the 

presence of H2 gas had uniform outer diameters with average diameters of 250 nm (Table 

6.2). It was also observed that the nature of a carrier gas used had an impact on the B-CS 

yield. A substantial increase in yield was observed as the amount of H2was increased (see 

Table 6.2). Thus, it can be concluded that the amount of H2 gas played an important role in 

the B-CS growth process. No matter what carrier gas ratio was used in a vertical furnace 

system, the B-CS shell thickness (around 50 nm) was uniform. 
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Figure 6.6: (a-d) TEM images (taken at different magnifications) of sample 5. 
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Figure 6.7: (a-d) TEM images (taken at different magnifications) of sample 6. 
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Figure 6.8: (a-d) TEM images (taken at different magnifications) of sample 7. 

 

6.3.2 XPS analysis of the B-doped CSs (sample 2 and sample 7) and undoped CSs 

To verify boron doping in the CSs, X-ray photoelectron spectroscopy (XPS) analysis of 

samples grown under 100% Ar (sample 2) and 100% H2 (sample 7) were performed. Data are 

shown in Figures 6.9(a) and 6.9(b), respectively. The survey spectra for both samples are 

given in Supplementary Figures S1 and S2, clearly showing C, B and O atoms in both 

samples. The B 1s spectrum of sample 2 shown in Figure 6.9(a) has a major broad peak 

located at ~193 eV. This peak can be deconvoluted into three peaks at 191.6, 193.3 and 193.4 

eV. These binding energies are significantly higher than those reported for elemental boron 

(187.1 eV), B4C (187.8 eV) and BC3 (188.8 eV).
44

 Thus the 191.6 eV peak can be attributed 

to BCO2 species and the 193.3-193.4 eV can be attributed to a B2O3 type chemical 

(c) 

(b) (a) 

(d) 

Core-double-shell 
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environment of boron present in sample 2. These oxide-related species have been previously 

observed in the XPS of other boron-doped carbons,
48

 MWCNTs,
49

 SWCNTs,
50-53

 and 

DWCNTs.
54

 In Figure 6.9(b), the boron peak at 191.8 eV is attributed to BCO2.  

Peaks near 191.5 to 192.1 eV have been previously associated with substitutionally 

incorporated boron atoms into other carbon shaped materials, viz boron-doped SWCNTs 
50-53

 

and boron-doped DWCNTs at 191.4 eV.
55

 Furthermore, Liu and co-workers
48

 reported the 

existence of some mixed B-C and B-O bonding states of boron in their boron-doped carbons, 

namely, BC2O (190.0 eV) and BCO2 (192.0 eV). They stated that in all these bonding states 

the binding energy of the B-C bonding is the same as the standard binding energy of B-C in 

B4C, and the binding energy of the B-O bonding state is the same as the standard binding 

energy of B-O bond in B2O3. 
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Figure 6.9a: B 1s XPS spectra of sample 2. 
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Figure 6.9b: B 1sXPS spectra of sample 7. 

The corresponding carbon 1s spectra for samples 2 and 7 can be found in supplementary 

Figures S3 and S4, respectively. For sample 2, the main C 1s peak is positioned at 284.8 eV, 

which could be deconvoluted into four peaks located at 284.3, 284.9, 286.1 and 289.6 eV. 

These are attributed to the presence of sp
2 

C-C, sp
3
 C-C, C-O, and C=O bonding states, 

respectively.
54

 The deconvoluted C 1s spectrum of sample 7 shows the four similar carbon 

bonding states of carbon, located at 284.7, 285.2, 286.8 and 289.4 eV. For both samples 2 and 

7, there exists a fair amount of oxygen with the binding energy at 533.1eV, which is due to 

the presence of O-C group.
56

 

Figures S5 and S6 present the survey and C 1s XPS spectra of the undoped CSs, respectively. 

As can be seen in the figures, the undoped CSs contain only carbon (284.9, 286.6 and 288.0 

eV) and oxygen (532.7 eV) atoms and clearly indicate no sign of any boron species (~187-

194 eV). Table 6.4 shows the elemental compositions of C, B and O for sample 2, sample 7 

and the undoped CSs. The elemental contents of C, B and O for sample 2 were 77.10%, 

3.92% and 18.98%, respectively, for sample 7 they were 84.46%, 0.19%, 15.35%, while for 

undoped CSs they were 94.70%, 0% and 5.30%,  respectively as shown in Table 6.3. One 

interesting point to note is that the total boron concentration in sample 2 is much higher when 

compared with the boron content in sample 7. This implies that the presence of hydrogen gas 

(b) 
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reduced the boron content in the formation of the boron-doped CSs. In addition, the boron 

amount in sample 7 estimated by XPS analysis was substantially lower than that found in the 

TGA (Section 6.3.3), XRD (Section 6.3.4) and FT-IR (Section 6.3.5) studies (see later). The 

B amount found in XPS is different from that determined by TGA and XRD studies. This is 

because XPS is a surface sensitive technique as compared to that of the bulk analysis 

techniques of TGA, XRD and Raman spectroscopy. This indicates that trace amounts of 

boron are on the surface of the CSs in sample 7.  

Compared to B-doped CSs (samples 2 and 7), the XPS results of the undoped CSs showed 

very low amounts of oxygen atoms. The large amounts of oxygen atoms present in B-doped 

samples arose from the detection of boron oxides ((CH3O)3B). These results indicate that the 

boron content and the type of bonding states in the B-CSs can be tuned by varying the ratio of 

the Ar to H2 in a vertical furnace. 

 

Table 6.3: Elemental composition from XPS of boron-doped and undoped CSs synthesized 

with different gas ratios. 

Sample ID Ar (%) H2 (%) C (%) B (%) O (%) 

Undoped CSs 100 0 94.70 0.00 5.30 

Sample 2 100 0 77.10 3.92 18.98 

Sample 7 0 100 84.46 0.19 15.35 

 

6.3.3 Thermogravimetric analysis of undoped and B-doped CSs 

Thermogravimetric analysis (TGA) was conducted under an air atmosphere to investigate the 

thermal stability, the bulk decomposition properties and the purity of the undoped and boron-

doped CSs. The TGA was also used as a detection system to confirm some components of the 

carbon spheres, such as C, B2O3 and H2O. Figure 6.10(a) shows the plots of weight loss 

versus temperature for boric acid as well as undoped and B-doped CSs. The corresponding 

derivative profiles for these samples are shown in Figure 6.10(b). The decomposition 

temperatures (i.e. oxidation) and residual masses for these samples are recorded in Table 6.4. 

Figure 6.10(a) demonstrates that the boron-doped samples formed exhibited different 

oxidation behaviours from each other. The TGA curves for all of the samples doped with 
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boron showed a slow oxidation reaction, while that for the undoped sample had a relatively 

rapid reaction. The derivative weight loss curves (Figure 6.10(b)) for carbon in undoped CSs 

and samples 3-7 showed sharp peaks in narrow temperature ranges, while sample 1 and 2 

showed broad peaks in wide temperature ranges. This suggests that the undoped CSs and 

samples 3-7 are uniform in size while samples 1 and 2 have varying sizes, a feature which 

was as also evidenced from TEM studies. 
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Figure 6.10a: TGA profiles of boric acid, undoped and boron-doped CSs heated in air. 

 

Thermal analysis of boric acid was performed to get a better understanding of the 

temperatures where thermal events occur in the boron-containing CSs. Boric acid (H3BO3) 

itself theoretically contains 56.30% boron oxide (B2O3) and 43.70% water (H2O), with a 

melting point of 171 °C. The resulting thermal decomposition of boric acid is shown in 

Figures 6.10a and 6.10b follows a two-step mechanism. The first decomposition which 

started at 141 °C corresponding to a weight loss of 34.80%, was due to the dehydration of 

H3BO3 forming HBO2 (called metaboric acid).  The second stage showed a weight loss of 
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8.20% at 256 °C which is due to the dehydration of HBO2 producing a white hard B2O3 

material, leaving residual mass of 56.40% (see Table 6.5). Our results agree with theoretical 

percentages and those reported by Nyambo et al.
57

 on their TGA analysis of boric acid. They 

reported that the first stage occurred between 100 and 180 °C with a weight loss of 34% (due 

to the dehydration of H3BO3 into HBO2) while the second one occurred between 180 and 400 

°C, with a weight loss of 10% attributed to dehydration of HBO2 into B2O3, leaving 56% 

residual mass. Therefore, the thermal decomposition of H3BO3 proceeds according to the 

following reactions: 

H3BO3(s)                    HBO2(s) + H2O(g) (~100-180 °C) 

2HBO2(s)                    B2O3(s) + H2O(g)  (~180-400 °C) 

Boron oxide reacts with water or moisture at room temperature to form boric acid, and the 

reaction is reversible: B2O3(s) + 3H2O(g)                    2H3BO3(s) 

 

The TGA (Figure 6.10(a)) and derivative curves (Figure 6.10(b)) for the undoped CSs 

showed one decomposition temperature at 597 °C due to oxidation of carbon, with a residual 

mass very close to zero. On the other hand, the boron-doped CSs showed thermal 

decomposition over the temperature range of 565-809°C and noticeable residual masses (see 

Table 6.4). In fact, after each TGA run, a black hard material remained in the TGA pan and 

this was attributed to (impure) B2O3. The majority of the carbon in all B-CSs decomposed at 

~570 °C, a temperature lower than the oxidation temperature of the undoped CSs. The results 

indicate the lowered thermal stability of B-CSs due to the presence of boron. This further 

confirms boron incorporation into the CSs, as was demonstrated by the XPS analysis. 

The derivative curves of the TGA for sample 1 showed additional peaks at 237, 320, 627 and 

762 °C while sample 2 showed additional peaks at 320 and 809 °C.  The observed peak at 

237 °C for sample 1 is similar to the one found in boric acid, while the peaks at 318 °C for 

sample 1 and 320 °C for sample 2 correspond to amorphous-like material present in the 

sample. The peaks at 627 and 762 °C for sample 1 and 809 °C for sample 2 are indicative of 

the oxidation of CSs with different sizes. This indicates that the CSs in samples 1 and 2 are 

non-uniform. It is well known that smaller diameter CNTs are easily oxidized in air as 

compared with larger diameter CNTs.
58
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Table 6.4: TGA results for boric acid, undoped and boron-doped CSs. 

