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Abstract 

Over the last two decades, Researchers have proposed different routes to synthesize 

high quality carbon nanotubes. The most popular and widely used synthesis techniques 

are Arc discharge, Chemical vapor deposition and Laser ablation. Among various 

synthesis routes, arc discharge is regarded as the best technique to produce high quality 

carbon nanotubes. Though this technique has been in used for the long time but the 

effect of several parameters like arc current, applied voltage, arc temperature and type 

of carbon precursors has not been much explored. Researchers have mainly used 

graphite as carbon precursor. The aim of this research was to investigate the effect of 

carbon black on synthesis of CNT. Carbon black is an amorphous form of carbon 

which has a high surface-area-to volume ratio and easily available material on earth. 

To achieve the objective of proposed research, the thesis is divided into six chapters. 

Some of the salient features of these chapters are as follows: 

Chapter 1 Introduces carbon, its allotrope and methods to synthesize carbon nanotube. 

Various precursors used in synthesis of CNTs as reported in published scientific 

literature are briefed. The motivation of this research is also discussed at the end of the 

chapter.  

In Chapter 2, we have discussed about the literature available for synthesis of CNTs 

using arc discharge method and we observe that Literature lacks correlation between 

growth conditions and synthesized product. We have discussed growth mechanism of 

carbon nanotubes in arc discharge. The effects of several arc parameters such as power 

supply, environment, pressure, electrode geometry, catalyst and temperature and their 

corresponding physics has been detailed. We have reviewed and presented various 

carbon precursors used in synthesis of CNTs using arc discharge. At the end we have 

identified the gaps in research and defined the scope of the present work. 

In Chapter 3, we have discussed the various design of arc chamber available in 

literature. We have designed the arc discharge chamber by considering mechanical 

design and electrical circuit design of the custom built arc chamber. 
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In Chapter 4, we have briefly discussed about carbon black, its basic chemistry, 

morphology and surface activity.  We have introduced about different grades of carbon 

black used in literature. In addition, we have investigated the amenability of different 

grades of furnace carbon black in conversion to CNTs using DC arc discharge method. 

In Chapter 5, using designed arc discharge set up, we have synthesized MWCNTs at 

an arc current ranging from 25 to 40 A using DC arc discharge setup. Field emission 

Scanning electron microscopy, transmission electron microscopy and TGA were 

carried out for ensuring the formation of MWCNTs. Temperature profiles of the arc 

were recorded and observed micrographs and corresponding arc temperature profiles 

it became evident that a critical temperature range of 1400-1600°C is necessary for 

synthesis of MWCNTs using arc discharge. If the temperature is outside the range of 

1400-1600°C, then very few or no CNTs are observed. We did TGA analysis to 

measure the thermal stability in the synthesized CNT samples and observed that the 

thermal stability of as synthesized MWCNTs is much higher as compared to typical 

MWCNTs stability reported in literature.  

Moreover, the role of applying pulse arc in comparison to application of DC arc discharge 

needs another investigation. We have also investigated the effect of arc current variation 

from 22 A to 40 A with the step of 4 A with respect to time using pulse arc discharge 

method. It was observed that the nanoparticle merged into multilayer sheet with 

scattered flower type structure distributed on top layer and converted into tube like 

structure of different diameter at 40 A for 60 sec. 

In Chapter 6, we present the overall conclusions and future scope of the present study.  
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CHAPTER 1 

Introduction 

Carbon is all pervading and is an essential element for all known form of life on earth. 

Not only live but a bulk of non-living material attributes their existence and properties to 

carbon so much so that a separate study is established for carbon and its different 

compound and allotropes. The name ‘carbon’ comes from the Latin word carbo which 

means coal or charcoal. The importance of carbon is obvious from the fact that most 

basic transducer of energy quintessential for survival of life in any form i.e. plants have 

carbon as the most important element. Without carbon the plant would not exist and 

plants being originating component of food chain, its non-existence means every animal 

on earth will face challenge of survival. 

Carbon has various formations useful for industrial applications for example when 

carbon combines with another element it appears with extraordinary different properties 

like carbonates (CaCO3) which appears in the form of limestone, marble and chalk; in 

combination with hydrogen it forms hydrocarbon which is present in deposits of fossils 

fuels i.e. natural gas, petroleum and coal; in environment carbon is present in the form of 

carbon dioxide taken in by plants which undergo the process of photosynthesis and also 

used in fire extinguisher. 

The allotropes of carbon are equally an interesting subject matter of investigation. In 

non- living matter, carbon exists as compounds and different allotropic forms. The later 

spans the range from hardest material like diamond to most amorphous material like 

Carbon black (CB). In next section allotropes of carbon are detailed which is relevant 

to understanding the background of investigation in this thesis. 

1.1 Allotropes of Carbon 

Elemental carbon exits in several forms, each of which has its own physical and 

chemical characteristics known as allotropes of carbon. Few allotropes of carbon which 

are important in context to usage in day to day life are shown in Figure 1.1. 
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Figure 1.1: Allotropes of carbon (a) Diamond [1] (b) Graphite [2] (c) Fullerenes [3] 

(d) CNTs [4] (e) Coke [5] (f) Charcoal [6] (g) Carbon Black [7] 

Carbon exists in two allotropic forms crystalline and amorphous. Amorphous carbon is 

the name of carbon that does not have any crystalline structure. On macroscopic scale, 

amorphous carbon has no definite structure but on Nano microscopic scale we can see it 

is made up of regularly arranged carbon atoms. Coal is formed in nature by carbonization 

of wood i.e. conversion of wood to coal under the influence of high temperature, high 

(a) 

(b) 

(c) 

(d) 

(e) 

(f) 

(g) 
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pressure but in the absence of air. Wood Charcoal is a black, porous and brittle solid 

formed when wood is heated strongly in a very limited supply of air. Carbon black is 

formed when a natural gas is burnt in limited supply of air. 

Crystalline form of carbon include graphite, diamond, fullerenes and CNTs .Graphite is 

one of the softest substances, used in many industrial applications in the form of coke, in 

the production of steel and as writing material in the form of lead for pencils. Graphite is 

an electrical conductor due to delocalization of pi bond electrons above and below the 

planes of carbon atoms. These electrons are free to move and so are able to conduct 

electricity. 

Diamond is another allotrope of carbon, whose hardness and high dispersion of light 

make it useful for industrial applications and jewelry. Apart from this, diamonds are also 

used as a cutting tool because of its hardness. 

Fullerene is a molecule of carbon that exists in the form of hollow sphere and tubes. 

Spherical fullerene known as buckminsterfullerene’s resemble to the soccer ball and 

cylindrical fullerenes are called carbon nanotubes. It is similar to that of graphite, which 

is composed of stacked graphene sheets of hexagonal rings that are linked together but 

fullerene may also contain the pentagonal rings. 

Carbon nanotubes (CNTs) are one of the strongest materials in nature. CNTs are long 

hollow cylinders of graphene. The discovery of carbon nanotubes (CNT) by Iijima in 

1991 [8] opened the new era in material science that have incredible number of potential 

uses in the field of electronic, mechanical, thermal, optical etc. The structure of carbon 

nanotube is formed by rolling the single sheet of graphite i.e. graphene. CNTs typically 

have a diameter ranging from lesser than 1nm to around 50nm. Nanotubes can have a 

single outer wall of carbon or they can be made of multiple walls (cylinders inside other 

cylinders of carbon). 

CNTs are gaining importance because of its extraordinary properties which can 

revolutionize the material applications in human support. All out efforts by scientists are 

perused to synthesize CNTs from various precursors and by various methods. In next 

section, we briefly present different methods to synthesize CNTs that have been reported 

in published scientific literature. 
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1.2 Methods to Synthesize CNTs 

Carbon nanotubes were first discovered by Iijima [8] in 1991. The synthesis of carbon 

nanotubes has attracted researchers for over 20 years, who have proposed and observed 

insightful studies that have led to better understanding of the growth mechanism of 

carbon nanotubes. Over these two decades, researchers have used different routes to 

synthesize CNTs most used of which are Arc discharge, Chemical Vapor Deposition, 

Laser Ablation, Hydro-thermal synthesis, Electrolysis, Ball milling, Flame synthesis and 

are shown as schematic in Figure 1.2. 

 

Figure 1.2: Methods used for synthesis of CNTs 
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An arc discharge synthesis of carbon nanotubes consists of graphite electrodes 

containing a carbon precursor, which are sublimed in an inert atmosphere using an 

electric current. The carbon arc provides a convenient and traditional tool for 

generating the high temperatures needed to vaporize carbon atoms into plasma. Some 

of the phenomenal work in arc discharge synthesis includes Ebbessen and Ajayan [9] 

who reported large scale synthesis of CNTs in helium atmosphere in 1992. In 1995, 

Wang et al. [10] produced Multiwalled carbon nanotubes(MWCNTs) in hydrogen 

atmosphere using arc discharge. In 1997, Journet et al. [11] demonstrated large scale 

synthesis of Singlewalled carbon nanotubes(SWCNTs) in Helium atmosphere. Shi et 

al. [12] in 1999 demonstrated bulk synthesis of SWCNTs in high pressure helium 

atmosphere. The arc discharge process is dependent on several parameters like power 

supply, chamber pressure, electrode geometry, catalyst etc. that influence the nature of 

the CNT produced. 

Another efficient route for the synthesis of bundles of SWCNTs is the laser ablation 

technique. In this method, a piece of graphite target is vaporized by laser irradiation 

under high temperature in an inert atmosphere. The quality and yield of these products 

have been found to depend on the reaction temperature. The best quality is obtained at 

reaction temperature of 1200°C [13]. The pulsed laser-ablation process for the 

production of SWCNTs was developed in 1995 by Guo et al. [14] at Rice University. A 

laser beam (532 nm), was focused onto a metal-graphite composite target which was 

placed in a high-temperature (1200°C) furnace. The laser beam ablates the graphite 

target and the soot produced is swept by the flowing argon gas and deposited onto a 

water-cooled copper collector positioned downstream just outside the furnace. In 1996, 

Thess et al. [15] successfully developed a laser ablation method for the mass production 

of SWCNTs. In 1997 Rao et al. [16] used double beam laser to improve the laser 

ablation process. Nanotubes produced by laser ablation have higher purity and their 

structure is better graphitized. However, the laser ablation technique favors the growth of 

SWCNTs. The disadvantage of this method is the high power input and less CNTs 

deposition. 

Selective production of nanotubes with predefined properties can be achieved by 

chemical vapor deposition (CVD) [17][18] which is the most economic process for large 

scale CNTs production [18]. In this process, catalytic decomposition of hydrocarbon or 
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carbon monoxide feedstock occurs with the aid of supported transition metal catalyst in a 

flow furnace at atmospheric pressure. It was first devised in 1993 by Yacamàn et al. 

[19] who synthesized carbon nanotubes by catalytic decomposition of acetylene over 

iron particles at 700°C. The choice of catalyst is one of the most important parameters 

affecting the CNTs growth in this process. As compared to arc-discharge and laser-

ablation methods, CVD is a simple and economic technique for synthesizing CNTs at 

low temperature and ambient pressure. In yield and purity, CVD beats the arc discharge 

and laser ablation methods but it is not suitable for synthesis of CNTs from powdered 

carbon precursors like graphite and carbon black. 

Apart from above mentioned widely used synthesis methods, several other methods have 

been proposed by researchers. However, they have not been extensively used owing to 

their drawbacks and limitations. In 2002, Gogotsi et al [20] devised a hydrothermal 

technique for synthesis of CNTs. They synthesized Multiwall open-end and closed 

carbon nanotubes with the wall thickness from several to more than 100 carbon layers 

using polyethylene/water mixtures in the presence of nickel at 700–800°C under 60-100 

MPa pressure. Manafi et al [21] in 2008 used hydrothermal techniques to prepare large 

quantity of carbon nanotubes using NaOH, aqueous solution of dichloromethane, CCl2 

and metallic Lithium at 150-160°C for 24 h. This process has many advantages in 

comparison with other methods such as easy availability of raw materials and it is a low 

temperature process (about 150-180°C). This method is environmentally benign and 

inexpensive. 

Electrolysis is a less common method for CNT production which was developed by Hsu 

et al. in 1995 [22]. In this process electro spinning of alkali (Li, K, Na) or alkaline-earth 

(Mg, Ca) metals from their chloride salts on a graphite cathode is followed by the 

formation of carbon nanotubes by the interaction of the metal being deposited with the 

cathode. After the electrolysis the carbonaceous material is extracted by dissolving the 

ionic salt in distilled water. The cathode erodes during the electrolysis and the 

electrolytic products are a mixture of CNTs and a large proportion of carbon 

nanoparticles of different structures. The nanotubes produced are usually multi-walled; 

however, Bai et al. have grown SWCNTs [23] using electrolysis. They prepared 

nanotubes by electrolytic conversion of graphite to carbon nanotubes in fused NaCl at 

810°C using Argon as inert gas. 
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CNT synthesis through concentrated solar light was proposed by Laplaze et al. [24] in 

1998. The advantage of the solar method is the use of light as in laser ablation to induce 

the vaporization of the target and the possibility to control each synthesis parameter 

independently. The carbon and catalyst mixture was vaporized at the front impinged by 

the incident concentrated solar energy. In 2005, Luxembourg [25] demonstrated the 

production of SWCNTs in few gram of quantity by solar process using a 50 kW solar 

reactor. 

Ball milling and subsequent annealing is another simple method for the production of 

CNTs. The method consists of placing graphite powder into a stainless steel container 

along with four hardened steel balls. The container is purged, and argon is introduced. 

The milling is carried out at room temperature for up to 150 hours. Following milling, 

the powder is annealed under an inert gas flow at temperatures of 1400°C for six hours. 

In 2001, Pierard et al. [26] produced short MWCNTs with open tips using mechanical 

ball milling. In 2003, Liu et al. [27] prepared short MWCNTs by ball milling and studied 

their hydrogen absorption behavior. 

Among all the techniques reported above, arc discharge still remains the best method to 

synthesize high quality carbon nanotubes. Though the arc discharge method is 

discontinuous and cannot produce the large quantity of CNTs in general as compared to 

CVD, however, few scientists report [2-5] synthesizing CNTs in bulk using arc 

discharge. The yield of CNTs depends on the stability of the plasma formed between the 

electrodes, the current density, inert gas pressure and cooling of electrodes and chamber. 

Apart from methods available to synthesize CNTs, researchers have used variety of 

precursors in synthesis of CNT. Various precursors used in synthesis of CNTs as 

reported in published literature are briefed in next section. 

1.3 Precursors for CNTs Synthesis 

In general till date, the synthesis of CNTs is carried out by sublimation of a carbon 

precursor using an external power source; in case of arc discharge, the high 

temperature of plasma is obtained by applying current ablates the carbon precursor to 

form carbon vapors, which further nucleates to form a nanotube. Most of the arc 

discharge synthesis of CNTs has been carried out using graphite as precursor. Some 
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researchers have used coal as a starting material to synthesize CNTs. Coal is a 

mixture of aromatic and aliphatic hydrocarbon molecules, which are highly reactive 

in nature. In 2007 Qiu et al. [28] discussed coal as an ideal starting material for large 

synthesis of Double walled Carbon nanotubes(DWCNTs). When high arc current 

passes through coal, the weak linkages between the polymeric aryl structures get 

broken down into alkyne and aromatic species that further form DWCNTs. Coal 

contains sulphur, which favors the growth of DWCNTs and affects the diameter 

distribution of the nanotubes produced. 

Other carbon sources like poly-vinyl-alcohol is additional carbon source to synthesize 

carbon nanotubes using arc discharge method  [29].  In 2005 tire powder was injected 

into an electric arc for growing multiwall carbon nanotubes [30]; further  in 2005 

DWCNTs were synthesized in a large scale by hydrogen arc discharge method using 

MWCNT/carbon nanofibers [31]. In 2005, mixture of ferrocene-nicklocene was used 

as catalyst and xylene as carbon source for growth of carbon nanotube. In 2007, 

toluene as hydrocarbon solvent was utilized for the formation of CNTs [32], in 2010 

fullerene waste soot was used as raw material to fabricate DWCNTs by arc discharge 

in a mixture of Ar and H2 [33] , in 2011 thermal decomposition of benzene using ac 

arc discharge plasma process [34] have been utilized to produce carbon 

nanostructures. 

Some groups have used CB as a raw material to produce CNTs. In 2002, Doherty et 

al. [35] reported the synthesis of high crystalline quality MWCNTs from carbon 

black without catalyst. In 2006, Chen et al. [36] have utilized the CB as a dot carbon 

source in formation of DWCNTs and discussed that the structure of carbon black 

plays a significant role in influencing purity, bundle formation and purifications of 

DWCNTs. In 2006, Doherty et al. [37] suggested the growth of carbon nanotubes 

from carbon black in high temperature arc furnace with an externally applied 

magnetic field. In 2008, Donnet et al.[38] discussed the growth of MWCNTs on 

carbon black by combustion flame method. Nanotube formation takes place in three 

stages, in first stage transformation of carbon black to graphitic seeds; in second 

stage generation of tubes from graphitic seeds due to high condensation of ad atoms. 

Finally, the continuous growth of these tubes by adsorption of carbon atoms onto 

nanotubes. In 2009, Labedz et al. [39] observed the influence of various carbon 
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powders on synthesis of SWCNTs in carbon arc plasma. In 2011, Nishizaka et al. 

[40] synthesized SWCNT-containing soot using arc discharge with a poorly 

graphitized carbon rod (PGC rod), and investigated the production of graphite 

contained in the soot. A PGC rod was produced using a mixture of coal tar and 

carbon black and was heat treated to 1000°C. In 2012, Doherty et al. [41] discussed 

the solid state transformation of carbon black to MWCNTs from high temperature arc 

furnace without a catalyst. 

In published literature, the CB to CNT conversion still remains less investigated. 

Keeping this in view we have used carbon black as a precursor to synthesize Carbon 

nanotubes in our investigations in the thesis. CB is amorphous in nature, easily 

available material on earth and can be a potential precursor to synthesize CNT due to 

techno-economic reasons. Currently in industries, carbon black is used as the black 

pigment in printing ink, water colors, and carbon paper. CB is also used as filler in 

rubber products such as tires and in plastic compounds. 

1.4 Motivation 

Carbon nanotubes are long tubular chain of carbon molecule. CNTs are allotropes of 

Carbon with cylindrical nanostructures that possess properties which find advantageous 

usage in field such as electronics, mechanical, electrical, chemical and thermal 

applications. Over the last two decades researchers have mainly used graphite as 

carbon precursor in formation of carbon nanotubes using arc discharge method. The 

primary motivation behind this research was to investigate on an alternate precursor 

which is more potential candidate for conversion to CNTs because of techno-economic 

reasons and since CB is comparatively less perused, the investigation on 

transformation of CB to CNT additionally forms interesting premises of research and 

investigations. CB is a low cost and easily available material. Using CB as precursor in 

arc discharge method, various experiments were performed at low arc current level 

with different grades of carbon black using DC and Pulsed arc discharge method. In 

order to investigate and conclude on transformation of CB to CNT using arc discharge 

method, a comprehensive literature review to assess state of art and gaps thereof is 

pertinent as first step. 
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1.5 Summary 

In this present chapter we introduces about carbon, its allotrope and methods to 

synthesize carbon nanotube. Various precursors used in synthesis of CNTs as reported 

in published scientific literature are briefed. The motivation of this research is also 

discussed at the end of the chapter. 

The available literature on CB from CNTs is presented chronologically in next chapter. 
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CHAPTER 2 

Literature Review 

2.1 Introduction 

In the previous chapter, we discussed the importance of carbon on earth and brief 

introduction about carbon nanotubes and its synthesis method. Carbon nanotubes (CNTs) 

possess excellent mechanical, electronic, thermal, optical and chemical properties which 

have revolutionized the research in application of the newer allotrope of carbon. CNTs have 

been broadly classified as SWCNTs, DWCNTs and MWCNTs. Researchers have devised 

different routes to synthesize CNTs which we have already discussed in the previous chapter 

in Section 1.2. 

Among various methods of CNT synthesis over the last two decades, researchers have 

demonstrated a successful use of arc discharge technique in the production of high quality 

CNTs. A bar graph shown in Figure 2.1 depicts the number of papers (on x-axis) published 

year wise shows (on y-axis) for CNT synthesis using arc discharge. It is observable from 

graph that number of publication in 2005 was maximum. Some insights of nanotube growth 

process and the fundamental role of few arc discharge parameters have been understood and 

published in literature. 

 

Figure 2.1: Bar graph showing papers published on arc discharge synthesis of CNT 
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However, the literature lacks comprehensive study on the mechanism of nanotube 

formation and needs investigation on correlation between growth conditions and 

synthesized nanotubes. The requiem to understand the role of growth conditions lays in 

selective growth of nanotubes using arc discharge, which remains largely unexplored. 

For researchers taking up the nanotube synthesis using arc discharge, the availability of 

comprehensive review on the process is quintessential. Previously, Ando and Zhao [1] 

discussed the synthesis of SWCNTs and MWCNTs using arc discharge. In 2007, Harris 

[2] investigated the models of nanotube growth in arc discharge and laser ablation 

processes. In 2010, Ando [3] presented the chronological aspect of arc grown nanotubes in 

hydrogen atmosphere. In 2011, Tessonnier and Su [4] briefly discussed the nucleation and 

growth process of nanotube in arc grown CNTs. In 2011, Prasek et al. [5] reviewed the 

different routes of nanotube synthesis. In 2012, Journet et al. [6] discussed low or medium 

temperature techniques to synthesize CNTs. In 2014, Hrivas et al. [7] reviewed the method 

for carbon nanotubes production and its mechanical properties. In 2014, Mubarak et al. [8] 

discussed survey of experimental work require for the synthesis of CNTs. In 2015, Yan et 

al. [9] presented the review article on understanding of manufacturing and functionalizing 

of carbon nanotubes through arc discharge, laser ablation and chemical vapor deposition 

method. In 2015, Sarangdevot et al. [10] reviewed the history, types, structure and 

different synthesis methods of CNTs. 

In next sections, we update and detail experimental attempts to manufacture carbon 

nanotubes using arc discharge technique. The growth mechanism of nanotubes, as 

published in literature has been briefed. It is further discussed in the next section the role of 

synthesis parameters like setup modification, power supply, arc current, catalyst, pressure, 

grain size, electrode geometry and temperature on the nanotube production. From the 

review, we understand that few parameters like pressure and catalyst have been 

investigated quantitatively in literature but the exact role of the growth conditions still 

requires extensive investigation. 

The review has been divided into four sections. Section 2.1 introduces literature 

published on arc discharge method. Section 2.2 discusses the nanotube growth in arc 

discharge. Section 2.3 outlines the arc discharge parameters and their corresponding 

physics is detailed in next subsections and finally concluded with carbon precursor in 

Section 2.4. 
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2.2 Nanotube Growth in Arc Discharge 

2.2.1 Arc Discharge Setup 

Arc discharge is the electrical breakdown of a gas to generate plasma. This technique 

of generating arc using electric current was first used by Iijima to produce CNTs [11] 

in 1991. A schematic of an arc discharge chamber is shown in Figure 2.2. Generally, 

the chamber consists of two electrodes which are mounted horizontally or vertically; 

one of which (anode) is filled with powdered carbon precursor along with the catalyst 

and the other electrode (cathode) is usually a pure graphite rod. The chamber is filled 

with a gas or submerged inside a liquid environment. The inlet and outlet for gas are 

shown in Figure 2.2 for representation only. 

 

Figure 2.2: Schematic of an arc discharge setup 

In actual, their placement may suit the design of the chamber. A power supply 

(AC/DC) as shown is required to initiate and maintain the arc. The electrodes are 

brought in contact to generate an arc and are kept at an intermittent gap of 1–2 mm to 

attain a steady discharge. A constant current is maintained through the electrodes to 

obtain a non-fluctuating arc for which normally closed loop automation is employed to 

adjust the gap automatically. The details of the power supply and control circuit is 

given in next chapter Section 3.2. A fluctuating arc results in unstable plasma and 
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affects adversely the quality of the synthesized CNTs. Therefore, a non-fluctuating arc 

is quintessential which is obtained maintaining constant current. The arc current 

generates plasma of very high temperature ~4000-6000 K, which sublimes the carbon 

precursor filled inside the anode. The carbon vapors aggregate in the gas phase and 

drift towards the cathode where it cools down due to the temperature gradient. After an 

arc application time of few minutes the discharge is stopped and cathodic deposit 

which contains CNTs along with the soot is collected from the walls of chamber. The 

deposit is purified and analyzed for morphology and other properties. 

2.2.2 Growth Mechanism of Carbon Nanotubes in Arc Discharge 

Researchers have investigated and suggested growth conditions for nanotube formation 

based on their experimental observations. Despite many studies, no clear understanding 

of the growth mechanism of CNTs in arc discharge has been established. 

Understanding the physics of the mechanism of growth will be seminally useful for the 

growth of nanotubes with desirable properties and yield. In this section, we present an 

outline of the synthesis mechanism in the growth of CNTs in arc discharge as reported 

in literature. 

As mentioned earlier in Section 2.2.1, the two electrodes in Figure 2.2 are brought in 

contact and upon application of voltage; constant current is made to flow through 

them using control circuits. The electric current results in resistive heating and raises 

the temperature of the electrodes. The anode is moved back to maintain a gap 

(~1 mm) between the electrodes for continuous deposition of carbon vapours. 

Meanwhile, the high temperature ~4000-6000 K facilitates the breakdown of the 

surrounding gas filled inside the chamber. Physics involved in arc discharge process 

remains unexplained in published literature and books. In 2014, we discussed the 

physics of the growth mechanism of CNTs in arc discharge. The gas ionizes into 

electrons and ions and results in hot plasma formation between the electrodes. Stable 

plasma grows uniformly over the electrode surface corresponding to stable anode and 

cathode voltage. The collisions of ions and electrons in the plasma emit photons 

responsible for the glow in plasma. The electrons ejected from cathode hit the anode 

at high velocity and sputter the carbon precursor filled at the center of the anode. The 

high temperature resulting from resistive heating results in sublimation of carbon 

precursor and converts them into carbon vapours. The carbon vapors are decomposed 
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in carbon ions. The decomposition occurs due to high heat flux or thermal energy of 

the plasma. The carbon vapors aggregate to form viscous carbon clusters and drift 

towards the cathode, which is cooler as compared to anode. The carbon vapors 

undergo a phase change and get converted into liquid carbon. The temperature 

gradient at cathode and quenching effect of atmosphere solidifies and crystallizes the 

liquid carbon to form cylindrical deposits that grow steadily on cathode. The cathodic 

deposit is composed of a grey outer shell and a dark inner core. The grey deposit 

consists of the rolls of graphene sheets known as carbon nanotubes. The addition of 

hexagonal carbon atom clusters lead to the growth of nanotube. However, instability 

in plasma leads to capping of nanotubes. The diameter of the nanotubes is governed 

by the density of carbon vapors in the plasma. Variation in temperature gradients 

strongly affects the diameter distribution of CNTs produced and nanotubes are 

formed in bundles due to van der Waals interaction. 

Further in published literature, various affiliated aspect in nanotube synthesis has been 

explained by few more researchers. Citing from literature, in 1993 Iijima [12] proposed 

a model for tubular growth and explained the capping of nanotubes in terms of 

pentagons and heptagons. In 1994, Ugarte [13] studied the heat treatment of carbon 

soot generated by electric arc between two graphite electrodes and run in a low inert 

gas helium pressure. In 1995 Ebbesen and Gamaly [14] developed a model based on 

physical properties of arc discharge for nanotube formation. In 1995, Amelinckx et al. 

[15] reported model to explain the microstructure of graphite multi shell nanotubes 

grown by arc discharge. In 1999, Liu et al. [16] discussed semi continuous hydrogen 

arc discharge method for synthesizing SWCNTs. In 2000, Kukovitsky et al. [17] 

performed catalytic synthesis of various carbon forms on nickel supported catalyst 

using carbon vapor as precursor. In 2001, Farhat et al. [18] reported method for 

controlling diameter of SWCNTs during electric arc discharge process. In 2001, 

Gavillet et al. [19] investigated the catalytic growth of SWCNTs. In 2002 Jong et al. 