Sample ID Type of 

furnace 

Ar 

(%) 

H2 

(%) 

Decomposition temperature 

(°C) 

Residual 

mass (%) 

    H2O
a
 H2O

b
 C B2O3 

Boric acid - - -  141, 256 - 56.4 

Undoped 

CSs 

Vertical 100 0 - - 597 - 

Sample 1 Horizontal 100 0 96 128, 235 318, 581, 

627, 764 

44.1 

Sample 2 Vertical 100 0 103 134 320, 576, 

809 

24.5 

Sample 3 Vertical 95 5 101 134 565 31.2 

Sample 4 Vertical 90 10 93 134 577 29.1 

Sample 5 Vertical 80 20 93 134 572 36.9 

Sample 6 Vertical 50 50 96 132 577 36.0 

Sample 7 Vertical 0 100 98 136 571 36.9 
a
 = moisture from the atmosphere, 

b
 = dehydration of HBO2 

 

It may be noted that all B-CSs (samples 1-7) showed similar decomposition behaviour. The 

decomposition curves of these samples (Figure 6.10(b)) exhibited three similar peaks, one 

with a maximum ~100 °C, the other ~140 °C and another one ~570 °C, attributed to the 

elimination of moisture which was absorbed by the B-CSs from the atmosphere, dehydration 

of metaboric acid (HBO2) in the B-CSs and decomposition of carbon spheres, respectively. 

The residual masses between 29 and 44% were associated with the presence of B2O3 (see 

Table 6.5). Residual mass for the B-CSs was higher for sample 1 and lower for sample 2 as 

compared to residual masses for samples 3-7. The TGA curves demonstrated that an increase 

in H2 content enhanced the residual weights and purity of the B-CSs. Interestingly, the 

amounts of B in samples 2 and 7 were estimated to be ~4.2 and 6.4%, respectively by TGA, 

different from the B content determined by XPS analysis.  
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Figure 6.10b: Corresponding DTA profiles for boric acid, undoped and boron-doped CSs. 

 

The intensities of the peaks due to dehydration of H3BO3 (~140 °C) to HBO2 increased as the 

percentage of hydrogen gas increased during the reactions, which supports the suggested 

formation of high B2O3 content in B-CSs with increased H2 percentage (i.e. from sample 2 to 

sample 7). It was also found that the B-CSs were moisture sensitive. The intensities of the 

peaks due to removal of moisture (~100 °C) also increased with H2 percentage. Compared to 

sample 2, sample 1 showed higher peak intensities due to absorbed water and dehydration of 

H3BO3, and a higher amount of residual B2O3. This suggested a higher boron content in 

sample 1 than in sample 2. In addition to structural defects and boron incorporation, the 

moisture-uptake also caused a decrease in thermal stability of the B-CSs as compared to 

undoped CSs, which did not reveal absorption of moisture. Accordingly, the increases in 

residual weights of boron-containing CSs can be attributed mainly to the incorporation of 
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boron as B2O3 on the surface of the CSs, which when exposed to air absorbed moisture to 

form boric acid. In open air, the reverse reaction took place, where the B2O3 deposition the 

CSs, reacted with moisture and formed H3BO3. 

B2O3 is known to dissolve in hot water. Thus, to assess the amount of boron doping, sample 2 

with high boron content was refluxed in distilled water at 110 °C for 3 hours, filtered and 

dried overnight at 120 °C. Figure 6.10(c) compares the TGA profiles and their corresponding 

derivative curves for sample 2 and washed sample 2 in boiling water. As can be seen from the 

figures, the results indicate that the treatment of sample 2 with boiling water decreased the 

intensities of water due to moisture (~100 °C) and dehydration into H2BO2 (~134 °C) as well 

as B2O3 (10.8%) in the sample. The results confirmed that boiling water removed excess 

B2O3 (~14%) on the surface of the washed sample 2. It is to be noted that the carbon 

decomposition at ~809 °C shifted to a lower temperature for the washed sample 2.  
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Figure 6.10c: TGA and corresponding DTA profiles for unwashed and washed Sample 2. 

 

6.3.4 XRD and Raman spectroscopy analysis of undoped and B-doped CSs 

Figure 6.11 compares the XRD patterns of the boric acid, undoped CSs and boron-doped CSs 

synthesized in different carrier gases. The full XRD spectrum for boric acid is shown in 

Supplementary Figure S7. Figure 6.11 exhibits the presence of several peaks (from 14.7° to 

60°) in the materials. The sharp diffraction peaks with high intensities indicated by the 

asterisks originate from chemical bonds between boron and oxygen, in which the peaks can 
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be attributed to B2O3 in the B-CSs. The general trend observed here is that the B2O3 peak 

intensities substantially increased with increased H2 amount during the reaction in a vertical 

furnace, but  sample 1 synthesized in a horizontal furnace had the lowest B2O3 peak intensity 

overall, suggesting low B2O3 content in the sample. No diffraction peaks due to boron 

carbides (B4C) were observed. 
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Figure 6.11: XRD spectra for boric acid, undoped and boron-doped CSs. 

 

The broad peak at ~25.4° in all B-CSs can be indexed to a (002) reflection similar to the 

graphite characteristic peak (26.5°), while the peak at ~43.1° is less intense and is ascribed to 

the (100) reflection. On the other hand, the broad (002) peak shifted to a lower angle at 25.1° 

for the undoped CSs.  The broader (002) peak indicated a low degree of graphitization and 

that the structure of the undoped CSs is amorphous.  

The XRD data also revealed that the (002) and (100) peaks broadened and became weak as 

the H2 content increased during the B-CS synthesis. The broader carbon peaks for samples 3-

7 suggest a low degree of graphitization and the possibility of disordered carbon structure or 

amorphous feature, compared to sample 2. In addition, the (002) peaks of the carbon phase 
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for samples 3-7 are not pronounced as observed for undoped CSs and samples 1 and 2, 

although the carbon content in sample 7 estimated from the XPS (Section 6.3.2) was high 

enough.  

Figure 6.12 shows the XRD pattern of the washed sample 2 compared with that of the 

original sample. After washing with boiling water, it was observed that the peaks due to B2O3 

decreased due to removal of B2O3 on the surface of B-CSs and the carbon peaks were 

relatively broad, indicating less crystallinity as compared to the original sample. This result 

demonstrated the graphitization degree of sample 2 was largely enhanced, due to more boron 

doping. 
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Figure 6.12: XRD spectra of unwashed and washed sample 2. 

 

Raman spectroscopy was also used to estimate the crystalline quality of the CSs. Figure 6.13 

compares the Raman spectra of the undoped CSs, B-CSs and boric acid measured at 514.5 

nm excitation wavelength. A combined Gaussian-Lorentzian function (pseudo-Voigt 

function) was fitted to the data which gave the best fit. Two bands around 1350 and 1590 cm
-
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1
 can be observed (see Figure 6.13 and Table 6.5) in all carbon-containing samples. The 

bands around 1350 cm
-1

 and 1590 cm
-1

 correspond to the disorder-induced sp
2
 band (D-band) 

related disorder and carbon impurities (boron atoms) and the graphite highly oriented E2g 

mode sp
2
 band (G-band), respectively. The D-band intensity broadened and decreased with 

an increase in H2 content during B-CS synthesis (i.e. from sample 1-7). The intensity changes 

result from the changes in B-CS quality induced by the presence of boron in the CSs. The B-

CS Raman spectra showed a very similar behaviour, with the D-band broader and G-band 

narrower than in the undoped CSs. The broadness of the D-band could be a sign of the 

impurities (boron atoms) present in the synthesized carbon spheres.  
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Figure 6.13: Raman spectra for boric acid, undoped and boron-doped CSs with excitation 

wavelength of 514.5 nm. 

 

The D-band was weaker compared to the G-band for all the B-doped CSs, which indicated a 

high degree of C-C sp
2
 order, corresponding to B-CSs of good crystallinity. This effect was 

also confirmed by the observed ID/IG  ratios, which are usually used to measure the quality of 

the carbon materials. Compared to the undoped CSs, the ID/IG ratios for samples 1-7 were 

lower and increased with an increase in H2 content during the B-CS synthesis (Table 6.6). 
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This observation indicated that the crystal qualities of the CSs were improved by the boron 

doping. The G-band frequency shifted from 1588 cm
-1 

for the undoped CSs to 1593 cm
-1 

for 

sample 2. The D-band frequency downshifted from 1347 cm
-1

 for the undoped CSs to 1343 

cm
-1 

for sample 2. The upshift of the G-band and downshift of the D-band were attributed to 

boron incorporation into the CSs. An upshift of the G-band position by 6 cm
-1 

and a 

downshift of the D-band by 3 cm
-1

 has been previously reported when boron content 

exceeded 2 at.%.
59

 Dresselhaus et al.
60

 and others
61 

attributed the upshift of the G-band 

frequency for the boron concentration exceeding 2 at.% to the transfer of hole carriers from 

doped boron to MWCNTs. 

 

Table 6.5: D-, G-band and ID/IG ratios of undoped and B-doped CSs. 

Sample 

number 

Type of 

furnace 

Ar 

(%) 

H2 

(%) 

D-band 

(cm
-1

) 

G-band 

(cm
-1

) 

ID/IG 

ratio 

Undoped 

CSs 

Vertical 100 0 1347 1588 1.27 

Sample 1 Horizontal 100 0 1334 1595 0.43 

Sample 2 Vertical 100 0 1343 1593 0.85 

Sample 3 Vertical 95 5 1345 1595 0.90 

Sample 4 Vertical 90 10 1342 1596 0.95 

Sample 5 Vertical 80 20 1342 1595 0.93 

Sample 6 Vertical 50 50 1342 1596 0.88 

Sample 7 Vertical 0 100 1347 1596 0.97 

Washed 

Sample 2 

Vertical 0 100 1345 1592 0.82 

 

Generally, high incorporation of boron into carbon materials leads to more disordered carbon 

structures, with poorer crystallinity than found at low boron incorporation.
62,63

 Mondal et al.
62

 

and Chen et al.
63

 reported that the ID/IG ratio increased with decreasing boron concentration 

in B-doped multiwalled CNTs. We observed that the ID/IG ratio was higher in sample 7 than 

in sample 2 and this indicated a lower degree of C-C sp
2
 order at higher B doping 

concentration (as estimated by TGA results), in agreement with the literature data.
62,63

 This 

phenomenon was also evidenced by XRD data, in which sample 7 showed a broader (002) 

carbon peak corresponding to a less crystalline structure than was observed in sample 2. 

There is a shoulder peak observed around ~1167 cm
-1

 in the spectra of all the B-CSs (i.e. 

samples 1-7), which slightly broadened as the H2 content increased during the synthesis. This 
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shoulder peak coincides with the peak at 1167 cm
-1

 found in the Raman spectrum of boric 

acid. It is clear that a shoulder peak at 1167 cm
-1

 in the B-CSs originated from B2O3. We 

attribute the presence of this shoulder peak to the effect of doping B atoms into the carbon 

sphere structure. The observed higher ID/IG  ratio and the absence of the shoulder peak (~1167 

cm
-1

) in the undoped CSs may demonstrate the effect of doping in the B-CSs. Figure 6.14 

presents the Raman spectra of  boric acid, sample 2 and sample 2 washed with boiling water. 