[20] observed large scale synthesis of carbon nanotubes by plasma rotating arc 

discharge. In 2005, Heer et al. [21] discussed the formation of carbon nanotubes in a 

pure carbon arc in a helium atmosphere. In 2006, Kim et al. [22] investigated CNTs 

synthesis by DC arc discharge method using carbon cathode coated with metal catalyst. 

In 2006, Yusoff et al. [23] studied the effect of physical parameter of arc on substrate 
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surface temperature and on CNTs grown. In 2007, Keidar et al. [24] developed model 

of SWCNTs interactions with thermal plasma in arc discharge. In 2008, Joshi et al. 

[25] synthesized CNTs using arc discharge method with a rotating graphite disc as 

cathode. In 2008, Donnet et al. [26] studied the growth of MWCNTs using combustion 

oxygen/ acetylene flame method. In 2010, Scalese et al. [27] investigated the influence 

of electrode size and discharge current on structural quality of nanotubes. In 2011, 

Zhao et al. [28] produced carbon nanostructures by decomposition of benzene using ac 

arc discharge plasma at atmospheric pressure. In 2012, Liang et al. [29] synthesized 

MWCNTs and polyhedral graphite particles under atmospheric pressure. In 2012, Wu 

et al. [30] synthesized graphene/ SWCNTs hybrid materials and performance in super 

capacitors has been studied. In 2012, Kim et al. [31] reported synthesis of metallic 

impurity free MWCNTs using stabilized arc discharge under atmospheric conditions. 

But the exact growth mechanism is still remained debatable due to different theories of 

nanotube and possibilities of growth in vapor phase [14], liquid phase [21], solid phase 

[32] and crystal phase [33]. 

2.2.2.1 Vapor phase growth 

In 1995 Gamaly and Ebbesen [14] detailed the vapor phase growth of MWCNTs and 

suggested that the carbon vapors condense and nucleate to form nanotubes. They 

proposed a model for the velocity distribution of carbon vapors and divided the 

carbon vapours in two groups depending upon their velocity distributions. One group 

of carbon vapors will have the isotropic (Maxwellian) velocity distribution. The other 

group of carbon particles has higher velocities than the first group which is due to the 

acceleration of carbon vapours between the electrodes. According to Gamaly and 

Ebbesen, the nanotube growth occurs in three steps - seed formation, tube growth and 

termination. The seeds are formed as a result of the two velocity distributions. In the 

beginning, the carbon vapours possess Maxwellian distributions which result in 

nanoparticle formation. Upon increasing the current, the other group of directed 

carbon vapours results in open structures or seeds. Once the current reaches a stable 

value, the carbon ions flow perpendicular to the cathode surface resulting in the 

nanotube growth. Finally the nanotube growth is terminated due to instabilities in the 

plasma. A similar theory has also been validated by other researchers too [34-37]. In 

2002, Louchev et al. [34] show the effect of surface diffusion feeding nanotube 
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growth from behind the growth interface to stabilize open edge morphology. In 2002, 

Sato et al. [35] suggested the open edge stability of nanotube growth depend on 

kinetically competition between pentagon and hexagon formation. In 2003, Louchev 

et al. [36] discussed detailed analysis of nanotube nucleation from graphitic 

nanofragments by thermal vibration. In 2006, Liu et al. [37] investigated uncatalyzed 

edge growth of carbon nanotubes. 

2.2.2.2 Liquid phase growth 

The liquid phase growth model was suggested by Heer et al. [21] in 2005. He proposed 

that the liquid carbon solidifies to result in nanotubes. They found beads of amorphous 

carbon within the nanotubes which result during solidification of liquid drops. 

According to them, when the electric arc is applied to heat the carbon precursor, the 

electrons bombarding the surface result in localized heating, which causes the surface 

to liquefy. The liquid droplets are ejected from the anode and are drifted towards 

cathode. These globules of liquid carbon tend to cool at the cathode surface. The 

cooling propagates from outer layer towards the center, resulting in multilayered 

tubular structures. 

2.2.2.3 Solid phase growth 

Solid phase growth of nanotubes was proposed by Harris et al. [38] in 1994. They 

found that nanotubes are synthesized by high temperature heat treatment of fullerene 

soot. Based on their observations, they proposed that initially carbon vapors in the gas 

phase condense onto the cathode to form fullerene soot. Since the temperature of 

cathode is high due to continuous arc, the fullerene soot is converted to MWCNTs via 

the seed-growth-termination process. The requiem for this process is rapid heating of 

fullerene soot since slow heating of fullerene results in nanoparticle formation [32]. In 

order to improve upon the existing theories, experimental investigations are necessary 

to develop a strong correlation between the synthesized CNTs and input parameters. 

In literature, large number of experimental reports has been published establishing 

correlation between variation in arc parameters with quality and quantity of 

synthesized nanotubes of various reported experimental work and are discussed in the 

next section. 



Literature Review 

22 

2.3 Arc Discharge Parameters 

The arc discharge process is dependent on several parameters like type of power supply, 

environment, pressure, electrode geometry, catalyst and temperature that influence the 

quality and quantity of the synthesized product. Researchers have studied the variation of 

these parameters and have attempted to establish an optimal range of the parameters for 

improving quality and quantity of CNTs using arc discharge. The implication of these 

parameters and their corresponding physics is detailed in the next subsections. 

2.3.1 Effect of Power Supply 

The power supply controls the arc current and voltage which govern the energy 

distribution of electron discharge. This affects the plasma temperature that plays decisive 

role in the product of arc discharge. In this section we have detailed the effect of type of 

power supply, voltage, arc current and frequency on quality and yield of synthesized 

nanotubes. 

2.3.1.1 Type of power supply 

The type of power supply plays a vital role in nanotube formation. In Figure 2.3(a), 

(b), (c) two electrodes are mounted horizontally and are shown schematically; the 

cathode and anode are of pure graphite rod of cylindrical shape with anode having a 

drilled hole at the center filled with carbon precursor. Figure 2.3(a) shows the DC arc 

discharge setup, when DC arc current is applied across the electrodes, electrons are 

emitted continuously from cathode as indicated by e- travelling in straight arrow. 

Emitted electrons bombards the anode at high velocity and as a result carbon vapors 

i.e. C+ ion ejected from anode move towards cathode as indicated by inclined arrow. 

The cathode diameter is usually larger than the anode diameter, which results in 

lower current density at cathode than anode. Thus, a high temperature gradient across 

the electrodes is obtained which sublimes the carbon precursor filled inside the anode 

and results in the formation of CNTs. In AC arc discharge schematically shown in 

Figure 2.3(b), the current alters periodically across the electrodes which results in 

emission of electrons (e-) as indicated by straight arrow from both side and no 

deposition is observed at either side of the electrodes. The carbon vapors (C+) fly out 

of the plasma to move towards the wall indicated in Figure 2.3(b) inclined arrow. 

This happens due to thermal effects i.e. the temperature of electrodes increases by 
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resistive heating in plasma with an applied arc current which results in CNT 

formation at the walls of the chamber. Figure 2.3(c) shows the setup of pulsed arc 

method. In pulsed arc, CNT formation takes place with short range and long range 

pulses, normally of the millisecond width. Electron emitted from cathode move 

towards anode as indicated by arrow and C+ ions ejected from anode and move 

towards cathode as shown by arrow. Pulse striking the anode surface and vaporizes 

the carbon ion and deposited on to the cathode. 

 

Figure 2.3: Schematic showing the formation of CNTs using different power supplies 

In case of DC arc discharge setup, the ionized gas drifts towards cathode and hinders the 

continuous deposition of carbon ions on cathode. In order to remove the gas ions, the 

cathode should not be negatively charged. This problem may be overcome by using an 

AC or pulsed power supply. The disadvantage of using AC supply is that the formation 

of nanotubes occurs only in positive cycle and thus the yield is reduced. Thus, pulsed arc 
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discharge is the most favorable for nanotube formation as the formation occur in some 

short and long range pulses. 

In 2010, Ashraf et al. [39] compared the continuous and pulsed arc discharges and their 

effect on nanotube formation. They observed variation in type and quantity of atomic 

carbon species on using different power supply. According to them, the continuous arc 

discharge results in higher amount of C2 (diatomic carbon) and it is the precursor for 

nanotube formation. The pulsed discharge contained additional amount of C1 (one 

carbon atom) due to disintegration of C2, which does not form closed carbon structures. 

However, pulsed arc is advantageous as it provides more control over the process. 

The pulsed arc is found to be more energetic than a continuous arc. The energy of an 

electron is higher at the time of ejection and it takes microseconds for the electron to 

attain the Maxwellian energy distribution. Thus, continuous bombardment of anode with 

pulses of width shorter than this time results in higher electron energy which increases 

the yield [40]. On contrary to this, continuous power supply has lesser electron energy 

distribution. We have classified the existing literature on CNT synthesis based on the 

type of power supply and plotted a Pie chart showing the percentage of papers published 

in these categories as shown in Figure 2.4. It can be clearly seen from Figure 2.4 that the 

DC is most widely used type of power supply to synthesize CNT using arc discharge 

method. 

 

Figure 2.4: Pie chart showing percentage of papers published on  

arc discharge synthesis of CNT 
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The first attempts to synthesize MWCNTs [11] and SWCNTs [41], [42] using DC power 

supply were reported in 1991 and 1993 respectively. Some of the early insightful works 

include large scale synthesis of CNTs in helium atmosphere by Ebbesen and Ajayan [43] in 

1992. In 1995, Wang et al. [44] produced MWCNTs in hydrogen atmosphere using arc 

discharge. In 1997, Journet et al. [45] demonstrated large scale synthesis of SWCNTs in 

helium atmosphere. Shi et al. [46] in 1999 demonstrated bulk synthesis of SWCNTs in high 

pressure helium atmosphere. High yields of 6.5 g/h CNTs have been demonstrated by 

Zhao[47]. In 2004, Itkis et al. [48] produced 5-15 g CNTs using DC arc discharge. 

Chronological attempts of synthesizing CNTs using DC power supply have been listed in 

Table 2.1. In column 1 of Table 2.1, year and lead author name are given. Column 2-

column 6 gives corresponding important information of the work namely arc current, 

synthesis time, precursor used, catalyst if any, environment, pressure and type of CNTs and 

its diameter respectively. From Table 2.1 we observed that mainly CNTs synthesis were 

attempted using graphite as carbon precursor, few researchers used carbon black and coal. 

Table 2.1: Arc discharge synthesis of CNT using DC power supply 

Year - Author Arc current, 

synthesis time 

precursor catalyst Environment, 

pressure 

Type of CNTs, 

diameter, yield 

1991 - Iijima [11]  Graphite  Argon, 
100torr 

MWCNT,  
5-20nm 

1992 - Ebbesen and 
Ajayan[43] 

100A Graphite  Helium, 
500torr 

CNT,  
2-20nm 

1993 - Iijima et al. [41] 200A Graphite  Argon, 
40torr 

CNT,1nm 

1993- Bethune et 
al.[27] 

95-105A Graphite Co Helium,  
100-500torr 

SWCNT,  
20nm 

1994 - Lin et al.[49]  Graphite    

1994 - Guerret-
Plecourt et al.[50] 

100-110A,  
30-60 min 

Graphite  Helium, 
0.6bar 

CNT 

1995 - Wang et al.[44] 90A Graphite  Hydrogen,  
50-700torr 

MWCNT 

1995 - Zhou and 
Seraphin[51] 

220A/cm2    Branched  
CNT 

1996 - Loiseau and 
Pascard[52] 

100-110A, 30-
45 min 

Graphite  Helium, 
 0.6bar 

CNT 

1997 - Lange et al.[53] 60-70A, 4min Graphite  Helium,  
500torr 

 

1997 - Journet et 
al.[45] 

100A, 2min Graphite Ni-Co-Y Helium,  
500torr 

SWCNT,  

5-20nm 

1997 - Zhao et al.[54] 20-100A Graphite  Hydrogen,  
10-200torr 

MWCNT, 
 1nm 

1998 - Saito et al.[55] 70A &100A,  
1-3 min 

Graphite Ru/Pd/ 
Rh/Pt 

Helium,  
1520torr 

SWCNT,  
1.28 nm 

1998 - Chang et al.[56] 55-65A Graphite  Helium,  
500torr 

CNTs, 

10-40nm 
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Year - Author Arc current, 

synthesis time 

precursor catalyst Environment, 

pressure 

Type of CNTs, 

diameter, yield 

1998 - Zhao and 
Ando[57] 

50A, 30-60s Graphite  Hydrogen,  
60torr 

MWCNT,  
1-20nm 

1999 - Takizawa et 
al.[58] 

100A, 10s Graphite Ni-Y2O3 Helium,  
500torr 

SWCNT 

1999 - Yudasaka et 
al.[59] 

100A, 10s Graphite  Helium,  
500torr 

SWCNT 

1999 - Shi et al.[60] 40-100A Graphite Ni-Y Helium,  
100-700torr 

SWCNT,  
1.3nm, 1.5g 

1999 - Zhao et al.[61] 50A, 30-60s   Hydrogen,  
60torr 

MWCNT 

1999 - Shi et al.[46] 40A, ~120min Graphite Ni-Y Helium,  
1520torr 

SWCNT, 5g 

1999 - Kiselev et 
al.[62] 

80A, 60s Graphite  Helium,  
100torr 

MWCNT,  
115 mg/min 

1999 - Liu et al.[16] 150A, 3min Graphite  Hydrogen, 
200torr 

SWCNT,  
20nm, 100mg 

2000 - Ishigami et 
al.[63] 

60A Graphite  Liquid Nitrogen MWCNT, 
44mg/min/cm2 

2000 - Tang et al.[64] 58A Graphite  Helium,  
400torr 

CNT 

2000 - Shi et al.[65] 40-60A, 
~120min 

Graphite Ni-Y Helium,  
500-700torr 

SWCNT, 5g 

2000 - Ando et al.[66] 50-100A, ~3min Graphite Ni-Y Helium,  
400-700torr 

SWCNT,  
1.28-1.52nm,  
1.24 g/min 

2000 - Ando et al.[67] 50A,30-60s Graphite  Hydrogen,  
30-120torr 

MWCNT 

2000 - Cheng et al.[68] 150A, 3min Graphite Ni-Fe-
Co-FeS 

Hydrogen, 
200torr 

SWCNT, 
100mg 

2001 - Ando et al.[69] 50-100A, 3min Graphite Ni-Y Helium,  
400-700torr 

SWCNT,  
1.34-1.53nm 

2001 - Srivastav et 
al.[70] 