The ID/IG ratio and D- and G-band positions of the washed sample 2 are also presented in 

Table 6.6. The figure reveals that there is still a shoulder peak at ~1190 cm
-1 

in the washed 

sample 2 which resembles the peak at 1167 cm
-1

 found in the Raman spectra of the unwashed 

sample 2 and H3BO3. The washed sample 2 indicated the presence of B2O3 in the sample, as 

was also confirmed by XRD and TGA data. Notably, the intensity of the D- and G-bands for 

the washed sample became stronger and the ID/IG ratio was a bit lower as compared to the 

unwashed sample 2. This indicated that the crystal quality of sample 2 improved after 

washing. 
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Figure 6.14: Raman spectra for boric acid, unwashed and washed sample 2, with excitation 

wavelength of 514.5 nm. 

6.3.5 FT-IR studies of undoped and B-doped CSs 
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Figure 6.15 presents the FT-IR spectra of boric acid, undoped and boron-doped CSs. The 

following bands are present in the spectrum of the H3BO3 as shown in Figure 6.15: ~549, 

630, 701, 882, 1020, 1055, 1193, 1450, 2255, 2356, 2514 and 3185 cm
-1

. The observed 

wavenumbers and the proposed assignments are shown in Table 6.6. These positions coincide 

with FT-IR bands of boric acid reported by Andrews et al.
64

 and others.
65(a-d)

 According to 

Sankaran and Viswanathan,
66

 bands at 1050-1200 cm
-1

 are characteristics of a C-B bond in 

boron substituted CNTs. Oki and co-workers
67

 observed B2O3 FT-IR bands at 1458, 1195 and 

795 cm
-1 

in their CNT-B2O3 nanocomposites.  

The FT-IR spectra of the B-CSs are identical and the FT-IR peaks from boric acid are clearly 

observed in the boron-containing carbon spheres. The boric acid bands found in B-CSs are 

attributed to B2O3 on the B-CSs surface which reacted with H2O (moisture). This observation 

confirmed boron incorporation into the CSs and is in agreement with the results of XPS, 

XRD, Raman spectroscopy and TGA of the CSs. It can be observed that the FT-IR bands 

corresponding to B2O3 in sample 7 are more intense when compared to those in sample 2. 

This result further confirmed more B content in sample 7 than in sample 2, in good 

agreement with the results obtained from the other surface techniques, Raman spectroscopy 

and XPS. The undoped CSs spectrum did not show any bands corresponding to boric acid. 

Instead it showed bands at ~2000 cm
-1

 (the highlighted region in Figure 6.15), which can be 

associated with graphitic carbon. These bands are also found in all B-CS spectra and are 

absent in the boric acid spectrum. 
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Figure 6.15: FT-IR spectra of boric acid, undoped and boron-doped CSs. 

 

Table 6.6: Wavenumbers and assignment of Infrared Absorption bands for boric acid. 

Position (cm
-1

) Assignment Reference 

549 O-B-O bending [65(c)] 

630 Symmetric BO3 deformation [65 (a-d)] 

701 Symmetric BO3 deformation [65(c)] 

882 Symmetric B-O stretching 

vibrations 

[65 (a-d)] 

1055 and 1020 B-O-H bending [64] 

1193 Asymmetric B-O-H bending [65 (a-d)] 

1450 Asymmetric B-O stretching 

vibration 

[65 (a-d)] 

2255, 2356, 2514 Overtone bands involving B-O 

bending and stretching 

vibrations 

[65(c)] 

3270 s Symmetric O-H stretching 

vibration 

[65 (a-d)] 

 

Figure 6.16(a) compares the FT-IR spectra of boric acid, unwashed sample 2 and washed 

sample 2 with boiling water. The FT-IR spectra revealed that after sample 2 was washed with 

boiling water, most of the bands seen in unwashed sample 2 due to boron incorporation were 

removed and some decreased in intensity, as shown in the magnified FT-IR spectrum in the 
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1200-550 cm
-1

 frequency region (see Figure 6.16(b)). This implies that the B2O3 was 

contained in the carbon spheres. The FT-IR data leads to similar conclusions as found for the 

XRD, Raman spectroscopy and TGA results for the washed sample 2.  

 

3500 3000 2500 2000 1500 1000
0.0

0.2

0.4

0.6

0.8

1.0

T
ra

n
s

m
it

ta
n

c
e

 (
%

)

Wavenumber (cm
-1

)

 Boric acid

 Sample 2

  Washed Sample 2
(a)

 

1200 1100 1000 900 800 700 600
0.00

0.02

0.04

0.06

0.08

0.10

0.12

0.14

0.16

0.18

T
ra

n
s

m
it

ta
n

c
e

 (
%

)

Wavenumber (cm
-1
)

 Washed Sample 2

(b)

 

Figure 6.16: FT-IR spectra of (a) boric acid, unwashed and washed sample 2; (b) magnified 

FT-IR spectrum of washed sample 2. 

 

6.3.6 Mechanism of core-shell structures formation 

The mechanism of the formation of the core-single-shelled and core-double-shelled structures 

is still an open question and needs further study. When similar experiments are carried out in 

a tube furnace without using trimethylborate,
46

 the carbon materials form solid CSs. It is clear 

that the boron source played a key role in the morphology of the B-CSs, leading to core-shell 

structures in the presence of both Ar and Ar/H2 carrier gases. In addition, as mentioned 

earlier, H2 gas also had an effect on the formation of core-double-shell B-CSs. Carbon core-

shell structures are typically made by depositing a carbon deposit on a spherical template. In 

their studies in our research group, Ravat et al.
42

 have made B-doped hollow CSs by passing 

boron and carbon source over Stöber silica spheres as templates at high temperature. The 

carbon covered silica spheres were treated with HF to remove the silica and give hollow 

carbon spheres.  

In this study, the (CH3O)3B source readily decomposes on both the silica  quartz tube walls 

and on carbon nuclei in the gas phase to give core-shell structures with the B-doped carbon 

creating the shell and the silica creating the core. The deposition of the (CH3O)3B on the 
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quartz tube also leads to an interaction of the (CH3O)3B with the SiO2 (quartz) resulting in the 

tube becoming opaque, brittle and weakened. 

Reaction of “BOR” species with the carbon generated spherical CxByOz species and at the 

high temperature the B and O (and some C) were ejected from the spheres leading to the 

core-shell or hollow structure. It is believed that the bubble effect on the surface of the core-

shell CSs relates to the release of the B, O (and C) species from the spheres. The low B 

content in not unusual and relates to the stability of the “CBO” spheres formed at high 

temperature.  

 

6.4 Conclusions 

This paper reports a novel method for the synthesis of core-shell carbon spheres by the direct 

reaction of trimethyl borate as the boron/carbon source and C2H2 as the carbon source at 900 

°C in a horizontal and a vertical furnace, without using a catalyst. In this study, the effects of 

boron doping and flow ratios of argon and hydrogen gases on the morphology of the grown 

boron-doped carbon spheres were studied. When compared to undoped CSs, a significant 

change in morphology, size, and yield of the CSs on boron doping was observed. The 

experimental results revealed that the yield and morphological carbon structures were 

strongly dependent on the flow ratio of Ar and H2 gases, in which addition of H2 gas led to 

the formation of a mixture of single- and double-core shell structured B-CSs.  

XPS, TGA, XRD, FT-IR and Raman spectroscopy confirmed the incorporation of boron 

atoms into the carbon spheres. From the deconvoluted B 1s spectrum, it is clear that the boron 

atoms in the B-CSs exist in the C-B-O system. Based on the TGA data collected, large 

quantities of boron were incorporated into the carbon spheres. As this study suggests, when 

CSs are doped with boron, they decompose more rapidly, as compared to undoped CSs. 

Overall, the introduction of boron into carbon spheres led to more crystalline structures than 

found for the undoped CSs as evidenced by XRD and Raman spectroscopy. In addition, it 

was observed that washing with water reduced the of boron content of the B-CSs. The 

existence of disorder in the B-CSs indicates that they may be useful as catalyst supports. This 

synthesis method has the potential for large-scale synthesis of boron-doped carbon spheres. 
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Appendix D: Supplementary material 

Table S1: Surface areas, pore volume and pore diameters of undoped CSs and B-CSs. 

Sample ID Type of 

furnace 

Ar 

(%) 

H2 

(%) 

Surface 

Area 

(m
2
/g) 

Pore volume 

(cm
3
/g) 

Pore size 

(nm) 

Undoped  

CSs 

Vertical 100 0 11.1 0.023 8.4 

Sample 1 Horizontal 100 0 0.96 0.012 51.7 

Sample 2 Vertical 100 0 7.51 0.0127 6.8 

Sample 3 Vertical 95 5 15.0 0.0444 11.9 

Sample 4 Vertical 90 10 11.2 0.0294 10.7 

Sample 5 Vertical 80 20 10.4 0.0297 11.7 

Sample 6 Vertical 50 50 12.4 0.0325 10.6 

Sample 7 Vertical 0 100 14.1 0.0378 10.8 
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Figure S1: XPS survey spectrum for sample 2. 
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Figure S2: XPS survey spectrum for sample 7. 
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Figure S3: C 1s XPS spectrum for sample 2. 
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Figure S4: C 1s XPS spectrum for sample 7. 

1400 1200 1000 800 600 400 200 0
-2000

0

2000

4000

6000

8000

10000

12000

14000

16000

In
te

n
s

it
y

 (
c

o
u

n
ts

 s
-1

)

Binding energy (eV)

C 1s

O 1s

OKLL

CKLL

 

Figure S5: XPS survey spectrum for undoped CSs. 
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Figure S6: C 1s XPS spectrum for undoped CSs. 
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Figure S7: XRD pattern for boric acid. 
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CHAPTER 7 

 
Photocatalytic Activities of Carbon Nanomaterials Coated with TiO2 for 

the degradation of Erythrosine B 

___________________________________________________________ 
 

7.1 Introduction 

In recent years, there has been enormous interest that has been devoted to developing a 

variety of new and advanced materials to protect the environment, by removing toxic and 

harmful substances from air, soil and wastewater.
1a,b

 In particular, the treatment of dye-

containing wastewater generated from the dye manufacturing industries, textile, paint, 

chemical, printing, food, cosmetic industries, etc., is an environmental problem. Many dyes 

pose environmental hazards, owing to their toxicity, carcinogenic nature and non-

biodegradability. With the mass production of dyes and the continuous increasing demand for 

clean water, the dye-containing wastewaters need to be treated before being discharged into 

the drainage system. Thus, advanced and cheap methods are necessary to degrade these 

organic pollutants or to convert them into non-hazardous end-products. Many attempts have 

been made to remove these dyes from polluted water, such as flocculation, adsorption, 

biological methods and chemical processes. However, these conventional techniques are not 

suitable because they are non-destructive; they only transfer the non-biodegradable 

substances into sludge, generating another type of pollution, which needs further 

treatment.
1a,b 

Nevertheless, the use of photocatalytic reactions seems to be a promising approach 

to this problem. 

Heterogeneous photocatalysis using semiconductors is one of the effective techniques used to 

destroy organic dyes leading to inorganic materials such as carbon dioxide, water, nitrates, 

and chloride ions.
2a,b

 Various semiconductor photocatalysts such as Fe2O3, ZnO, ZnS, CdS, 

SrTiO3 and WO3 have been extensively studied for removing organic pollutants from water, 

but titanium dioxide (TiO2) stands in front of others because its low cost, nontoxicity, good 

chemical inertness and stability, strong oxidizing power and high photocorrossion 

resistance.
2b,3,4

 However, its technological application is limited by its wide band gap energy 

(3.2 eV for anatase TiO2), which facilitates a response to ultra-violet (UV) light but a poor 

response to visible light that accounts for most of solar energy.
5a,b 

When the high energy UV 

light shines on the TiO2, it generates electron (e
-
) and hole (h

+
) pairs which are separated 
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between the conduction and the valence bands of the semiconductor. The positive holes can 

oxidize H2O and OH molecules adsorbed on the surface of TiO2 to form hydroxyl radicals 

(OH
•
) which are strong oxidants. The adsorbed oxygen (obtained from the atmosphere) can 

trap electrons, leading to the formation of superoxide radical anions (O2
•-
). The hydroxyl 

radicals and superoxides formed can attack the organic pollutants adsorbed on the surface of 

TiO2 to form inorganic materials such as H2O and CO2. The photo-generated e
-
 and h

+
 can 

recombine on the surface of the particle and this also limits the efficiency of TiO2.
6
 Many 

attempts have been made to enhance the photodegradation efficiency of TiO2 by doping it 

with transition metals such as Fe
7 

and Cu
8
 to inhibit the electron-hole recombination during 

illumination.
9 

Doping TiO2 with non-metal atoms such as N,
10a,b 

C,
11a-c 

S,
12

 B
13a,b

 also leads to  

narrowing of the  band gap energy of TiO2 and greatly improved photocatalytic degradation 

of dyes in the visible light region. Some studies seem, however, to contradict these findings. 

Chen and co-workers
14 

reported an increase in the band gap of B-TiO2. Literature data 

indicated that increased photoactivity in the visible region could be achieved by using a 

S/N/C-tridoped TiO2 catalyst, but band gap narrowing was not observed.
15

  

It is generally known that photocatalytic activity of TiO2 also depends on the phase 

composition (anatase and rutile) and the TiO2 particle/crystallite size, which determines its 

surface area.
16a,b

 The efficiency of the TiO2 is also affected by its low surface area and 

sintering properties. Large surface area and high adsorption capacity are critical to enhance 

the photoactivity of a TiO2 photocatalyst. Aiming to improve the catalytic properties of TiO2, 

a co-adsorbent with large surface area such as activated carbon has been used as a support for 

TiO2 under visible light in the photodegradation of phenol.
17 

The authors reported that 

activated carbon stimulated the formation of a contact interface between both solids and the 

activated carbon acted as electron carrier and minimized the electron-hole recombination rate, 

which is favourable for the improvement of photocatalytic activity. The particular properties 

of nanostructured carbons make them very attractive for their use in a variety of applications, 

including wastewater treatment. Fullerenes have been reported to be very efficient for the 

adsorption of organometallic complexes, e.g. organolead,
18

 and other complexes such as 1,2-

dichlorobenzene
19

 and polycyclic aromatic hydrocarbons (PAHs).
20

 Due to their large surface 

area and unique hollow and layered structures, CNTs have been investigated for use as 

adsorbents to remove toxic and harmful substances from wastewater. It has been reported that 

CNTs are good adsorbents for the removal of dioxin,
21 

1,2-dichlorobenzene,
22
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trihalomethanes
23

 and PAHs.
20

 Their high thermal and chemical stabilities suggest that CNTs 

can be effective as metal supports and as catalyst supports. 

Another promising approach is based on TiO2-CNT nanocomposites to enhance 

photocatalytic degradation of organic pollutants. The dispersion of TiO2 on the CNT surface 

has been reported to create many active sites for the photocatalytic degradation of 

pollutants.
24

 In particular, MWCNTs, due to their electrical conductivity properties, have 

been shown to exhibit the ability to trap electrons from the conduction band of TiO2, thereby 

forming an interface between MWCNTs and TiO2, leading to the reduction of the electron-

hole recombination.
25,26

 There have been very few studies focusing on the use of carbon 

nanospheres in water treatment. Song and co-workers
27

 reported the fast adsorption of silver 

ions from water by carbon spheres. The application of TiO2 in the presence of CSs has been 

reported to enhance the adsorption capability for Cr(VI).
28 

CdS nanoparticles coated on the 

surface of colloidal CSs were shown to have high photocatalytic activity in the degradation of 

rhodamine B.
29

 Carbon nanospheres have also been used as template for the synthesis of 

porous TiO2 hollow nanospheres, which were very effective in the photocatalytic degradation 

of methyl orange.
30

 In addition, B-doped titania hollow spheres were prepared using 

hydrothermally preapared CSs as template.
31

 The authors found that the B-doped titania 

hollow spheres were more efficient for the photocatalytic degradation of Reactive Brilliant 

Red dye X-3B, when compared to commercial P25 TiO2. Velasco and co-workers
32

 

synthesized core-shell TiO2-C (where the TiO2 shell was surrounded by a carbon core) and 

TiO2 hollow spheres using carbon spheres which showed higher photocatalytic activity 

towards phenol degradation than commercial TiO2. 

The TiO2-CNT composites have been prepared previously by many methods, including sol-

gel synthesis of TiO2 in the presence of CNTs, mechanical mixing of TiO2 and CNTs, 

electrophoretic deposition, CVD and hydrothermal and micro-emulsion.
33a,b

 Although it leads 

to a heterogeneous, non-uniform coating of TiO2 on CNTs and random clusters of TiO2 on 

CNTs, the sol-gel process remains the preferred method since it requires simple equipment as 

compared to other methods.
33a

 

The pristine CNTs and CSs in principle are chemically inert. For any application, their 

surface has to be functionalized in order to improve and control their properties. The addition 

of the functional groups to carbonaceous materials through acid treatment is realized as an 

opportunity to achieve enhanced dispersion in the intended application. The doping of CNTs 
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with N and B is aimed at altering their electronic properties; this renders them n-type and p-

type semiconductors, respectively.
34 

Doped TiO2 (B and N) has also been used to study 

photocatalytic degradation reactions but these studies could have a relationship to the C 

doped TiO2. TiO2-MWCNT and TiO2-CS have been investigated for photocatalytic 

degradation experiments, but no studies are available in the literature to date, which examine 

the combination of doped MWCNTs or CSs with TiO2 (e.g. TiO2-N-doped MWCNTs). In 

this regard, we chose to coat TiO2 with some of the N-doped, B-doped and undoped 

carbonaceous materials reported in Chapters 3-6. Table 7.1 lists the selected materials used in 

this study. These photocatalysts (Degussa P25 TiO2, TiO2-MWCNTs, TiO2-N-MWCNTs, 

TiO2-B-MWCNTs, TiO2-CSs, TiO2-N-CSs and TiO2-B-CSs) were compared for the 

photocatalytic degradation efficiency of erythrosine B (EB) (Figure 7.1) in aqueous solution 

as a model organic pollutant. The prepared catalysts were named as TiO2-C composite 

materials, where C denotes each type of carbon nanomaterial (undoped MWCNTs, N-

MWCNTs, B-MWCNTs, CSs, N-CSs and B-CSs). 

 

 

Figure 7.1: Chemical structure of erythrosine B. 

 

7.2 Experimental 

Six different types of the synthesized carbon materials, named according to Table 7.1, were 

used to study the photocatalytic degradation of erythrosine B. Prior to TiO2 coating, the 
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carbon materials were treated with HNO3 to introduce some functional groups on their 

surfaces. The chosen MWCNTs, N-MWCNTs and B-MWCNTs were functionalized as 

reported in the previous chapters. The CSs, N-CSs and B-CSs were refluxed in 55% HNO3 at 

100 °C for 17 hours. After cooling to room temperature, the materials were washed with 

deionized water until a neutral pH of the filtrate was reached. The functionalized 

carbonaceous materials were then dried in an oven at 120 °C overnight.  

 

Table 7.1: The properties of the carbon materials used in this study. 

Sample name Morphology Doping level (%) as 

determined by XPS 

analysis 

Average diameter 

(nm) as determined 

by TEM 

MWCNTs
a
 Hollow tubes - 30 

N-MWCNTs
b
 Bamboo-like 

tubes 

1.3 at. N 70 

B-MWCNTs
c
 Bamboo-like 

tubes 

1.6 at. B 70 

CSs
d
 Solid spheres - 125 

N-CSs
e
 Solid spheres 3.1 at. N 125 

B-CSs
f
 Core-shell spheres 3.9 at. B 350 

a: undoped MWCNTs synthesized at 700 °C (chapter 5); b: nitrogen-doped MWCNTs 

synthesized at 800 °C and denoted as 800P in chapter 3; c: boron-doped MWCNTs 

synthesized at 800 °C (chapter 5) ; d: undoped CSs synthesized at 900 °C denoted as CSs-540 

in chapter 4; e: N-CSs synthesized at 900 °C denoted as N-CSs-540 in chapter 4; f: B-CSs 

synthesized at 900 °C denoted as sample 2 in chapter 6. 

 

 

7.2.1 Synthesis of TiO2-C composite materials 

Reagents: All reagents were used as received. Titanium (IV) butoxide, Ti[O(CH2)3CH3)4] ( ≥ 

98%, Sigma-Aldrich) was used as a titania precursor. 2-butanol was used as a solvent. Formic 

acid (~98% purity, Fluka) was purchased from Sigma-Aldrich and used to catalyze the 

hydrolysis reaction. The commercial TiO2 (Degussa P25) (~21 nm, ≥ 99.5% purity) used for 

the comparative studies was purchased from Sigma-Aldrich.  