200A, 3 min Graphite  Helium,  
500torr 

CNT 

2001 - Farhat et al.[18] 100A Graphite Ni-Y Helium & Argon, 
495 torr 

SWCNT 

2001 - Hutchison et 
al.[71] 

75-80A, 40min Graphite  Hydrogen-Argon, 
350torr 

DWCNT,  
2.7-4.7 nm 

2001 - Kanai et al.[72] 20-40A, 30min Graphite Ni-Y Helium,  
600torr 

SWCNT 

2001 - Shimotani et 
al.[73] 

100A, 2min Graphite  Helium-
Hydrocarbons, 
150-500torr 

MWCNT 

2001 - Li et al.[74] 30A, 5min Graphite  Helium,  
15kPa 

MWCNT/SWC
NT, 0.34nm 

2001 - Ando et al.[75] 50A, 30-60s Graphite  Hydrogen,  
8kPa 

MWCNT 

2001 - Lai et al.[76] 60-90A Hydrocar
bon 
(Xylene, 
Pyrene) 

 Helium, 
300-600torr 

CNT, 

10-50µm 

2002 - Osvath et al.[77] 100A, 2min   Helium,  
660mbar 

Branched CNT, 
10 & 20 nm 

2002 - Jain et al.[78] 900A, 15-20min Graphite  Helium, 
800torr 

MWCNT 
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Year - Author Arc current, 

synthesis time 

precursor catalyst Environment, 

pressure 

Type of CNTs, 

diameter, yield 

2002 - Tang et al.[79] 75-85A Graphite  Helium,  
400torr 

MWCNT 

2002 - Li et al.[80] 50A, 1min Graphite  Hydrogen-CO MWCNT,  
10-20nm 

2002 - Jong Lee et 
al.[20] 

80-120A Graphite  Helium, 
500torr 

CNT 

2002 - Park et al.[81] 60-80A, 5min Graphite Ni-Co-
Fe-S 

Helium,  
100-500torr 

SWCNT,  
10-20 nm 

2002 - Ando et al.[82] 60A, 10min   Hydrogen,  
13kPa 

MWCNT 

2002 - Sheng et al.[83] 85-95A Graphite  Helium,  
375torr 

CNT 

2002 - Cadek et al.[84] ~57A Graphite  Helium,  
500torr 

MWCNT 

2002 - Zhen-Hua et 
al.[85] 

50-80A,10min Graphite Ni-Y Helium,  
100-200torr 

SWCNT,  
10-20nm 

2002 - Doherty and 
Chang[86] 

100A, 1min Carbon 
Black 

 Helium, 
100torr 

MWCNT 

2003 - Antisari et 
al.[87] 

30-70A, 1min Graphite  Liquid Nitrogen, 
Deionized Water, 

MWCNT 

2003 - Doherty et 
al.[88] 

100A, 1min Carbon 
Black 

 Helium, 
100torr 

MWCNT 

2003 - Saito et al.[89] 50A Graphite FeS-NiS-
CoS 

Hydrogen-
Helium,  
300torr 

DWCNT,  
2-5nm 

2003 - Qiu et al.[90] 50-70A, 20min Coal Fe Helium, 
490torr 

SWCNT,  
10-20nm 

2003 - Jung et al.[91] 80A Graphite  Liquid Nitrogen MWCNT,  
20-50nm 

2003 - Zhao et al.[92] 30-70A, 3min Graphite Fe Hydrogen-Argon, 
60-500torr 

SWCNT 

2003 - Lange et al.[93] 30-40A,10 min   Deionized water Nanocarbon/ 
CNT 

2003 - Cui et al.[94] 35-44A, 3min Graphite  Nitrogen,  
0.02-900torr 

MWCNT 

2003 - Osvath et al.[95] 100A, 2 min Graphite Ni-Y Helium,  
500torr 

Branched CNT, 
10nm 

2003 - Tarasov et 
al.[96] 

50-130A Graphite Ni-Co + 
YNi2 

Helium,  
400-800torr 

SWCNT 

2004 - Liu et al.[97] 100A,10 min Graphite  Hydrogen, 
50kPa 

Amorphous 
CNT 

2004 - Waldorff et 
al.[98] 

78.5A, 180s Graphite Ni-Y Helium,  
500-700torr 

SWCNT, 2nm 

2004 - Nishio et al.[99] 60A, 2-8s Graphite  Helium,  
760torr 

CNT 

2004 - Wang et 
al.[100] 

60-450A Polyvinyl 
Alcohol 

Fe Helium,  
260torr 

MWCNT 

2004 - Zhao et al.[47] 80A, 5min Graphite Ni-Co Hydrogen, 
500torr 

Amorphous 
CNT, 7-20nm, 
6.5g/hr 

2004 - Bera et al.[101] 35A Graphite  PdCl2 CNT 

2004 - Cui et al.[102] 35-44A, 50-
120s 

Graphite  Nitrogen,  
0-900torr 

MWCNT/SWC
NT 

2004 - Zhao and 
Liu[103] 

60A, 5min Graphite  Helium,  
400torr 

SWCNT 
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Year - Author Arc current, 

synthesis time 

precursor catalyst Environment, 

pressure 

Type of CNTs, 

diameter, yield 

2004 - Jinno et al.[104] 50A, 30-60s Graphite  Hydrogen-
Nitrogen, 70torr 

MWCNT, 1nm 

2004 - Keidar and 
Waas[105] 

    CNT 

2004 - Itkis et al. [48] 90A, 60-90min Graphite Ni-Y Helium,  
680torr 

SWCNT, 5-15g 

2004 - Qiu et al.[106] 50-70A Coal  Helium,  
250-570torr 

MWCNT 

2004 - Sano et al.[107] 60A, 45s Graphite Ni Liquid Nitrogen SWCNT 

2005 - Murr et al.[108] 50-100A Tire 
Powder 

 Helium,  
250torr 

MWCNT,  
5-50nm 

2005 - Hahn et al.[109] 60A Graphite  Hydrogen,  
13kPa 

MWCNT 

2005 - Shang et 
al.[110] 

50A Graphite  Helium, 30-
120torr 

MWCNT, 
1.1nm 

2005 - de Heer et 
al.[111] 

100A Graphite  Helium,  
375torr 

MWCNT,  
3-20nm 

2005 - Ando et al.[112] 40-70A,15min Graphite Fe Hydrogen-
Nitrogen, 200torr 

SWCNT 

2005 - Yang et al.[113] 100-120A Graphite  Hydrogen-Argon, 
70torr H2,  
50torr Argon 

DWCNT 

2005 - Guo et al.[114] 30-70A Graphite Fe Hydrogen-Argon, 
200torr 

SWCNT 

2005 - Li et al.[115] 120A, 3min Graphite Ni-Co-
Fe-S 

Hydrogen, 
240torr 

DWCNT,  
4g/h 

2005 - Wang et 
al.[116] 

50A, 60 sec Graphite  NaCl SWCNT, 
0.89nm 
MWCNT, 
8.9nm 

2005 - XinLv et 
al.[117] 

90-120A, 30-
150 min 

Graphite  Helium,  
530-550torr 

SWCNT 

2005 - Makita et 
al.[118] 

50-60A Graphite Ni-Co Helium, Argon, 
Nitrogen  
50-1000torr 

SWCNT 

2005 - Yao et al.[119] 90A, 5-10min Graphite Ni-
Ho2O3 

Helium,  
600torr 

SWCNT, 10-30 
nm, 0.6-1g 

2005 - Montoro et 
al.[120] 

65A, 20 min   H3VO4 aqueous 
solution 

SWCNT/MWC
NT, 20-30nm 

2005 - Zhao et al.[121] 80A Graphite  Hydrogen, 
500torr 

Amorphous 
CNT, 7-20 nm 

2005 - Tang et al.[122] 85-95A Graphite  Helium,  
400torr 

CNT 

2005 - Wang et 
al.[123] 

50A, 60s Graphite Fe Deionized water, 
open air 

CNT 

2006 - Doherty et al. 
[124] 

100A, 1min Carbon 
Black 

 Helium,  
100torr 

CNT 

2006 - Wang et 
al.[125] 

70A Graphite Ni-Y Helium,  
120torr 

SWCNT, 10g 

2006 - Chen et al.[126] 120A Carbon 
Black 

Co-CoS Hydrogen-Argon DWCNT 

2006 - Qiu et al.[127] 70A, 15min Graphite FeS-KCl Hydrogen, 
350torr 

DWCNT 
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Year - Author Arc current, 

synthesis time 

precursor catalyst Environment, 

pressure 

Type of CNTs, 

diameter, yield 

2006 - Wang et 
al.[128] 

70A,15min Coal  Argon,  
80-90kPa 

CNT, 

30-80nm 

2006 - Lange et 
al.[129] 

25A & 55A Graphite/
Carbon 
Black 

Fe Hydrogen-Argon, 
200torr 

SWCNT 

2006 - Zhao et al.[130] 50A, 3-20min Graphite Fe Hydrogen-Inert 
Gases, 50-500torr 

SWCNT 

2006 - Suzuki et 
al.[131] 

60A,10min Graphite  Hydrogen-
Helium,  
100torr 

MWCNT, 
900mg 

2006 - Yusoff et al.[23] 16A Graphite  Nitrogen,  
760torr 

CNT 

2006 - HH Kim and HJ 
Kim[132] 

40-80A Graphite  Air,  
100-760torr 

MWCNT 

2006 - Wang et 
al.[133] 

70-80A, 10min   Helium,  
50-60kPa 

Branched CNT 

2006 - HH Kim and HJ 
Kim[22] 

40-100A Graphite Ni-Co-Ti Helium,  
500torr 

MWCNT/ 
SWCNT 

2007 - Cazzanelli et 
al.[134] 

60A, 100s Graphite Ni-Cr Helium,  
375torr 

MWCNT 

2007 - Okada et 
al.[135] 

1-20A, 30s Toluene Ni-Mo-
Fe 

Toluene CNT 

2007 - Mathur et 
al.[136] 

100-120A Graphite 
+ Coke 
powder 

 Helium,  
600torr 

MWCNT/ 
SWCNT 

2007 - Song et al.[137] 100A, 5-8min Graphite Co-S-Pt Hydrogen, 
300torr 

MWCNT 

2007 - HH Kim and HJ 
Kim[138] 

10-70A Xylene Ferrocene Xylene 
Ferrocene,  
30-500torr 

MWCNT/ 
SWCNT 

2007 - Guo et al.[139] 50A Graphite  Deionized water MWCNT,  
5-20nm 

2007 -Duncan et 
al.[140] 

80A &100A, 
5min 

  Helium-Argon, 
500-700mbar 

MWCNT 

2007 - Qiu et al.[141] 50-60A,10min Coal Fe Helium,  
375-525torr 

DWCNT,  
1-5nm 

2007 - Sun et al.[142] 70-100A, 10min Graphite Fe3O4 Hydrogen-Argon, 
200torr 

SWCNT,  
0.8g 

2007 - Delong He et 
al.[143] 

80-280A Graphite Ni-Co Helium,  
500torr 

SWCNT 

2007 - Xing et al.[144] 30-75A Graphite  Deionized water MWCNT,  
10-20nm 

2008 - Grebenyukov et 
al.[145] 

65A Graphite Ni-Y2O3 Nitrogen,  
50-760torr 

SWCNT 

2008 - Li et al.[146] 90A Graphite NiO-
Y2O3 

Helium,  
300torr 

SWCNT 

2008 - Fetterman et 
al.[147] 

40-70A,  
12-480s 

Graphite  Helium,  
600torr 

CNT 

2008 - Joshi et al.[25] 150A/cm2 Graphite  Open Air, 
Helium, 500torr 

MWCNT 

2008 - Keidar et 
al.[148] 

70-80A Graphite Ni-Y Helium,  
500-700torr 

SWCNT 

2008 - Keidar et 
al.[149] 

180s Graphite Ni-Y Helium,  
500-700torr 

SWCNT 
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Year - Author Arc current, 

synthesis time 

precursor catalyst Environment, 

pressure 

Type of CNTs, 

diameter, yield 

2008 - Kim et al.[150] 10A, 2min Graphite  Beer Foam MWCNT 

2009 - Kim et al.[151] 15A Graphite  Beer Foam MWCNT 

2009 - Charinpanitkul 
et al.[152] 

50-250A Graphite  Liquid Nitrogen; MWCNT,  
8-25 nm 

2009 - Ha et al.[153] 30-70A, 20min Graphite Fe Hydrogen,  
50-450torr 

SWCNT 

2009 - Labedz et 
al.[154] 

40-60A Graphite/
Carbon 
black 

 Hydrogen-Argon, 
30kPa 

SWCNT 

2009 - Hoa et al.[155] 85A/cm2,1min Graphite Fe-Ni-
Mo 

Hydrogen, 
400torr 

SWCNT 

2009 - Jahanshahi et 
al.[156] 

 Graphite Ni-Mo LiCl MWCNT/SWC
N, 7.7mg/min 

2010 - Jahanshahi et 
al.[157] 

100A, 60s Graphite Ni-Mo NaCl MWCNT 

2010 - Scalese et 
al.[158] 

80A, 60s Graphite  Liquid Nitrogen MWCNT 

2010 - Scalese et al. 
[159] 

80A, 30sec Graphite  Liquid Nitrogen CNT 

2010 - J Qiu et al. 
[160] 

85-110A Fullerene 
Waste 
soot 

 Hydrogen-Argon, 
300torr 

DWCNT,  
1.08-1.44nm 

2011 - Nishizaka et al. 
[161] 

10 min Graphite 
+Coal 
+Carbon 
Black 

 Helium,  
100torr 

SWCNT 

2011 - Ding et al. [162] 120A Graphite  Hydrogen-
Helium, 400torr 

CNTs 

2011 - Hou et al. [163] 150A, 3min Graphite Ni-Fe-
Co 

Hydrogen, 
200torr 

SWCNT, 1g 

2011 - Zhang et al. 
[164] 