Preparation of TiO2-0.2%C composite materials: A series of carbon nanostructure 

supported TiO2 composite materials (TiO2-C) were prepared by a modified sol-gel method. 

The characteristics of the carbon nanostructures used in this study are listed in Table 7.1. For 

each reaction, the functionalized C materials (0.2% m/m) were sonicated in 2-butanol (10 ml) 

for 30 min to disperse the C materials. A mixture of titanium (IV) butoxide (10 ml) and 2-
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butanol (42 ml) was added drop-wise to the dispersed C materials while stirring vigorously 

for 30 min, followed by the addition of formic acid (11 ml).
35

 After 2 hours of stirring, the 

precipitate was filtered and washed with 2-butanol followed by washing with deionized water 

to remove excess butoxide. The wet samples were dried in an oven at 120 °C overnight to 

remove water. The resulting light-grey samples were ground to fine powders and calcined in 

air for 4 hours at 400 °C at a heating rate of 5 °C/min in an electric furnace. The resultant 

materials were characterized by different techniques. 

Preparation of TiO2-10%C composite materials: The preparation of these photocatalysts 

was done following the same method and weighing the appropriate amounts of C materials to 

achieve a C:TiO2 percentage of 10. 

 

7.2.2 Characterization of TiO2-C composite materials 

The structure and morphology of the TiO2-C composite materials were characterized by 

transmission electron microscopy (TEM) using a FEI Technai G
2
 Spirit electron microscope 

operated at 120 kV, equipped with X-ray dispersive spectroscopy (EDX) to obtain the bulk 

chemical information on TiO2-C composite materials. To prepare the samples for TEM 

observations, a small amount of each TiO2-C composite was dispersed in methanol by 

sonication, and a drop of the suspension was placed on a lacey Cu grid and dried. X-ray 

diffraction (XRD) patterns were recorded on a Bruker D2 phaser equipped with Cu-Kα 

radiation (λ = 1.5406 Å), at the operation voltage of 30 kV and current of 10 mA. The 

average crystallite sizes were estimated by applying the Scherrer equation (Equation 7.1), 

using the full width at half maximum data of the (101) peak of the TiO2 anatase phase. The 

Raman spectra were recorded on a SENTERRA Dispersive Raman Microscope at a laser 

wavelength of 532 nm, equipped with a cooled charge coupled device detector set at -50 °C. 

Fourier Transform Infrared (FT-IR) spectroscopy was used to identify functional groups on 

the materials’ surface using a Bruker FT-IR spectrometer (BRUKER TENSOR 27) in the 

range 4000-500 cm
-1

. The chemical composition was determined by X-ray photoelectron 

spectroscopy (XPS) with data obtained on a Kratos Axis Ultra DLD XPS spectrometer 

equipped with both an Al (monochromatic) and dual Al/Mg anode and a charge neutralizer 

(Rhodes University, Grahamstown). The operating pressure was kept below 5x10
-9 

Torr. The 

sample was etched with an Ar ion gun (at 4kV) for 5 s to remove residual/adsorbed oxygen 
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molecules on the surface of the sample. Survey XPS scans were performed with an emission 

current of 10 mA and the anode (HT) at 15 kV. 

  

  
  

       
                   

where d is the particle size, k is a constant (shape factor, ~0.9), λ is the X-ray wavelength 

(0.15406 nm), β is the full width at half maximum (FWHM) of the diffraction line and θ is 

the diffraction angle. 

 

7.2.3 Evaluation of photocatalytic activities of TiO2-C composite materials 

The photocatalytic activity of the TiO2-C composite materials was measured by the 

degradation of EB under simulated solar radiation. The commercial TiO2 was used as a 

reference material under the same conditions with which the synthesized photocatalysts were 

compared. For each reaction, 0.1 g of the catalyst was suspended in 100 ml of EB aqueous 

solution with an initial concentration of 50 ppm under simulated solar radiation. A solar 

simulator (supplied by Oriel, Newport), equipped with an Oriel 500 W Xe lamp was 

employed as a source of radiation. The power output was set to 450 W in order to obtain an 

intensity of 1.000 Wm
-2

 at 25 °C. An Oriel PV reference cell system equipped with a 2x2 cm 

mono-crystalline Si photovoltaic cell and a Type K thermocouple was used to set the 

simulator irradiance to 1 sun.
36 

Prior to the irradiation, the suspensions were sonicated for 10 

min and then magnetically stirred in the dark for 1 hour to allow adsorption/desorption 

equilibrium to be reached. The first sample (4 ml) was withdrawn at the end of the dark 

adsorption period. Then, the Xe lamp was switched on to initiate the photocatalytic reaction. 

Aliquots (4 ml) of the samples were withdrawn at regular intervals (15 min) and immediately 

filtered through a 0.22 µm PVDF syringe filter for at least 180 min. The degradation of EB 

was monitored by measuring the absorbance at λ = 525 nm as function of irradiation time 

with a Shimadzu UV-2450 spectrometer (Japan).  
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7.3 Results and discussion 

7.3.1  Morphology and structure of the TiO2-C composite materials 

The morphology and structure of the TiO2-C composite materials that were synthesized using 

the sol-gel method were examined by TEM and compared with TiO2. Figure 7.2 illustrates 

the TEM image of commercial TiO2. It can be seen from the figure that particles are 

approximately spherically shaped and have a tendency to agglomerate. The average particle 

size of the TiO2 ranges from 22-22.5 nm, which agrees with the XRD measurements.   

 

Figure 7.2: TEM image of commercial TiO2 nanoparticles. 

 

Figures 7.3 and 7.4 display the TEM images of TiO2-C composite materialscontaining 0.2% 

m/m and 10% m/m of functionalized carbon nanomaterials, respectively. The TEM images 

show that TiO2 nanoparticles were successfully coated on carbon nanomaterials, providing 

strong evidence of TiO2 on the well functionalized surface of the original carbon 

nanomaterials. The TiO2 nanoparticles showed nearly spherical morphology. Crystallite sizes 

of the TiO2 particles in the composites observed from TEM analysis were found to be in the 

range 10-11 nm, which are in agreement with the values obtained from XRD analysis.  

It can be oberved that a loading of 0.2% C in TiO2-C composites, the carbon nanomaterials 

were homogeneouly covered by TiO2 nanoparticles.  However, at a loading of 10% C in 

TiO2-C composites, the carbon nanomaterials showed poor coverage. This is caused by the 
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larger amounts of carbon used, which led to poor dispersion of carbon nanomaterials in the 

solvent (2-butanol) and therefore poor coverage by the TiO2 nanoparticles. Deposits of TiO2 

nanoparticles on the surface of carbon nanomaterials were also evidenced by EDX analysis. 

The EDX spectra of the TiO2-0.2%B-MWCNTs (supplementary Figure S7.1 in Appendix E) 

and TiO2-10%B-MWCNTs (supplementary Figure S7.2) composite materials confirmed the 

presence of carbon, titanium and oxygen. 

 

     
 

     
 

Figure 7.3: TEM images of TiO2-0.2%C composites: (a) TiO2-CSs, (b) TiO2-N-CSs, (c) 

TiO2-B-CSs, (d) TiO2-MWCNTs, (e) TiO2-N-MWCNTs, and (f) TiO2-B-MWCNTs. 

 

It was proposed that the defect sites on the surface of the carbon nanomaterials improved the 

coating by the TiO2 nanoparticles on the carbon nanomaterials leading to stronger composite 

formation. TEM observations revealed that the dispersion of the TiO2 on N-doped and B-

doped carbon nanomaterials was better as compared to the undoped ones (Figure 7.3(a,d) and 

Figure 7.4(a,d)). The better dispersion of TiO2 on the doped carbon materials could provide 

the information on the existence of more reactive sites. B-doped and N-doped CNTs by 

nature have chemically active points which are available for metal or metal oxide 

nanoparticle anchoring. It has been reported that B-doping into CNTs leads to a uniform 

(a) 

(e) (d) 

(b) 

(f) 

(c) 
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deposition of Pt nanoparticles and also an increase in the electrocatalytic activity for 

methanol oxidation.
37

 SnO2 coated on N-doped CNTs showed greater photocatalytic activity 

when compared with SnO2 coated on undoped CNTs.
38

 

 

      
 

     
 

Figure 7.4: TEM images of TiO2-10%C composites: (a) TiO2-CSs, (b) TiO2-N-CSs, (c) 

TiO2-B-CSs, (d) TiO2-MWCNTs, (e) TiO2-N-MWCNTs, and (f) TiO2-B-MWCNTs. 

 

7.3.2 XRD analysis of TiO2-C composite materials 

 

To determine the crystal phase composition of the TiO2-C composites, XRD measurements 

were carried out over the diffraction angle range, 10-75°. Figures 7.5 and 7.6 display the 

XRD patterns of the calcined TiO2-0.2%C and TiO2-10%C composite materials, respectively, 

compared to commercial TiO2. The diffraction peaks at 25.3, 37.6, 48.1, 53.9, 55.1, 62.7, 

69.0, and 70.4° are ascribed to the (101), (004), (200), (105), (211), (204), (116) and (220) 

planes of TiO2. This indicates that the particles of TiO2 in TiO2-C composites have the 

anatase phase,
39

 which is known to enhance the photocatalytic efficiency of the TiO2.
40

 Thus, 

carbon nanomaterial inclusion did not cause a change in the crystallite structure of TiO2. It 

was noted that the characteristic peaks of the carbon nanostructures such as the (002) 

reflection could not be seen clearly in all TiO2-C composites, possibly due to its amorphous 

(a) 

(f) 

(b) 

(e) (d) 

(c) 
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structure and low carbon content in the samples. It can also be considered that the (002) 

reflection of the C nanomaterials is overlapped by that of anatase TiO2 (101) reflection, since 

the crystallinity of TiO2 is stronger than that of C nanomaterials.
41

 As expected, the XRD 

pattern of the commercial TiO2 indicated the presence of both anatase and rutile phases of 

TiO2. The broader and lower diffraction peaks of TiO2 in all C-TiO2 composites suggests a 

smaller TiO2 crystallite size
42 

and low crystallinity or lattice imperfections
43

 as compared to 

commercial TiO2. The average particle sizes calculated by the Scherrer equation from the 

most intense anatase phase (101) in XRD patterns are shown in Table 7.2.  The average 

particle size of commercial TiO2 was calculated to be 22 nm. The crystallite sizes of the 

TiO2-C composites were about half that of the commercial TiO2. This large decrease in 

crystallite size indicates that an addition of C material reduced the TiO2 crystallite size. This 

outcome may be caused by the strong interaction between the acid pretreated C materials 

(which possess -COOH and -OH groups) and the -OH groups in the hydrolyzed TiO2 

precursor. In this case, the surface defects of the C nanomaterials may be considered as sites 

of grain growth for titania crystallites in the TiO2-C nanocomposites.
44 

 

10 20 30 40 50 60 70 80

0

2000

4000

6000

8000

10000

TiO
2

B-CNTs/TiO
2

N-CNTs/TiO
2

CNTs/TiO
2

B-CSs/TiO
2

N-CSs/TiO
2

AA A AAA AR

A

RR

A: Anatase

R: Rutile

In
te

n
s

it
y

 (
a

.u
.)

2 Theta (degree)

CSs/TiO
2

 
 

Figure 7.5: XRD patterns of TiO2-0.2%C composite materials compared with TiO2. 

 

Interestingly, there was no major difference in the crystallite size of all the TiO2-C composite 

materials. This result suggests that the type of C (undoped, nitrogen- or boron-doping) 

material and the concentration of C (0.2% vs 10%) are not the key factors affecting the size 

of the TiO2 particles. However, it has been reported that an increase in MWCNT content can 
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reduce the crystallite size of TiO2 in a TiO2-MWCNT system, and reduced the agglomeration 

of TiO2 during the sintering process.
44

 Further, Gao et al.
33a

 reported that the presence of 

carbon nanotubes (from 0 to 3 wt.%) in the nanocomposites inhibits the TiO2 growth, 

resulting in a slight decrease of TiO2 crystal size, but a further increase of the CNTs (5 to 20 

wt.%) showed a moderate increase in the TiO2 crystal size. It should be added that the 

different TiO2-C composites used in this study did not show any significant difference in 

terms of BET surface areas (not reported). Nevertheless, Wang and co-workers
26

 reported 

that MWCNTs incorporated into TiO2 nanoparticles can prevent TiO2 particles from 

agglomerating and increasing the content of MWCNTs would increase the surface area of the 

composite materials. 
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Figure 7.6: XRD patterns of TiO2-10%C composite materials compared with TiO2. 

Table 7.2: The average particle sizes of TiO2-C composite materials compared with TiO2. 

Catalyst TiO2 crystal size 

(nm) 

Catalyst TiO2 crystal size 

(nm) 

Commercial TiO2 22.3 Commercial TiO2 22.3 

TiO2-0.2%MWCNTs 11.3 TiO2-10%MWCNTs 11.4 

TiO2-0.2%N-MWCNTs 10.5 TiO2-10%N-

MWCNTs 

11.4 

TiO2-0.2%B-MWCNTs 10 TiO2-10%B-

MWCNTs 

10   

TiO2-0.2%CSs 11 TiO2-10%CSs 10.4 

TiO2-0.2%N-CSs 10.9 TiO2-10%N-CSs 10.9 

TiO2-0.2%B-CSs 11.4 TiO2-10%B-CSs 10.1 
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7.3.3 Raman spectroscopy studies of TiO2-C composite materials 

Raman spectroscopy was also used to confirm the chemical composition of the TiO2-C 

composites. Figures 7.7(a,b) and 7.8(a,b) give the Raman spectra of the TiO2-0.2%C and  

TiO2-10%C composites, respectively, in comparison with that of commercial TiO2. 

According to literature, the anatase TiO2 has six Raman active modes (1A1g, 2B1g and 3Eg).
45

 

It has been reported that these six modes appear at 144 cm
-1

 (Eg), 197 cm
-1

 (Eg), 399 cm
-1

 

(B1g), 513 cm
-1

 (A1g), 519 cm
-1

 (B1g) and 639 cm
-1

 (Eg).
36,45

 Raman spectra bands of rutile 

TiO2 have been reported at 143 cm
-1

 (superimposed with the 144 cm
-1

 band due to the anatase 

phase), 235 cm
-1

, 447 cm
-1

, 612 cm
-1 

and 826 cm
-1

 with symmetries of B1g, Eg, Eg, A1g and 

B2g, respectively.
46

 In Figures 7.7a, the Raman peaks of the TiO2-0.2%C composites are 

similar to those in the commercial TiO2 (144, 196, 396, 513 and 636 cm
-1

), except that the 

frequency shifted to the right, the line width broadened and their intensities decreased relative 

to P25 titania. The Raman peaks at 146, 197, 397, 515 and 639 cm
-1

 in the TiO2-0.2%C 

composites can be assigned to Eg, Eg, B1g, A1g+B1g and Eg modes of the anatase phase, 

respectively. It was observed that the Eg mode of the TiO2-0.2%B-MWCNT dramatically 

increased to 152 cm
-1

 and the high-frequency Raman lines were broader when compared to 

other TiO2-0.2%C composites, which may be a result of the slightly smaller TiO2 crystallite 

size. It has been reported that such a shift is due to phonon confinement caused by a decrease 

in crystal size of anatase.
47

 Raman scattering is very sensitive to the crystallinity of the 

materials. Zhang et al.
43

 reported that when Raman lines become weak and broad, the 

samples have local lattice imperfections. Thus, the TiO2-0.2%C composites to some extent 

lack good crystallinity. The shifting of the Eg bands of the TiO2-0.2%C composites towards 

higher frequency was also associated with some substitution of the Ti
4+

 by carbon forming 

Ti-O-C bonds in the TiO2 lattice.
48,49

 These observations are consistent with the XRD data, 

which showed the TiO2 anatase phase and a lower crystallinity as the particle size decreased 

with the introduction of C materials. The Raman spectral features of the TiO2-10%C 

composite materials (Figure 7.8a) are very similar to those of commercial TiO2 and their 

corresponding TiO2-0.2%C composites. This indicates that the TiO2 nanoparticles in the 

TiO2-10%C composite materials also have anatase structures. However, compared to TiO2-

0.2%C composite materials, the Raman bands of the corresponding TiO2-10%C composites 

broadened and shifted to higher wavenumbers, their intensities slightly decreased, suggesting 

that the addition of more C leads to relatively smaller TiO2 particles and a decrease in the 
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crystallinity of anatase, again coinciding with the XRD results. The above further confirm the 

formation of the chemical bond between carbon nanomaterials and TiO2. 
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Figure 7.7a: Raman spectra of TiO2-0.2%C composite materials showing the TiO2 bands. 
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Figure 7.7b: Raman spectra of TiO2-0.2%C composite materials showing the D, G and 2D-

bands. Asterisks in the figure are a result of electric spikes. 
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Figure 7.8a: Raman spectra of TiO2-10%C composite materials showing the TiO2 bands. 

Asterisks in the figure are a result of electric spikes. 
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Figure 7.8b: Raman spectra of TiO2-10%C composite materials showing the D, G and 2D-

bands.  

 

Figures 7.7b and 7.8b show the Raman spectra of the TiO2-0.2%C composites and the 

corresponding TiO2-10%C composites in the range 1000-3200 cm
-1

, respectively. Three 

Raman bands can be seen near 1354, 1600 and 2670-2900 cm
-1

 in the TiO2-0.2%C 

composites and can be ascribed to doped and undoped carbon nanomaterials. The band near 

1354 cm
-1

 can be assigned to the disorder-induced sp
2
 band (D-band) related to impurities 
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and amorphous carbon, the peak near 1600 cm
-1

 corresponds to highly oriented E2g mode sp
2
 

band (G-band), and the peak near 2670-2900 cm
-1

 is the 2D band. Raman spectroscopy data 

in the respective chapters (3-6) indicated that the carbon nanomaterials (without TiO2) had 

many defects on their surfaces. Similar bands, the typical D, G and 2D bands were observed 

in the corresponding TiO2-10%C composites. An increase in the D-band intensity and shift of 

D-band in the Raman spectra of TiO2-10%C to lower wavenumber ~1347 cm
-1

 can be 

attributed to the relatively low ordered carbon structure.
50

 

It was observed that the TiO2-0.2%C had a stronger intensity of the TiO2 bands and relatively 

weaker D and G bands, but the TiO2-10%C composites had relatively weaker intensity of 

TiO2 bands and stronger D and G bands. It could be considered that the stronger intensity of 

D and G bands and relatively weaker intensity of TiO2 bands in TiO2-10%C composites was 

a result of higher C loading as compared to the TiO2-0.2%C materials, although the 

characteristic peaks of C nanomaterials could hardly been identified from the XRD patterns 

of all composites. This observation was supported by the presence of uncovered C 

nanomaterials by TiO2 as shown in TEM studies in the TiO2-10%C composites. Higher C 

content resulted in lower coverage by TiO2, poor dispersion in the solvent and some bare C 

nanomaterials, leading to more intense D and G bands. These results are similar to those 

obtained by Kuvarega et al.,
36

 which showed that the intensity of the Raman peaks increased 

with increasing amounts of MWCNTs (from 0.5, 1, 2, 5, to 10%) in the N, Pd 

TiO2/MWCNTs composites. 

 

7.3.4 Fourier Transform Infrared (FT-IR) spectroscopy studies of the TiO2-C composite 

materials  

The nature of surface groups was evaluated by FT-IR spectroscopy. Figures 7.9 and 7.10 

display the FR-IR spectra of the TiO2-0.2%C and TiO2-10%C composite materials compared 

with commercial TiO2, respectively. FT-IR spectra of commercial TiO2 and TiO2-C 

composites show similar shapes. A peak at 3670 cm
-1 

and a weak one ~1645 cm
-1 

in all the 

samples can be assigned to the stretching vibration and bending vibration of OH on the 

surface of TiO2 particles. A highly intense low frequency band at ~525 cm
-1 

appears in the 

FT-IR spectra of all the materials, which corresponds to the Ti-O stretching vibration. FT-IR 

spectroscopy was not found to be useful to detect the characteristic carboxylic acid functional 

groups introduced by acid-treatment of C materials. 
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Figure 7.9: FT-IR spectra of TiO2-0.2%C composite materials: (i) TiO2, (ii) B-CSs, (iii) N-

CSs, (iv) CSs, (v) B-MWCNTs, (vi) N-MWCNTs, (vii) MWCNTs. 
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Figure 7.10: FT-IR spectra of TiO2-10%C composite materials: (i) TiO2, (ii) B-CSs, (iii) N-

CSs, (iv) CSs, (v) B-MWCNTs, (vi) N-MWCNTs, (vii) MWCNTs. 
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7.3.5 X-ray Photoelectron Spectroscopy (XPS) analysis of the TiO2-0.2%B-MWCNT 

composite material 

XPS analysis was carried out in order to better understand the composition and chemical 

bonding of the TiO2-C composites. The survey XPS spectrum of TiO2-0.2%B-MWCNT is 

presented in Figure 7.11. The spectrum indicates that the sample contains C, Ti and O atoms. 