120A Graphite  Hydrogen, 
240torr 

MWCNT 

2011 - Su et al. [165] 100A Graphite Ni-Y Helium-CO, 
225torr 

SWCNT 

2012 - Tripathi et al. 
[166] 

105A, 5-8min Graphite   CNT 

2012 - Kim et al. [31] 100A Graphite  Argon MWCNT 

2012 - Zhao et al. [167] 80A Graphite  Air, 60torr MWCNT 

2012 - Wu et al. [30] 120A Graphite Ni-Y2O3 Hydrogen-
Helium,  
530torr 

SWCNT 

2012 - Su et al. [168] 90A Graphite Ni-Y Helium, 
375torr 

SWCNT 

2012 - Liang et al. [29] 80A,100A, 
150A, 8min 

Graphite  Helium,  
760torr 

MWCNT 

2012 - Zhang [169] 50A Graphite Fe-Rh Hydrogen-Argon, 
200torr 

Few-walled 
CNT,1-10nm 

2012 - Zhao et al.[170] 80A,20min Graphite  Air,  
40-300torr 

MWCNT 

2012 - Cai et al.[171] 210A, 4 min Graphite  Hydrogen,  
50torr 

CNT, 40-60nm 

2012- Hosseini et al.  70A Graphite  NaCl Solution MWCNT, 
25-30nm 
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Year - Author Arc current, 

synthesis time 

precursor catalyst Environment, 

pressure 

Type of CNTs, 

diameter, yield 

2013 - Zhao et al.[172] 80A, 20 min Graphite  Air, 50torr DWCNT 

2013 - Mohammad  
et al.[173] 

75-95A, 5min Graphite Ni-Y2O3 Hydrogen-
Argon,150torr 

CNTs,  
34-44mg 

2013 - Fang et al.[174] 80A, 10 min Graphite Fe-W Hydrogen-Argon, 
200torr 

SWCNT,  
10-30nm, 
100-200mg 

2013 - Su et al. [175] 90A Graphite Fe-S Air, 0.75-135torr Few-walled 
CNT, 1.6-6 nm 

2014- Chaudhary  
et al.[176] 

90A Graphite  Methane,100, 
300 and 500torr 

MWCNT,10-
20nm 

2014- Hassan et al. 
[177] 

30-90A Graphite Ni NaCl Solution Carbon 
nanostructure 

2014- Anshu Sharma  
et al. [178] 

95-100A Graphite  Deionized water MWCNT, 20-
40nm 

2015- Reis et al. [179] 85A Graphite  Argon/Acetone, 
375 to 750torr 

CNT/Al 

2015- Meenakshi 
Goyal et al. [180] 

100, 150A Graphite  Deionized water MWCNT 

2015- Anupkumar 
Sharma et al. [181] 

100-200A, 
<1min 

Graphite  Deionized water MWCNTs , 
15-150nm 

2015- Essa et al. [182] 50A Graphite  Ar/N2/O2  
(10-3,10-4,10-5) 

mbar 

CNT Powder 

Researchers have also used AC power supply of constant frequency to generate arc 

between the electrodes. The advantage of using AC arc discharge is the formation of 

deposits on the wall of chamber. Very few experimental attempts have been made to 

synthesize CNTs using AC arc discharge. In 1992, Ebbesen and Ajayan [43] reported 

CNTs using AC arc discharge. In 1998, Zeng et al. [183] reported MWCNTs at 700 A 

arc current. In 1999, Ohkohchi [184] first reported SWCNTs using AC arc discharge. In 

2007, Matsuura et al. [185] reported poor quality of CNT synthesized by AC arc 

discharge. CNT yield in AC is found to be smaller than that of DC as it is produced 

during one part of cycle [43]. Chronological attempts using AC power supply have been 

listed in Table 2.2. In column 1 of Table 2.2 year and lead author names are given and 

further in column 2-column 5 gives information of arc current , synthesis time, precursor 

used for CNTs synthesis, environment, pressure and type of CNTs respectively. From 

Table 2.2 we noticed graphite has been used as carbon precursor, no literature is 

available on carbon black for synthesis of CNTs using AC arc discharge. 
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Table 2.2: Arc discharge synthesis of CNT using AC power supply 

Year - Author Arc current, 

synthesis time 

Precursor Environment, pressure Type of CNTs, 

diameter, yield 

1992 - Ebbesen and 
Ajayan[43] 

100A Graphite Helium, 500torr CNT, 2-20nm 

1997 - Zeng et 
al.[183] 

700A Graphite Helium, 140torr MWCNT 

1999 - Ohkohchi 
M[184] 

85A, 1-2min Graphite Helium, 400torr SWCNT 

2003 - Biro et 
al.[186] 

45-85A Graphite Deionized water MWCNT,  
5-10mg/min 

2006 - Horvath et 
al.[187] 

40A,1-2 hr Graphite Deionized water MWCNT,  
10-35nm 

2007 - Matsuura et 
al.[185] 

70-100A Graphite Helium, 600torr MWCNT 

2010 - Matsuura et 
al.[188] 

110-120A Graphite  CNT 

2011 - Zhao et 
al.[28] 

6-20A Benzene Argon, 760torr MWCNT 

2012 - Jia-Shiang 
Su[189] 

2.5A, 1.4ms Graphite Air CNT 

2013 - Yousef et 
al.[190] 

75A Graphite Deionized water MWCNT, 
0.6gm/hr 

2013 - Kia and 
Bonabi[191] 

50A, 5-10min Hydrocarbon Argon, 525torr MWCNT,  
50-100nm 

Few researchers have synthesized carbon nanotubes using pulsed DC power supply. In 

2004 Parkansky et al. [192] suggested that the pulsed arc is advantageous over other 

power supply as no pressure chamber is required and can be performed in open air. Yield 

is found to be increased in case of pulsed as compared to DC supply [47, 48]. In 2000 

Sugai et al. [195] have found yield of SWCNT increases as pulse width increases. 

Cathode is also found to be consumed by pulsed arc method [196]. One observation from 

pulsed discharge is that the CNT formation is reported at low current levels. 

Chronological attempts using pulsed power supply have been listed in Table 2.3. In 

Table 2.3 column 1 refers to year and lead name of author, column 2-column 6 gives 

information of arc current, synthesis time, precursor, catalyst, environment and pressure 

to synthesize type of CNTs. From Table 2.3 we observed CNTs synthesis were attempted 

using graphite as carbon precursor. 
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Table 2.3: Arc discharge synthesis of CNT using pulsed DC power supply 

Year - Author Arc current, 

synthesis time 

Precursor  Catalyst Environment, 

pressure 

Type of CNTs, 

diameter, yield 

2000 - Sugai et 
al.[195] 

22A, 3-30hr Graphite Ni-Co Argon, 500torr SWCNT,  
2-10mg 

2001 - Murooka et 
al.[197] 

1-2A, 1-3s Graphite  Argon,  
250-500 torr 

Nanoparticles 

2003 - Sugai et 
al.[198] 

40-60A Graphite Ni-Y Argon  DWCNT  

2004 - Parkansky 
et al.[199] 

7-100A Graphite  Open air MWCNT  

2004- Sugai et al. 
[200] 

100A Graphite Ni-Y Argon DWCNT 

2005- Muhl et al. 
[201] 

1000A Graphite  Open air, 
45mtorr 

Carbon metal 
particles 

2006 - Imasaka et 
al.[193] 

30A, 4hr Graphite  De-ionized water MWCNT  

2007 - Roch et 
al.[194] 

100A Graphite Ni-Co Argon, 75torr SWCNT 

2008 - Tsai et 
al.[202] 

2-2.5A, 
800-1300µs 

Graphite Fe Open Air MWCNT  

2008 - Yoshida et 
al.[196] 

50A Graphite Metal 
Catalysts 

Argon, 760torr DWCNT  

2009 - Tsai et 
al.[203] 

2.5A, 1ms Graphite  Open Air,760torr MWCNT  

2010 - Jia-Shiang 
Su[204] 

3-5A,1.2ms Graphite  Open Air MWCNT  

2012 - Kia and 
Bonabi[205] 

10A, 15min Acetone  Argon,525torr MWCNT 

2012 - Takekosh et 
al.[206] 

20A, 60 min Graphite Metal 
Catalysts 

De-ionized water CNT, 5 nm 

2.3.1.2 Effect of voltage 

In arc discharge, voltage is applied across the electrodes to generate electrical 

breakdown of the dielectric gas. The voltage across the electrodes for CNT synthesis 

ranges between 15 and 30 V. This voltage must be kept constant for stable plasma. The 

sudden change in arc voltage results in the formation of bamboo like structures as 

observed by [82]. In 2010, Scalese et al. [159] suggested that the major effect of 

voltage variation was found to be the spatial distribution and sharpness of CNT pillars 

in the deposit. In 2009, Jahanshahi et al. [156] observed fullerenes at 10 V and 

observed CNTs upon increasing the voltage to 30 V. In 2003, Antisari et al. [207] 

observed deposits of amorphous carbon with few nanotubes for voltages less than 22 V 

and found no cathodic deposits for voltages higher than 27 V. They have also reported 
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an increase in quality of nanotubes when the voltage is increased from 15 V to 20 V. 

Synthesis at high voltages (~700V) has been also reported [23], [53], [185], [186], 

[191], [208]. In Besides voltage, the synthesis time has also been investigated in 

literature for CNT formation. Generally, the voltage across the electrodes is maintained 

for 30-120s. However CNTs have been synthesized at time ranging from milliseconds 

[129], [204], [209] to high synthesis time of 15 min [62,63], 20 min [64–66], 40 min 

[71], 30-150 min [117], 60 min [206], 60-90 min [48], 1-2 h [210], and 3-30 h arc run 

time [195]. This is an interesting parameter and raises a question of impact of arc 

application time in the formation of carbon nanotubes. 

2.3.1.3 Effect of arc current 

One of the significant parameters in arc discharge method is the arc current. It affects the 

quality, yield and size of synthesized nanotubes. In an arc discharge apparatus, arc 

current results in emission of electrons from cathode which travel at high velocity 

towards anode. These electrons hit the anode surface which results in sputtering of 

carbon precursors. Upon increasing the arc current, the number of electrons striking the 

anode surface increases, thereby sputtering more carbon precursor from the anode. The 

applied current produces resistive heating which results in high temperature. Due to high 

temperature, the carbon precursor filled in anode sublimes to form carbon vapours and 

nucleates at cathode resulting in nanotube formation. There also exists a minimum 

discharge current called as chopping current at which the plasma production is 

insufficient and leads to arc extinction. 

During the synthesis, non-fluctuating current of an order of 50-100A is maintained to 

ablate the anode. In 1995 Ebbesen and Gamaly [14] suggested that the current density for 

synthesis of CNTs should be around 165-195 A/cm2. In 2002, Cadek et al. [84] studied 

the dependence of arc current on the yield of nanotubes and concluded that the yield 

increases as current density is varied from 165 A/cm2 to 195 A/cm2. In 2009, Matsuura et 

al. [188] observed better yields of SWCNT at a current density of ~450 A/cm2. In 2011 

Nishizaka et al. [161] found the optimal current density for SWCNT formation as 250-

270 A/cm2. In literature, vast variations have been reported in arc current, from 

2.5 A/cm2 to 900 A/cm2, which creates an ambiguity of the optimum arc current rating. 

A Bar graph in Figure 2.5 shows the comparative view of the current ratings on x-axis 

and number of papers on y-axis used in published literature on synthesis of CNT using 



Literature Review 

35 

arc discharge. It can be observed from the graph that majority of the experiments have 

been conducted between the range of 50 and 100 A. 

 

Figure 2.5: Variation in current values used in literature to synthesize CNTs using 

arc discharge 

Attempts to understand the effect of variation of current has been done by many 

researchers in literature. In 2002, Cadek et al. [84] studied the effect of varying current 

density and pressure during arc generation on yield and purity of MWCNTs. In 2011, 

Nishizaka et al.[161] observed the production of graphite in the soot and found it to be 

dependent on current density of arc discharge. In 2009, Matsuura et al. [188] developed 

techniques for obtaining new type plasma reactor with twelve phase AC discharge with 

varying current. It has been observed that at currents below 30 A, the arc is unstable and 

lower yields are obtained. The anomalies in the current levels corresponding to CNT 

formation are noteworthy. In 2007, Okada et al. [135] have reported a low current synthesis 

of 1-20 A whereas in 2007 Delong. He et al. [143] suggested that the nanotube formation 

takes place at current levels beyond 100 A. In 1999 Takizawa et al. [58] found the highest 

nanotube yield at 100 A. Researchers have produced CNTs at low arc current of 2-10 A 

[205], [211][189], [202], [212] and at high arc currents of 700 A [183] and 900A [78]. 

It has been observed that as current increases, the yield increases [186][77, 87] 

however increasing the arc current does not improve the structure of CNT [159]. In 

2007, He et al. [143] observed that the increase in arc current reduces the amount of 

SWCNTs and favors the formation of amorphous carbon particles. In 2012, Zhao et al. 

[170] studied the variation of pressure along with the variation in arc current. In 2002, 

Tang et al. [79] investigated reduction in the arc current by changing the shape of 

cathode. In 2006, Lange et al. [129] observed that a carbon precursor with smaller 
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grain size requires lesser arc current for nanotube formation. However, it raises an 

interesting debate on the optimum current requirements for nanotube formation. There 

obviously as the range of current requirement is very wide ranges from 1A to 900A is a 

critical need to develop a strong correlation between optimum current levels and 

formation of nanotubes. 

2.3.1.4 Frequency 

The frequency of the power supply has been found to affect the quality of the deposits 

produced in arc discharge. First reported by Ohkohchi et al. [184] in 1999, AC arc 

discharge has been found to produce high quality SWCNTs. In literature, the effect of 

variation in frequency has not been explored that emphatically as other parameter. In 

2012, Kia and Bonabi [205] found that at low frequencies of 50 Hz, better growth of 

CNTs is observed at anode, however at high frequencies of 400 Hz, the rate of soot 

production on cathode increases. This can be an interesting area for investigation and 

may lead to value addition to studies available on growth mechanism of CNTs. 

2.3.1.5 Effect of grain size 

One of the less explored aspects of arc discharge is the effect of grain size of electrode 

material i.e. of graphite, soot and carbon black on current requirement and nanotube 

production. It seems logical that a smaller size of grain size particle available for 

conversion to CNTs requires lesser energy to vaporize. Solid state properties namely 

cohesive energy of cathode and anode play vital role in the quality of the nanotubes 

formed. The cohesive energy [213] is found to depend upon the particle size [214]. In 

2006, Lange et al. [129] used carbon precursors with different grain sizes and found 

that the current requirement reduces drastically by changing the grain size. In 2009, 

Labedz et al. [154] investigated the effect of particle size and the carbon density of the 

electrode. They found that the anode with smallest particle size and more electrode 

density yields lesser CNTs and more carbonaceous particles. Also, the particle size 

may affect the diameter of the synthesized nanotubes. It was observed that larger grain 

size results in smaller diameter of synthesized CNTs [154]. Investigation on grain size 

of electrode material may be a potential area and validations are required to develop a 

link with formation of nanotubes. 
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2.3.1.6 Role of catalyst 

The catalyst used in arc discharge synthesis of CNTs is usually a metal, which is 

powdered and filled in either side of the electrode along with a carbon precursor. The 

metal should have low boiling temperature and high evaporation rate acts as a good 

catalyst in nanotube formation [22]. Figure 2.6(a), (b), (c) consist of two electrodes 

mounted horizontally; cathode with hemispherical shape at corner from center and 

similarly anode of pure graphite rod but having a hole at the center filled with carbon 

precursor and metal particle. 

 
Figure 2.6: Role of catalyst in growth of CNTs 

In Figure 2.6(a) when arc current is applied, the metal atoms as indicated in figure by 

red circle vaporize along with the carbon precursor i.e. grey circle and move straight as 

directed by arrow towards cathode. The metal particles agglomerate with carbon 

Cathode Anode 

Plasma 

(a) The carbon vapours (grey) and metal particles (red) move towards cathode 

(b) The metal particles do not stick to the cathode and fly away from plasma due to 

their momentum 

SWCNTs formed at walls 

Cathode Anode 

Plasma 

Cathode Anode 

Plasma 

(c) The carbon vapours nucleate on the metal particles and form SWCNTs on the 

walls of chamber. The size of nanotube depends on the size of catalyst particles 
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vapours and nucleate at arc reactor walls as shown in Figure 2.6(b). Since metal 

particles i.e. red circle do not stick to the surface of the cathode, they fly away due to 

their momentum and moves in circular motion towards the wall and form SWCNTs. 

There is no established reason for deposition of SWCNTs on walls of chamber as 

shown in Figure 2.6(c) instead of cathode and is an open area for investigation. A 

probable reason for this behavior may be that the carbon vapours along with the liquid 

metal move towards cathode in the plasma. The size of nanotube formed depends on 

the size of catalyst particles. 

The catalyst favors the growth of SWCNTs than MWCNTs. In 1994, Lin et al. [49] 

experimentally confirmed that the presence of metal catalyst in gas phase which on the 

surface of the cathode alters the temperature distribution and prevents the growth of 

MWCNTs on cathode. The most commonly used catalysts are Nickel (Ni), Iron (Fe), 

and Cobalt (Co) along with Yttrium(Y), Sulphur(S), and Chromium (Cr) added as a 

promoter. Mostly, SWCNTs are observed in the presence of catalyst, whereas 

MWCNTs are produced in its absence. However some reports on MWCNT formation 

in the presence of catalyst have been reported in literature [132], [156], [209] 

[93,94,95,96,97]. The interesting observation among these reports is that MWCNT 

synthesis occurs with binary catalyst means by using two catalysts. Zhao et al. [121] 

reported that no CNT formation occurs without the use of catalyst. 

Few researchers have investigated the role of various catalysts on the quality of the 

CNTs formed. Among the metals, Ni and Fe have been most widely used catalyst for 

the growth of high quality CNTs. Both Ni and Fe increase the yield and quality of 

CNTs. Nickel is found to produce more crystalline nanotubes as reported in literature. 

Ni is mixed with elements like Y, (Molybdenum) Mo, Fe, Co, and Cr to improve the 

synthesized product. Fe is generally added with sulphur or W to facilitate growth of 

SWCNTs. The drawback of using Fe as catalyst is the formation of its oxides (Fe2O3) 

which doesn't act as catalyst and retards the growth of SWCNTs. In 2001, Li et al. 

[217] suggested that the Fe promotes the length of the nanotubes. In 2013, Zhao et al. 

[172] suggested that the addition of sulphur to Fe catalyst results in the development of 

a core/shell at the cathode due to different melting points. This core/shell promotes the 

growth of DWCNTs. In 2005, Zhao et al. [121] observed a more uniform distribution 

of (Amorphous Carbon nanotubes) ACNT diameter upon using FeS catalyst as 
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compared to Ni/Co alloy. In 2006, Wang et al. [133] suggested that sulphur plays a 

major role in the formation of branched CNTs. It forms an active site on the surface of 

the catalyst where nucleation of carbon vapours takes place. In 2001, Ando et al. [75] 

observed that sulphur promotes the growth of CNTs by removal of the terminating 

species at the nanotube ends. The catalyst may also control the wall number of 

synthesized CNTs. In 2005, Yang et al. [113] observed addition of KCl to Ni-Co 

mixture changes wall number from single to double walled nanotubes. In 2005, 

Montoro et al. [120] observed that VO (Vanadium(II) oxide) group also promote 

nucleation of carbon vapors in the synthesis of CNTs. In 2006, Qiu et al. [127] 

observed that KCl also promotes the formation of DWCNTs. 

The size of nanotubes can be readily controlled by using appropriate size of metal 

catalyst particles. The carbon vapors move along with the metal particles and nucleate 

on these to form nanotubes. Thus, the size of metal particles plays a vital role in 

nanotube diameter distribution. The concentration of metal particles is found to affect 

the yield of nanotubes produced. The composition of catalyst also plays a major role in 

the existence of CNTs. In 2004, Wang et al. [100] reported that the maximum 

concentration of iron particles in the anode composition must not exceed 10% for CNT 

formation. One reason for this may be that larger concentration of catalyst particles 

restricts the motion of carbon vapors towards cathode. In 2007, Keidar [24] suggested 

that SWCNT synthesis is governed by catalyst - carbon phase diagram. The effect of 

various catalysts on CNT formations as reported in literature is tabulated in Table 2.4. 

In column 1 of Table 2.4 base catalyst are given and Column 2 represents the mixture 

of catalyst used for formation of CNTs. Column 3 gives the information about the 

effect of catalyst to synthesize nanotubes. 

Table 2.4: Effect of catalyst on CNT formation 

Base catalyst Mixture used Comments 

Ni 

Ni Promotes the growth of SWCNT [22] 

Ni -Y  

Y alone cannot synthesize CNT formation [48] 

Addition of Y to Ni reduces the yield [59] 

Y promotes the growth of SWCNT [45] 

Ni –Mo Mo does not affect CNT formation [135] 
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Base catalyst Mixture used Comments 

Ni -Mo-Fe Mo-Fe favours CNT formation [135] 

Ni –Co Results in SWCNT formation [113] 

Ni -Co + KCl Results in DWCNT formation [113] 

Ni –Cr Results in MWCNT formation [134] 

Ni –Ho Increases yield and purity [184] 

Ni-Co-Fe-S 
Diameter of SWCNT increases with 
sulphur[81][89] 

Fe 

Fe Affects yield and diameter of MWCNT [100] 

Fe-FeS 
Addition of sulphur promotes growth of 
DWCNT and increases the yield [172] 

Fe-Fe2O3 Retards the growth of CNT [116] 

Fe-Fe3O4 Increases the yield of SWCNT [142] 

Fe-W 
Tungsten reduces the diameter and increases 
yield of SWCNT [174] 

Fe-Fe(C5H5)2 Improves yield of SWCNT [138] 

Ca Ca Produces smaller diameter CNT than Ni [65][46] 

Rh-Pt Rh-Pt Increases the yield [55] 

Co 

Co 
Superior catalyst for DWCNT production [115] 

Increases the mean diameter of DWCNT [196] 

Co-CoS 
Addition of Sulphur promotes CNT production 
[126] 

2.3.1.7 Role of atmosphere 

The atmosphere plays an important role in thermo-ionic effects, plasma formation, and 

provides the thermal growth of CNT and the necessary annealing effects. When the arc 

current flows through the electrodes, the gas gets ionized due to high temperatures and 

plasma is formed. The ionized gas acts as a highly conducting medium which provides 

transfer of mass on either side. The ions in the plasma are thermally agitated and provide 

the necessary energy for movement of carbon vapors. The atmosphere also plays a 

significant role in the thermal growth of CNTs. The thermal conductivity of the atmosphere 

provides annealing effects at the cathode which is essential for nanotube formation. The 

atmosphere also regulates the temperature of plasma depending on its ionization potential. 
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The gas with higher ionization potential will require large arc current for breakdown. Thus, 

the choice of atmosphere depends on its ionization potential and thermal and electrical 

conductivity. 

 

Figure 2.7: Pie chart showing percentage of papers on synthesis of CNT using arc 

discharge method under different atmosphere 

Figure 2.7 shows the pie chart of percentage of papers published under different 

atmosphere. It can be observed from pie chart Helium is most used atmosphere and salt 

solution is least used. The arc chamber is pressurized with a gas like nitrogen, 

hydrogen, helium or argon or immersed in a liquid environment. Hydrogen has the 

highest thermal conductivity and is regarded as the most efficient quencher in nanotube 

growth. In 1998 Zhao and Ando [57] suggested that hydrogen promotes the growth of 

CNTs and reduces the carbonaceous materials by forming hydrocarbons with them. In 

2000, Tang et al. [64] observed that rapid introduction of hydrogen prevents the ends 

of nanotube from closing. Due to this problem, hydrogen is generally mixed with a 

noble gas like argon or helium to stabilize the plasma. In 2000, Shi et al. [65] observed 

that helium atmosphere strongly affects the yield of SWCNTs. In 2001, Farhat et al. 

[18] controlled the diameter of nanotubes by changing the composition of argon-

helium gas ratio. In 2003, Li et al. [91] found that hydrogen results in a cleaner CNT 

surface as it selectively etches the amorphous carbon impurities. However, In 2003 

Zhao [92] suggested that pure hydrogen is unfavorable for mass production of SWCNT 
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due to the instability of arc discharge plasma. In 2004, Liu et al. [97] found that 

changing of gas from hydrogen to helium promotes the growth of SWCNT. In 2005, 

Ando et al. [112] observed the increase in yield upon addition of nitrogen to hydrogen 

when compared to H2-Ar mixture. The H2-N2 has more enthalpy than H2-Ar which 

promotes the evaporation of C-Fe mixture. In 2011, Su et al. [165] investigated the 

effect of CO concentration on the amount of impurities present in SWCNTs. They 

suggested that lower concentration of CO should be preferred for better SWCNT yield. 

Apart from the gaseous atmosphere, liquid environments have also been used to produce 

CNTs. In case of liquid environments the CNTs are found to be floating on the surface of 

the liquid. The most popular choice of the liquid environment in the literature is deionized 

water. Few works [101, 114] have synthesized CNTs in NaCl solution owing to its good 

electrical conductivity, better cooling ability than deionized water and lower cost than 

liquid nitrogen and helium. NaCl dissociates into Na+ and Cl− ions which provide better 

ionic conductivity to the plasma. The concentration of Na+ ions is a critical parameter for 

better yields. The excess of Na+ ions hinders the locomotion of carbon vapors from anode 

and reduces the yield of the SWCNTs [116]. Other solutions like LiCl [156], H3PO4 

aqueous solution [120], and beer froth [150] have been used as atmosphere in synthesizing 

CNTs using arc discharge. In 2008 Kim et al. [150] suggested that the agglomerating effect 

of both beer froth and carbon nanotubes helps in obtaining a cleaner product. The CNTs 

stick to beer froth and the other carbonaceous materials get separated out. The effects of 

different atmosphere in arc discharge chamber on yield, quality and size of nanotubes are 

listed in Table 2.5. In Table 2.5 column 1 refers to type of atmosphere and  

column 2-column 3 represents effect of atmosphere on yield, quality and size of nanotubes. 

Table 2.5: Effect of different environment on CNT formation 

Type of 

Atmosphere 

Effect on yield and 

quality of nanotubes 

Effect on size of 

nanotubes 

Comments 

Hydrogen Formation of MWCNT is 
highly graphitized and 
have crystalline 
perfection[75] 

H2 discharge is better 
compared to He as it 
produces twice aspect 
ratio nanotubes [75] 

Hydrogen is more 
effective for 
MWCNT formation 
[132] 

Hydrogen - Helium  H2-He produces in 
growth of CNT with 
small diameter [169]as 
compared to H2-Ar. 

 

Hydrogen - Argon  H2 added to Argon 
increases the yield 
[114][71] 
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Type of 

Atmosphere 

Effect on yield and 

quality of nanotubes 

Effect on size of 

nanotubes 

Comments 

Helium Yield of SWCNT 
increases in He [55] 

Diameter of synthesized 
CNT in air atmosphere 
is smaller than in He 
[132] 

He results in uniform 
cathode deposit[82] 

Argon  Argon produces smaller 
diameter CNT compared 
to He [4][218] 

 

Nitrogen N2 at low pressure yield 
more SWCNT [118] and 
MWCNTs [207] 

Diameter of MWCNTs 
decreases with the 
increase of the N2[145] 

Nitrogen atom 
incorporated for 
closure of CNT[219] 

Hydrogen-Nitrogen  Diameter distribution 
can be controlled by 
varying the mixture ratio 
of H2 and N2 gas.[112] 

 

Open Air Better yield in open air 
than He[25] 

  

CO  CO plays requisite role 
for selective diameter 
growth of SWCNT [165] 

 

Krypton Yield of SWCNT is more 
in Kr compared to Ar 
[195] 

  

NaCl Solution  Observed short CNTs in 
NaCl solution [116] 

 

2.3.1.8 Effect of pressure 

In arc discharge method, the role of pressure is to provide energy to the gas molecules 

and to act as a wall for a steady flow of ions between the electrodes. In literature the 

effects of pressure on yield and quality of synthesized nanotubes have been vastly 

explored. In 2003, Cui et al. [219] found that the nanotube yield decreases for low and 

high pressures of nitrogen. In 2006, Kim and Kim [132] observed MWCNTs in air and 

helium at 300 Torr and 500 Torr respectively. In 2008, Grebenyukovet al. [145] found 

that the efficient pressure for nitrogen is 350 Torr. In case of air, 45-90 Torr has been 

found to be the optimum pressure [175]. The yield of synthesizing CNTs is reduced 

upon increasing the air pressure from 40 to 300 Torr [170]. The pressure versus yield 

trend for helium has been studied by few groups [13,104,123,124] and pressure ranging 

from 500 to 700 Torr has been found to be optimum. However reversal in trend has 

been shown by Park et al. in 2002 [81] who observed a decrease in yield on increasing 

the pressure from 100 to 500 Torr. Also, Shi et al. [46] in 1999 reported high yield of 

2.5 g/h for helium pressure of 1520 Torr. Optimum hydrogen pressure is found to be 

500 Torr [47]. The yield increases from 100 to 700 Torr but decreases beyond 700 Torr 

[127]. In 2001 Farhat et al. [18] have reported that the optimum argon pressure is 
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100 Torr. It may be concluded from the reports in literature that the optimum pressure 

condition for high yield of CNTs has been found to be ~500 Torr. Figure 2.8 the bar 

graph showing the range of pressure on x-axis and number of paper on y-axis for CNT 

synthesis, the optimum range of pressure has been found ranging from 300 to 700 Torr. 