The binding energies of C 1s, O 1s and Ti 2p are centered at 285 eV, 531 eV and 459 eV with 

elemental compositions of 11.45%, 61.79%, and 26.76%, respectively. The B signal was too 

weak to be detected. Figures 7.12, 7.13 and 7.14 show typical C 1s, O 1s and Ti 2p core 

levels spectra of the TiO2-0.2%B-MWCNTs, respectively. The C1s spectrum (Figures 7.12) 

was deconvoluted into three peaks at 284.3 eV, 285.4 eV and 288.5 eV. The peaks at 284.3 

eV correspond to sp
2
 hybridized C-C, while the one at 285.4 eV can be assigned to C-O

44
 

and/or defect-containing sp
2
 carbon. The peak at 288.5 eV can be assigned to O=C-O and/or 

Ti-O-C bonds.
48,51a,b

 The existence of these functional groups is attributed to the presence of 

oxidized carbon nanomaterials made during functionalization and could provide increased 

active sites for direct interaction of C nanomaterials with TiO2. In this case, the OH groups on 

TiO2 surfaces can chemically react with the COOH groups on C nanomaterials to form O=C-

O-Ti and/or Ti-O-C bonds. 

The oxygen core level spectra of the commercial TiO2 P25 have been reported to have 

binding energies at 530.3 eV and 532.4 eV.
52 

The high-resolution O 1s XPS spectra presented 

in Figure 7.13 shows two peaks at 530.7 eV and 531.7 eV, which can be attributed to Ti-O in 

TiO2 and the surface –OH groups or chemisorbed water molecules on the TiO2.
53

 These 

results correlate with the results of FT-IR spectra. It was reported that an enhanced amount of 

the hydroxyl groups on the surface of the composite can improve the photocatalytic activity.
54 

Thus the presence of the OH groups in the composites can have a beneficial effect of 

increased photocatalytic activity.  
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Figure 7.11: XPS survey scan of TiO2-0.2%B-MWCNT composite. 
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Figure 7.12: Deconvoluted C 1s XPS spectra of the TiO2-0.2%B-MWCNT composite. 
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Figure 7.13: Deconvoluted O 1s XPS spectra of the TiO2-0.2%B-MWCNT composite. 

 

The Ti 2p core level spectra of commercial TiO2 P25 have been recorded by several 

researchers. Two peaks observed at 459.0 eV and 464.8 eV were due to Ti
4+

 (2p3/2) and Ti
4+

 

(2p1/2), respectively in TiO2 P25.
55

 XPS characterization of TiO2 P25 by Alonso-Tellez and 

co-workers
56

 evidenced binding energies of Ti
4+

 (2p3/2) and Ti
4+

 (2p1/2) at 458.2 eV and 463.9 

eV, respectively. The binding energy of Ti (2p3/2) in Ti2O3, where Ti is in +3 oxidation state, 

has been reported to be in the range 456.8 to 456.9 eV.
57 

In Figure 7.14, three pronounced 

peaks are observed at binding energies of 458.2 eV, 459.4 eV, and 465.2 eV. The peaks at 

458.2 eV and 459.4 eV were both attributed to the Ti (2p3/2) state and the peak at 465.2 eV, 

was attributed to the Ti (2p1/2) in Ti
4+

. The separation between the binding energies of 459.4 

and 465.2 eV in the sample was found to be 5.8 eV, consistent with the presence of the 

normal oxidation state of Ti
4+

 in the TiO2.
58

 In addition, there was no peak observed between 

456.8-456.9 eV in the Ti 2p spectrum, indicating the absence of Ti
3+

 in the sample. The 

observed binding energies (459.4 and 465.2 eV) for the TiO2-0.2%B-MWCNT are higher 

than those reported for commercial TiO2, indicating that the Ti in the composite is in a 

slightly different chemical environment than that in commercial TiO2. This suggests 

substitution of carbon (B-MWCNTs) for oxygen in the TiO2 lattice. These binding energies 

values are very close to those reported by Peining et al.
59 

for TiO2-MWCNT nanocomposite. 
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Figure 7.14: Deconvoluted Ti 2p XPS spectra of the TiO2-0.2%B-MWCNT composite. 

 

7.3.6 Photocatalytic activity of TiO2-C composite materials 

The photocatalytic activities of the TiO2-0.2%C and TiO2-10%C composite materials were 

tested for the degradation of EB under simulated solar light irradiation. Figures 7.15 and 7.16 

present the degradation profiles of EB in the presence of TiO2-0.2%C and TiO2-10%C 

composite materials, respectively, with commercial TiO2 for comparison. As can be seen in 

Figure 7.16, the photocatalytic degradation rate of various TiO2-10%C composites decrease 

in the following order TiO2>B-MWCNT>N-MWCNT>MWCNT>B-CS>N-CS>CS. The 

lowest performance of the CSs could be explained in terms of their amorphous nature. The 

photocatalytic degradation of EB by the TiO2-10%C composites (Figure 7.16) gave lower 

degradation performance compared to their corresponding TiO2-0.2%C composites and 

commercial TiO2. The decreased efficiency in the TiO2-10%C composites could be explained 

by the non-uniform coating of TiO2 on the C nanomaterials, showing uncovered C surfaces 

and random aggregation. These results show that there is an optimum amount of carbon 

nanomaterial required that can destroy any organic compound. It could be considered that at 

higher C loadings, the electron-hole pair recombination rate increased
60

 or the particles of 

carbon nanomaterials blocked the light passage and reduced the formation e
-
-h

+
 pairs and 

active sites. A similar trend was observed for experiments performed under simulated solar 

light irradiation,
36

 in which the lowest loading (N, Pd co-doped TiO2-0.5%MWCNT) was 
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found to be the optimum in the degradation of Eosin Yellow compared to N, Pd co-doped 

TiO2-(1, 2, 5 and 10%)MWCNT. Table 7.3 displays the dye adsorption and degradation 

percentages by the TiO2-0.2%C and TiO2-10%C composite materials. Table 7.3 shows higher 

degradation percentages and lower adsorption efficiencies for TiO2-0.2%C when compared to 

TiO2-10%C and neat TiO2. These results indicate that there was no correlation between 

photodegradation and dye adsorption, when comparing data for the lower and higher C 

loadings. For example, the TiO2-0.2%B-MWCNTs could adsorb 20% of the dye but showed 

a degradation efficiency of 99% after 3 hours, while TiO2-10%B-MWCNTs adsorbed 38% of 

the dye and only 56% degradation on irradiation for 3 hours. However, in other studies, 

adsorption ability played an important role in the photocatalytic degradation of organic 

pollutants.
61 
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Figure 7.15: Photodegradation of EB by TiO2-0.2%C composite materials. 
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Figure 7.16: Photodegradation of EB by TiO2-10%C composite materials. 

 

 

 

 

Table 7.3: Dye adsorption and EB photodegradation under simulated solar irradiation. 

Catalyst % Degradation after 

180 min (%) 

Dye adsorption (%) 

TiO2 94.3 0.10 

TiO2-0.2%CS 99.4 0.31 

TiO2-0.2%N-CS 99.8 0.35 

TiO2-0.2%B-CS 99.7 0.52 

TiO2-0.2%MWCNT 99.5 2.30 

TiO2-0.2%N-MWCNT 99.4 5.5 

TiO2-0.2%B-MWCNT 99.9 20.02 

TiO2-10%CS 45.7 0.66 

TiO2-10%N-CS 46.8 0.76 

TiO2-10%B-CS 52.4 0.85 

TiO2-10%MWCNT 52.4 2.65 

TiO2-10%N-MWCNT 48.8 11.0 

TiO2-10%B-MWCNT 56.0 37.8 

 

 

It is well known that the combination of MWCNTs with TiO2 can enhance the photocatalytic 

degradation of organic pollutants as compared to commercial TiO2, because MWCNTs can 

inhibit e
-
-h

+
 recombination by trapping photoexcited electrons generated from the conduction 

band of TiO2.
62

 In addition, the adsorption ability of the MWCNTs can enhance the catalytic 
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destruction of organic pollutants. B-MWCNTs have the beneficial effect of increasing the 

adsorption capacity of O2 for the Oxygen reduction Reaction (ORR).
63 

The boron dopant in 

the MWCNTs is in the oxidized states (BC2O or BCO2) and the positively charged boron 

atoms are expected to adsorb the O2 molecule. In nitrogen-doped CNTs, O2 is adsorbed on 

the three C atoms adjacent to the N atom, while in pristine CNTs, adsorption of O2 is not 

possible since there is no charged site on the tube.
64 

In this study, TiO2-0.2%B-MWCNT 

showed the highest degradation of EB as compared to other catalysts (Figure 7.15). As 

mentioned earlier, the TiO2 anatase phase has better photocatalytic activity than the rutile 

phase. XRD and Raman results showed that all the composites synthesized here contained 

only the anatase structure. XRD also showed no significant difference in the TiO2 crystallite 

sizes of the TiO2-C composites. As suggested earlier, there was no direct correlation between 

the adsorption effect and the degradation efficiency of the EB. In this case, we can consider 

that the doping effect and the connection between TiO2 and carbon nanomaterial might play a 

role in the electron transfer between C and TiO2. On the basis of literature reports,
62a

 

mechanism of the photocatalytic activity of TiO2-C composites can be proposed (Figure 7.17) 

for theTiO2-MWCNT composites. Under visible light irradiation, the valence band electrons 

of TiO2 can be excited to its conduction band, leaving the positively charged holes behind, 

and giving rise to the formation e
-
-h

+
 pairs. The holes may react with OH

-
 or water on the 

surface of TiO2 producing hydroxyl radicals (OH
•
). The OH

• 
radicals are strong oxidizing 

agents, which can then destroy the organic dye. On the other hand, the photogenerated 

electrons can reduce the adsorbed O2 molecules to create superoxide anion radical (O2
•-
), 

which can also degrade the organic dye. At the same time, carbon nanomaterials can adsorb 

O2 on its surface, which can react with the promoted electrons in the conduction band to form 

O2
•-
 radicals. This leads to an increase in the number of highly reactive species, which can 

react with the organic dye. 

The intrinsic benefit of boron doping is evident. Indeed 97% of EB was degraded by TiO2-

0.2%B-MWCNT within 90 min. This can be attributed to the following reasons (which can 

lead to the high reduction of e
-
-h

+
 recombination rate): (i) The MWCNTs were doped with 

boron as BCO2, which would also adsorb O2 molecules, that can react with the promoted 

electrons, thereby increasing the number of O2
•- 

radicals that can react with the target; (ii) The 

well-known p-type semiconducting behavior (hole charge carriers) of B-doped CNTs might 

enhance the photocatalytic activity of TiO2-B-MWCNT composite.  It has been reported that 
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in B-doped CNTs the holes diffuse away from the Si-nanotube junction, thereby reducing e
-
-

h
+
 recombination and hence improving the efficiency of the photovoltaic device.