At pressure below 300 Torr, the yield is found to be very low as the density of ions is 

low resulting in unstable plasma. Whereas at high pressure, more number of ions 

participate in the plasma thereby restricting the motion of carbon vapors from anode to 

cathode and decreases the yield. That is why high pressure is unfavorable for the 

synthesis of CNTs and very less number of researchers has used pressure beyond 

700 Torr as shown in Figure 2.8. However, some anomalies that have been reported 

need to be investigated for better understanding of the growth mechanism. 

 

Figure 2.8: Bar graph showing number of papers published at different range of 

pressure 

2.3.1.9 Role of temperature 

The temperature ionizes the gas and forms the plasma. It simultaneously sublimes the 

carbon precursor and provides thermal flux for decomposition of carbon vapors into ions. 

It is responsible for thermo-ionic emission of carbon ions and finally helps in nucleation 

of carbon vapors at cathode to form CNTs. Temperature variation in plasma significantly 

affects the quality and size of the CNTs. Temperature required for growth and nucleation 

in arc discharge synthesis is achieved by the electric arc. The temperature increases as 

the current density is increased, thereby subliming the anode at a faster rate. Higher 

temperature results in more crystalline CNTs. The temperature of the plasma is regulated 

by the thermal properties of atmosphere. Hydrogen plasma generates higher temperature 

of 3600-3800 K, whereas Argon plasma restricts the plasma temperature to 2200-
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2400 K. The temperature gradient across the two electrodes is dependent on the diameter 

of the electrodes. A smaller diameter anode has higher current density and has high 

temperature which is favorable for sublimation of carbon precursor, whereas cathode 

with larger diameter has less current density and is cooler than anode and facilitates 

nucleation of CNTs. This is why cathode diameter is selected to be greater than anode 

diameter. In literature, the effect of temperature on nanotube formation has not been vastly 

explored and is a potential area of investigation for better understanding of the growth of 

CNTs. Among few published reports, In 2000 Sugai et al. [195] suggested  that SWCNT 

formation takes place in strong annealing condition. In 2002 Doherty and Chang [220] 

observed a decrease in yield of MWCNT on an increase in temperature. In 2003, Lange et 

al. [221] have found an average plasma temperature ranging from 4000 to 6500°C in water 

for synthesizing well crystallized nano-onions and nanotubes. In 2004, Nishio et al. [99] 

observed high yield at high plasma temperature ~3500K. In 2004,  Liu et al. [97] found 

that an increase in temperature increases the yield of CNT. However Zhao and Liu [103] in 

2004 suggested that SWCNT diameter reduces with an increase in temperature but yield 

increases. In 2005, Zhao et al. [121] suggested that optimum temperature for CNT 

formation is 600°C beyond which diameter decreases. In 2007, Matsuura et al. [185] have 

suggested optimum range for CNT formation of 1000-1250°C. In 2007, Keidar [24] 

observed nanotube formation in region of plasma temperature of 1300-1800 K, where 

carbon reacts to form large molecules or clusters. In 2008, Joshi et al.[25] have found that 

temperature requirement for MWCNT is the least followed by DWCNT and SWCNT for 

nucleation and growth. Kim et al. [31] in 2012 have discussed that nanotube growth occurs 

below 2000°C even though inter-electrode temperature approaches more than 4000°C. 

2.3.1.10 Effect of setup modification 

The basic arc discharge apparatus described and shown in Figure 1 has been modified 

by the researchers over the years to improve the quality, size and yield of CNTs. In 

2004 Zhao and Liu [103] reported an increase in yield of SWCNTs by using six anodes 

as shown in Figure 3.1(a). Researchers [16], [25], [31], [222] have used a rotating 

carbon cathode for a homogeneous micro-discharge resulting in good quality 

nanotubes. In 2008 Joshi et al. [25] found a 50-55% increase in yield at lower electrode 

disk rotation speed compared to higher disk speeds. In 2001, Kanai et al. [72] have 

proposed a gravity free discharge for high yields. In 2001, Ando et al. [69] inclined the 
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cathode and anode at an angle of 30° to improve the yield of the process as shown in 

Figure 3.1(d). In 2002, Lee et al. [222] suggested that rotating electrodes result in 

continuous growth of nanotubes as the carbon vapors move out due to centrifugal force 

resulting in uniformly distributed plasma. In 2006, Horvath et al. [210] also investigated 

the effect of angle between two electrodes immersed in water and found that highest 

yield is obtained at 90° inclination. Upon inclination of the electrodes, a majority of the 

product does not get deposited on the cathode and the deposition mostly flies away to the 

walls, thereby increasing the yield of SWCNTs. 

2.3.1.11 Effect of cathode shape 

The geometry of the electrodes is also a potential area of research and greatly affects the 

quality of the product. Usually the anode is chosen to be of smaller diameter than 

cathode which results in increased current density at anode, thereby subliming the 

precursor at lower current levels. Cathode being larger in diameter will be at lower 

temperature due to less current density and allows the liquid carbon to nucleate. Thus, 

flow of carbon ions is achieved from anode to cathode. The relative size of electrodes 

affects the plasma temperature distribution which directly affects the synthesized 

product. However, upon using similar electrodes the deposition is not found on cathode 

but on the chamber walls [183]. 

The effect of change in electrode shape and size has been studied in literature by few 

groups. Researchers [101], [171] have observed deposition on anode for cathode diameter 

less than anode diameter. In 2002, Tang et al. [79] have found a reduction in current 

requirement by using a cupped cathode and in their design, outer diameter of synthesized 

MWCNT increases. In 2004, Nishio et al. [99] and in 1999 Shi et al. [46] found that the 

yield decreases upon using a sharp cathode. In 2006, Wang et al. [125] suggested a 

reduction in cathode area in order to increase SWCNT production which is formed at the 

walls of chamber. In 2008, Joshi et al. [25] suggested that the cathode surface topography 

may play a decisive role in nanotube formation. In 2008, Fetterman et al. [147] have found 

an increase in yield for smaller diameter anode. In 2012, Raniszewski et al. [223] have 

suggested that anode tip diameter should be lower than 10 mm. In 2012,  Kia and Bonabi 

[205] concluded that the shape of electrodes affects the yield of CNTs. 
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2.3.1.12  Size and yield of CNT in arc discharge 

The major concern of arc discharge CNT synthesis is to improve the yield of the product. 

However, arc discharge technique has not been successful in producing pure CNTs at large 

scale due to difficulty in controlling the experimental parameters. The yields of nanotubes 

depend on the arc current, catalyst composition and its particle size, atmospheric effects 

and electrode shape and composition. In 2004, Nishio et al. [99] suggested that the yield of 

nanotube depends on the cooling rate too. However, cooling rate is dependent on arc 

current, cathode size, and thermal conductivity of gas and temperature gradient. Typical 

yields are of the order of few milligrams for a synthesis that runs several minutes and thus 

makes this technique less preferred over CVD. However researchers have improved the 

yield through this technique by controlling the synthesis parameters. Few studies related to 

modified setups have been already been discussed above which have improved yield of 

synthesizing CNTs substantially. Some reports on variations in current and pressure 

values, electrode diameters, catalyst composition and atmosphere have been suggested to 

optimize the arc discharge. The typical yield of nanotubes obtained in arc discharge is ~20-

50 mg/min per synthesis. However few attempts to produce CNT through semi-continuous 

and continuous arc discharge have been made and yields of 2 g/h [68] and 6.5 g/h [47] 

have been achieved. The control of size and diameter in nanotubes is still unanswerable. 

The size of SWCNTs may be controlled by using the desired size of catalyst particles. 

SWCNT diameter increases by 0.2 Å upon increasing the argon helium ratio by 10% [18]. 

A summary of the effect of various parameters on size and yield of nanotubes has been 

tabulated in Table 2.6. In Table 2.6 Column 1 represent parameter and Column 2-column 3 

gives the detail effect of different parameter on size and yield of CNTs. 

Table 2.6: Effect of different growth parameters on size and yield of CNT 

Parameter Effect on size of nanotube Effect on yield 

Catalyst • Diameter of SWCNT increases with 
sulphur [224][89] 

• Diameter increases by using Co[196] 
• Tungsten reduces the diameter of 

SWCNT [174] 
• Observed smaller diameter SWCNT 

when Ca- Ni catalyst [46] 

• Yield of 4g/h obtained by optimizing 
the composition of catalyst [115] 

• Increase in yield with catalyst [142] 

Temperature • Increase in temperature reduces the 
diameter [103][121]. 

• Diameter of MWCNT increases with 
increase in temperature [137] 
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Parameter Effect on size of nanotube Effect on yield 

Electrodes • electrode have significant effect on 
diameter and purity of SWCNT[223] 

• Increasing the cathode diameter from 
0.8 to 2 cm, length of SWCNT 
increases from 1.2 to 1.8µm [168] 

• Smaller anode diameters increase the 
yield [147] 

• Adjusted the angle between two 
electrodes and found that 900 angle 
produces the best yield. [69][187] 

Atmosphere • Observed short CNT in NaCl solution 
[116] 

• When atmosphere changes from H2-Ar 
to H2-He, it results in smaller diameter 
CNT[169],  

• Ar affects the diameter of SWCNT in 
He-Ar mixture [18][24] 

• Diameter distribution of SWCNT 
changes by varying the kind of inert 
gas[130] 

• Diameter of synthesized CNT in air 
atmosphere is smaller than in He .[132] 

• Krypton increases the yield [195] 

Grain size • Smaller diameter CNTs were formed 
with larger grain size[154] 

 

Current • Increasing the current increases the 
diameter[152] 

• Increase in current increases the yield 
[186] 

• Maximum yield at 8A [28] 
Setup 

modification 
• Diameter under 0G condition is 3.7 

times larger than 1G[72] 
• Increase in yield by rotating electrodes 

[25][170] 

Pressure • Growth of SWCNT with small 
diameter can be suppressed when 
pressure of CO greater than 4kPa [165] 

• SWCNT diameter was independent of 
pressure in pure He environment [133] 

• Yield increases as pressure increases 
from 250 to 400 torr[173] 

• Low yield for pressure below 100 
torr[85] 

Apart from various arc parameters playing a vital role in synthesis of CNTs as well as 

their properties, the precursor used to synthesize CNTs are equally important. Published 

literature contains wide variety of precursors and which separately are curiosity of 

researchers. In next section, various precursors used in synthesis of CNTs using arc 

discharge are presented and reviewed. 

2.4 Carbon Precursors in Arc Discharge 

The synthesis of CNTs is carried out by sublimation of a carbon precursor using an 

external power source; in case of arc discharge, the applied current ablates the carbon 

precursor to form carbon vapors, which nucleates to form a nanotube. A pie chart in 

Figure 2.9 shows the percentage of papers published on CNT synthesis using various 

carbon precursors. It can be observed from the figure that most of the arc discharge 

synthesis of CNTs has been carried out using graphite as precursor. It is an excellent 

conductor of heat and electricity and is commercially available in high purity. When 
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graphite is subjected to high current, the lattice structure breaks and releases C1 or C2 

carbon species that vaporize due to high temperature. Some researchers have used coal 

as a starting material to synthesize CNTs. Coal is a mixture of aromatic and aliphatic 

hydrocarbon molecules, which are highly reactive in nature. In 2007, Qiu et al. [225] 

have discussed coal as an ideal starting material for large synthesis of DWCNTs. 

 

Figure 2.9: Pie chart showing percentage of papers using various carbon precursors 

for nanotube formation 

When high arc current passes through coal, the weak linkages between the polymeric aryl 

structures get broken down into alkyne and aromatic species that further form DWCNTs. 

Coal contains sulphur, which favors the growth of DWCNTs and affects the diameter 

distribution of the nanotubes produced. Other carbon sources like fullerene waste soot 

[160], toluene [135], tire powder [108], poly-vinyl-alcohol [100], MWCNT/carbon 

nanofibers [115] and other hydrocarbons [28], [210] have been also used to produce CNTs 

by arc discharge method. Whereas graphite is the mostly investigated precursor, the other 

precursor materials are less explored and need further investigations. 

Carbon black as carbon precursor for formation of carbon nanotube finds an important 

place in the pursuit of CNT synthesis. Synthesis of CNTs is obtained by subliming carbon 

precursor by applying the arc current. The applied current ablates the carbon black filled 

inside the anode to form carbon vapors then it gets deposited to cathode surface. 

Deposition was collected and observed using Field electron scanning electron micrographs 

(FESEM) and Transmission electron micrograph (TEM) analysis. Carbon black is 
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interesting as precursor due to its “waste to product” utility value, low cost and till date 

most challenging to get converted to CNTs. 