65
 

 

 
 

Figure 7.17: A mechanism demonstrating MWCNTs as electron trappers emitted from TiO2 

nanoparticles due to UV irradiation.
62

 

 

The photocatalytic reaction kinetics on the titania surface can be evaluated in terms of rate 

constants according to a Langmuir-Hinshelwood model: 

 
  

  
        (Equation 7.2) 

The integral form of equation 7.2 is:     
 

  
     (Equation 7.3), where Co is the 

concentration when solar irradiation starts and k represents the photodegradation rate 

constant. The plots of -ln (C/Co) against irradiation time gives the slope = k. The results are 

presented in Figures 7.18 and 7.19. The reaction kinetics show that the degradation of EB by 

TiO2-C composites followed pseudo-first order kinetics. Table 7.4 shows the rate constants 

for EB photodegradation by the TiO2-0.2%C and TiO2-10%C composite materials. The 

results show that the rate constants for TiO2-0.2%C composites were remarkably higher than 

those for their corresponding TiO2-10%C composites. Overall, the TiO2-0.2%B-MWCNT 
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composite material showed the highest rate constant when compared to all the other 

composite materials.  Thus, boron doping has a strong effect on the degradation efficiency of 

TiO2-0.2%B-MWCNT composites.  In addition to the electron trapping abilities of CNTs, 

boron in CNTs can adsorb O2 molecules which can react with the excited electrons to yield 

more reactive radicals, thereby delaying the e
-
-h

+
 recombination rate and enhancing the 

photocatalytic reactivity. 

Kuvarega and co-workers
36

 reported rate constants similar to ours at lower and higher 

concentrations of MWCNTs for N, Pd co-doped TiO2-MWCNTs prepared by the sol-gel 

method. They reported rate constants of 3.84 x 10
-2

 min
-1

 for N, Pd co-doped TiO2-

0.5%MWCNT and 4.92 x 10
-3

 min
-1

 for N, Pd co-doped TiO2-10%MWCNT for the 

photocatalytic degradation of Eosin Yellow under simulated solar irradiation. Wang and co-

workers
11a 

reported rate constants of 1.55 x 10
-3 

for  TiO2-20%MWCNTs composite material 

and 0.68 x 10
-3

 min for TiO2 for the photocatalytic degradation of phenol under visible light. 

The results indicate increased photoreactive efficiency for lower concentrations of 

carbonaceous materials in TiO2-C composites prepared by the sol-gel method. 
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Figure 7.18: Kinetics of EB degradation by TiO2-0.2%C composite materials. 
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Figure 7.19: Kinetics of EB degradation by TiO2-10%C composite materials. 

 

Table 7.4: EB photodegradation rate constants under simulated solar irradiation. 

Catalyst Rate constant, k(min
-1

) 

TiO2 1.42 x 10
-2

 

TiO2-0.2%CS 3.40 x 10
-2

 

TiO2-0.2%N-CS 3.77 x 10
-2

 

TiO2-0.2%B-CS 3.28 x 10
-2

 

TiO2-0.2%MWCNT 2.61 x 10
-2

 

TiO2-0.2%N-MWCNT 2.67 x 10
-2

 

TiO2-0.2%B-MWCNT 4.14 x 10
-2

 

TiO2-10%CS 3.54x 10
-3

 

TiO2-10%N-CS 3.27 x 10
-3

 

TiO2-10%B-CS 4.01 x 10
-3

 

TiO2-10%MWCNT 4.06 x 10
-3

 

TiO2-10%N-MWCNT 4.01 x 10
-3

 

TiO2-10%B-MWCNT 4.80 x 10
-3
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7.4 Conclusion 

In summary, we successfully prepared TiO2-C composite materials from various 

carbonaceous nanomaterials by a modified sol-gel method. TEM images revealed better 

homogeneous coverage of TiO2 nanoparticles on TiO2-0.2%C that on the TiO2-10%C 

composites. XRD patterns of all composites confirmed that anatase was the main crystalline 

phase in the TiO2 particles, whereas commercial TiO2 showed both anatase and rutile crystal 

structures. In the case of TiO2-C composites, the broad band between 20 and 25° in the XRD 

patterns, characteristic of the reflections associated with amorphous carbon was evident. 

Based on the larger intensity of the diffraction peaks, it might also be considered that the 

crystallinity is higher in commercial TiO2 than in TiO2-C composite materials. The Raman 

spectroscopy data confirmed the presence of the anatase TiO2 phase and carbonaceous 

nanomaterials. 

Introduction of carbonaceous nanomaterials into TiO2 led to smaller TiO2 particle sizes and 

doping produced better dispersion, which improved the efficiency of photocatalytic 

degradation. Moreover, the amount and type of carbon nanomaterial are important parameters 

in the adsorption and catalytic degradation of the EB. It was found that the addition of carbon 

at low concentration led to better photoactivity of TiO2 in the degradation of EB. Boron-

doping of MWCNTs gave the best photocatalyst to achieve synergism between B-MWCNTs 

and TiO2 nanoparticles. This was associated with a delayed e
-
-h

+
 recombination rate with 

increasing boron doping. The kinetic studies revealed that the photocatalytic degradation of 

EB followed pseudo first-order kinetics. 
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Appendix E: Supplementary material 

 

 

 

Figure S7.1: EDX spectrum of TiO2-0.2%B-MWCNTs composite material. 

 

 

 

 
 

Figure S7.2: EDX spectrum of TiO2-10%B-MWCNTs composite material. 
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CHAPTER 8 

 
General Conclusions and Recommendations 

___________________________________________________________ 

 

The synthesis of N-MWCNTs and B-MWCNTs was achieved by the CVD method in a 

horizontal reactor over an Fe-Co/CaCO3 catalyst and the morphology of the new materials 

was confirmed using various characterization techniques. N-CSs and B-CSs have also been 

grown by the CVD method in a vertical furnace without using a catalyst. The nitrogen and 

boron sources used for the doping process were acetonitrile and trimethyl borate, 

respectively. In the chapters 3-6, investigations of the effect of the doping of MWCNTs and 

CSs with N and B doped were discussed in detail. The doped MWCNTs and CSs were fully 

studied using a range of techniques such as TEM, SEM, XRD, TGA, BET, XPS, FT-IR, CN 

elemental analysis and Raman spectroscopy. 

A significant influence of the growth temperature and acetonitrile vaporization temperature 

on the yield, diameter, quality, morphology and thermal stability of the N-MWCNTs was 

observed. Successful nitrogen doping was evidenced by the presence of the 

compartmentalized bamboo structures in the MWCNT walls. The bamboo compartment 

distance decreased with increase in growth temperature and CH3CN vaporization temperature 

due to the increased nitrogen content in N-MWCNTs. Higher growth temperatures led to the 

formation of a mixture of MWCNTs and solid CSs. Raman spectroscopy investigations 

confirmed that N-MWCNTs have a low degree of graphitization, indicating the presence of 

defects and disorder in the walls of the N-MWCNTs. The surface defects in the N-MWCNTs 

were evidenced by the roughness of the N-MWCNT surface. 

The study of N-CSs revealed that the incorporated N content, diameter and the yield of N-

CSs could be controlled by changing the C2H2 and Ar gas flow rates. The TGA data showed 

that the N-CSs and CSs have high purity (> 99%). N-containing CSs showed a lower degree 

of disorder when compared to undoped CSs and this closely correlated with the total gas flow 

rate used. The N-doped CSs showed lower thermal stability and degree of graphitization as 

compared to the undoped CSs, confirming more defects in the N-CSs. 
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The effect of using trimethyl borate and various growth temperatures on the production of B-

MWCNTs over an Fe-Co/CaCO3catalyst was established. It was found that these two factors 

led to the formation of rough surfaces and bamboo structured tubes. An increase in reaction 

temperature during the synthesis of B-MWCNTs resulted in an increase in the average outer 

diameter of the tubes. At temperatures in the range of 850-900 °C, the formation of other 

structures such as catalyst filled tubes, solid and core-shell CSs was noted. The study showed 

that the optimum temperature for producing B-MWCNTs was 800 °C. These core-shell CSs 

were believed to have formed by a non-catalytic route at high temperature. 

Large amounts B-CSs with a core-shell structure were successfully grown at 900 °C from 

C2H2 and trimethyl borate without using any catalyst. The effect of trimethyl borate was 

clearly significant. This effect was evidenced by TEM studies which showed different 

morphologies of solid undoped CSs and core-shell BCSs. The morphology, size and yield of 

the B-CSs was tuned by changing the ratio of the Ar:H2 and the type of furnace (horizontal 

vs. vertical furnace). 

The purpose of this study was to synthesize boron and nitrogen doped MWCNTs and CSs 

using the CVD method. These carbon nanomaterials were then used as supports for a 

TiO2photocatalystfor the degradation of erythrosine B. Factors such as carbon dopants (B 

doped, N doped and undoped MWCNTs and CSs), as well as TiO2:C ratios were explored. 

The introduction of nitrogen and boron defects in the carbon nanostructures resulted in a 

strong interaction with the TiO2 catalysts and this influenced the photocatalytic activity of the 

TiO2. TEM studies showed a good coverage of the carbon nanomaterials by anatase TiO2 at 

lower C percentages. The lower loading of C materials displayed an improved ability to 

degrade EB when compared to TiO2 and higher load C materials.TiO2-0.2%B-MWCNT 

showed the highest photoactivity efficiency. From the results, it can be concluded that lower 

percentages of carbon nanomaterials and doping does improve the photocatalytic properties 

of TiO2. In the degradation of erythrosine B, the TiO2-10%C showed poor performance as 

compared to commercial TiO2 and TiO2-0.2%C composites. These findings confirm the 

unique properties of the TiO2-doped carbons nanocomposites as potential functional water-

treatment materials. 

It can be recalled that during the synthesis of B-CSs, the quartz tube cracked in the middle 

due to the reaction of boric acid and silica tube. This relates to the decomposition of trimethyl 

borate which slowly degrades in the presence of moisture or air. It is therefore recommended 
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that other boron sources which are safe to use and do not decompose as easily be utilized in 

the production of boron doped carbons. 

Determination of the optimum B and N content in the B doped and N doped carbons that can 

give maximum photoactivity in the degradation of erythrosine B is highly recommended. The 

remarkable photocatalytic activity of the 0.2%B-MWCNT loading with a boron content of 

1.6% towards the degradation of erythrosine B needs to be further investigated. 
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