Over the last two decades there are very few reports available on carbon black as a raw 

material in formation of carbon nanotubes. In 2000, Setlur et al. [226] proposed method for 

production of MWCNTs through heat treatment of various nongraphitizable carbon 

precursors .In 2002, Doherty et al. [86] reported the synthesis of high crystalline quality 

MWCNTs from carbon black without catalyst. In 2006, Doherty et al. [124] suggested the 

growth of CNTs from carbon black in high temperature arc furnace with an external 

applied magnetic field . In 2006, Lange et al. [129] used carbon black as a raw material for 

synthesis of SWCNTs. In 2006, Chen et al. [126] have utilized the carbon black as a dot 

carbon source in formation of DWCNTs and discussed that the structure of carbon black is 

significant for influencing purity, bundle formation and purifications of DWCNTs. Carbon 

black vaporizes into carbon clusters (C2 and C3) therefore it increases the supply of 

nanotube precursors to form DWCNTs. In 2008, Donnet et al. [26] discussed the growth of 

MWCNTs on carbon black by combustion flame method. Nanotube formation takes place 

in three stages, in first stage transformation of carbon black to graphitic seeds then in 

second stage generation of tubes from graphitic seeds due to high condensation of ad 

atoms. Finally, the continuous growth of these tubes happens by adsorption of carbon 

atoms onto nanotubes. In 2009, Labedz et al. [154] observed the influence of various 

carbon powders on synthesis of SWCNTs in carbon arc plasma. In 2011, Nishizaka et 

al.[161] investigated the production of graphite in the soot of SWCNTs using poorly 

graphitized carbon (PGC) rod in comparison to graphite rod. PGC rod was produced by 

using mixture of coal tar and carbon black. In 2011, Dasgupta et al. [227] synthesized 

carbon nanotubes in large quantity in a fluidized bed reactor by catalytic cracking of 

acetylene and methane over carbon black. He has used low cost precursor in order to 

produce CNTs economically. 

In 2012, Doherty et al. [228] discussed the solid state transformation of carbon black to 

MWCNTs from high temperature arc furnace without a catalyst. Researchers show that 

the presence of catalyst is not enough for SWCNTs growth but also carbon material 

structure also plays the role in formation. In 2012, Dasgupta et al. [229] observed the 

synthesis of bamboo-shaped MWCNT in a fluidized bed on a Nano-agglomerate material 

such as carbon black from acetylene. In 2015,  Li et al. [230] discussed the synthesis and 
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characterization of carbon nanostructures by evaporating the pure graphite and carbon 

black by detonation gas arc discharge. 

From Section 2.1 to 2.4, we comprehensively reported research on CNT synthesis 

through arc discharge route. In the reporting, various verticals like arc parameters, the arc 

chamber, atmosphere, power supply, carbonaceous precursors for synthesis and electrode 

shapes makes interesting contribution towards improvisation of yield and properties of 

synthesized CNTs. Understanding on most of these verticals are still half way through to 

clarity and all of them presents as beckoning problem to investigation. Keeping in view 

the time for completion of thesis and vitality in context to contribution, we defined the 

objectives for the thesis which are given in next. 

Objective of the present work are the following: 

1. To develop and design the arc discharge setup for synthesis of CNTs. 

2. We choose different grades of Carbon black as carbon precursor to synthesize 

Carbon nanotube using arc discharge method since it has not been reported in 

literature. 

3. Investigations on different grades of Carbon Black using DC arc discharge 

method. 

4. Role of parameters such as arc current and temperature in synthesis of CNTs 

using DC arc discharge setup. Also the role of applying pulsation arc in 

comparison to application of DC arc discharge. 

The objectives listed above are elaborated and explained below: 

No standard design of arc discharge is available in literature; neither the setup is 

available off the shelf therefore a customized design of experimental set up including arc 

discharge chamber; controllable power supply and pulsating power supply have been 

done as first step towards working on further investigations. The design is presented in 

Chapter 3. 

Most of the Literature is available on graphite as a precursor to form carbon nanotubes. 

Carbon black has been also used as precursor but in limited manner. We choose carbon 

black as precursor because of appealing “waste to product” associated with carbon black. 

CB is available in different grade but it has not been investigated and reported in 

literature that among many grades of available carbon black does every type of grade of 
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carbon black is amenable to conversion into CNTs? If not, what can be the reason and 

this becomes the first problem to be investigated and the results of investigation are 

presented in Chapter 4. 

From literature review, constant current and non-fluctuating arc stands out as clear 

candidate influencing formation of good quality CNTs. But does a constant current lead 

to non-fluctuating arc? Is non-fluctuating arc characterized by constant temperature in 

the “zone of formation of CNTs”? In examinations reported in literature, significance of 

temperature in “zone of formation” has not been investigated. Hypothesizing a constant 

current, non-fluctuating arc and stable “zone of formation” indicates constant 

temperature, it is pertinent therefore to investigate the state of temperature in “zone of 

information” and conclude from there its importance using DC arc discharge setup. It 

further needs to be answered if time of arc application vis-a-vis magnitude of current has 

any correlation in formation of CNTs. Moreover, the effect of applying pulsed arc 

discharge in comparison to application of DC arc needs another investigation. These 

investigations have been reported in Chapter 5. 

2.5 Summary 

1. We have presented literature available for synthesis of CNTs using arc discharge 

method and we observe that there exist a big gap in correlating growth conditions 

and synthesized product. The literature review was divided into four sections. 

Section 2.1 introduces literature published on arc discharge method.  

2. In Section 2.2 we have discussed growth mechanism of carbon nanotubes in arc 

discharge. From available literature we reported that the physics involved in arc 

discharge process remains unexplained and we have included the literature 

describing physics of nanotube growth.  

3. In Section 2.3 effects of several arc parameters such as power supply, 

environment, pressure, electrode geometry, catalyst and temperature and their 

corresponding physics has been detailed.  

4. In Section 2.4 we have reviewed and presented various carbon precursors used in 

synthesis of CNTs using arc discharge. Based on the review, we defined the 

objectives in the thesis and framed problem statement to work upon in the thesis. 

The first problem was to customize the design of the experimental setup. 
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In the next chapter we present the conceptual design of arc chamber. We discuss various 

designs available in literature; assess; customize and choose the design for the set 

objectives in the scope of the thesis. We have presented mechanical and electrical circuit 

design of the custom built arc chamber. 
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CHAPTER 3 

   Design of Experimental Set Up 

3.1 Introduction 

In the previous chapter, comprehensive literature review including carbon nanotubes, 

its synthesis method, effect of various parameters such as power supply, current, 

voltage, frequency, catalyst, atmosphere, pressure, various carbon precursor required in 

formation of carbon nanotubes have been presented chronologically. We identified 

gaps in research and correspondingly defined scope and problem statement within the 

scope. As a first problem at hand, in an attempt to synthesize carbon nanotubes from 

carbon black arc discharge set up needs to be designed. The objective of the design is 

to obtain a stable arc and a constant arc current across the electrode. 

Constant current across electrodes is required to improve the reliability of the process 

and synthesized product [1]. With the perspective to understand the science involved in 

making of carbon nanotubes we hypothesized that not only constant arc current but a 

stable arc also plays a vital role in synthesis of CNTs. Arc discharge chamber was 

conceptually designed and custom fabricated by the vacuum chamber manufacturer 

(Excel Instruments, Mumbai, India). In next section, we discuss various designs 

available in literature, assess and customize the design choice for the set objectives 

within scope of the thesis. We have considered mechanical and electrical circuit design 

of the custom built arc chamber in rest of two sections respectively in this chapter. 

3.2 Arc Discharge Setup Design 

The schematic diagram of arc discharge set up modification of electrodes are shown in 

Figure 3.1 was first reported by [2] and have been mentioned repeatedly in [3]–[9]. The 

setup has been modified by the researchers over the passage of time to improve the 

quality, size and yield of CNTs. Zhao and Liu [2] used a modified conventional arc 

discharge apparatus to increase the yield of CNTs. In the setup of [2] six electrodes are 

mounted on a wheel at an equal distance from each other as shown in Figure 3.1(a). 
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The electrodes are rotated in order to change the active anode. Zhao et al. [2] observed 

high quality SWCNTs at inner wall of the chamber. 

Among various published literature researchers [3]–[6] have used a rotating carbon 

electrode for a homogeneous micro-discharge resulting in good quality nanotubes. 

Joshi et al. [3] reported that rotating the carbon cathode in an arc discharge setup has a 

significant impact on the quality and yield of CNTs as shown in Figure 3(b). It was 

observed that rotating the cathode drags plasma away from high temperature region 

formed between two electrodes. This produce sudden quenching of reactive plasma 

which leads to proper mixing of carbon vapor results in significant high yield. It was 

observed yield was increased 50-50% at lower electrode disk rotation speed compared 

to higher disk speeds.  

Lee et al. [4] reported that large scale synthesis of carbon nanotubes is achieved by 

rotating plasma in arc discharge setup shown in Figure 3.1(c). In plasma rotating 

electrode process, whole area of anode is evaporated uniformly and nanotubes are 

collected in collector near the electrodes. This results in continuous growth of nanotubes 

as the carbon vapors move out due to centrifugal force resulting in uniformly distributed 

plasma. 

Liu et al. [5] reported a hydrogen arc discharge method by which high quality SWCNTs 

synthesized by rotating the anode in arc discharge chamber so that hole filled with raw 

material on cathode side can be shifted to suitable position for continuous synthesis. Kim 

et al. [6] produced crystalline and short MWCNTs by using hollow graphite anode and a 

rotating high resistive cathode. 

Kanai et al. [7] have proposed a gravity free arc discharge for high yields. Under gravity 

free condition, the arc plasma has been stabilized when strong heat convection is 

suppressed. This makes the anode surface to be efficiently heated to increase the 

sublimation rate which results in production of nanotubes with high density. The 

formation of SWCNTs is closely proportional to the evaporation rate of the composite 

rod (anode). 

Ando et al. [8] inclined the cathode and anode at an angle of 30° as shown in 

Figure 3.1(d) to improve the yield of the process. Ando reported in conventional 

method the production of SWCNTs occur when two electrodes are kept opposite at gap 



Design of Experimental Set Up 

75 

distance of 1-2 mm then carbon atom evaporated from anode and directly deposited on 

cathode. Whereas in  case of arc plasma jet method, cathode was set at an angle of 30° 

with anode at a gap distance of approximately 5 mm. Due to larger gap distance , little 

part of 20% evaporated material reaches the cathode and 80% becomes cotton like soot 

forms SWCNTs. 

Horvath et al. [9] also investigated the effect of angle between two electrodes 

immersed in water and found that highest yield is obtained at 90° inclination. Upon 

inclination of the electrodes, a majority of the product does not get deposited on the 

cathode and the deposition mostly flies away to the walls, thereby increasing the 

yield of SWCNTs. 

 

 

(a) Six anodes mounted at equal distance on a 
rotating wheel 

(b) Rotating cathode 
 

 

(c) Plasma rotating electrode 

 

(d) Cathode inclined at an angle 30° with 
anode 

Figure 3.1: Schematic diagram of set up modification of electrodes (a) Six electrodes 

are mounted on a wheel at an equal distance; (b) Rotating cathode;  

(c) Plasma rotating electrode; (d) Cathode inclined at an angle 30° with anode 

Among various design and disposition of electrodes available, we conceived a simple 

arrangement of two electrodes mounted horizontally. The disposition of two horizontal 

electrodes allowed ease of handling and design of arc chamber simpler too. With the 

Cathode Anode 
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Anodes 

Cathode 
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simple design, we focused on conversion of chosen precursor (CB) to synthesize CNT as 

that is the scope of investigation in the thesis. As a first step, set up was designed in creo 

view software by considering the dimensions of electrodes and built up design of a 

vacuum chamber which is detailed in next section. 

3.2.1 Mechanical Design 

Arc chamber was modeled by drawing each part using creo view software. This software 

creates interactive assembly and has various elements that creates customized product. 

Firstly, we have two graphite electrodes taken out from standard D-cell battery as it is 

easily available. Figure 3.2 shows the two electrodes of diameter 6 mm mounted 

horizontally inside the chamber on the left hand side we have cathode in black color and 

on right side we have anode of red color. 

 

Figure 3.2: Two electrodes mounted horizontally 

Cathode and anode are given proper fixtures by holding screw of dimension 20 mm to 

avoid falling of electrode into the chamber. Holding screw provide the proper grip to the 

electrodes as shown in Figure 3.3. 

 

Figure 3.3: Shows holding screw giving proper griping to the electrodes 

Cathode Anode 

Holding screw  Holding screw 
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Figure 3.4 shows copper pipe of 12 mm attached to the electrode with holding screw for 

easy movement of electrodes in chamber. 

Figure 3.4: Copper pipe attached to the electrodes 

Bellow flange assembly was connected over the copper pipe on anode side as shown in 

Figure 3.5. Bellow flange assembly consist of bellow end part 1 and part 2 of diameter 

18 mm and part in between bellow end part1 and 2 of diameter 23.45 mm. Bellow Flange 

was used to prevent stresses on pipe. Stresses may occur due to various reasons such as 

internal or external pressure at working temperature, weight of the pipe, parts supported 

on it and attributed to thermal expansion. 

 

Figure 3.5: Bellow flange assembly 

Bellow flange assembly 

Copper pipe Copper pipe 
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Figure 3.6 shows Teflon guide and Teflon push fit part of 40 mm and 14 mm. Teflon 

guide was connected below bellow end part 1 and Teflon push fit part after bellow part. 

Teflon guide and push fit were used to hold the bellow part in place without having to 

permanently glue it. 

 

Figure 3.6: Teflon guide and Teflon push fit part 

 

Nut, washer and Support Patti part were connected towards anode as shown in 

Figure 3.7. Washer was connected to distribute the pressure of the nut over the surface, 

so that surface is not damaged and also to ensure that nut is pressed against a surface, 

reducing the chances of looseness. Support Patti was connected in between the nut and 

washer to provide electrical connection from power supply to anode side. 

 

Figure 3.7: Nut, washer and support Patti part 
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Three studs, a metal rod having threads on both side of electrodes of diameter 8 mm one 

side was connected to flange and other side of electrode was connected to motor 

mounting through bearing plate as shown in Figure 3.8. Half inch BSW (British Standard 

Whitworth) tap pipe part of 26 mm diameter was connected over the copper pipe to 

bearing plate part. Nema 23 stepper motor is a hybrid stepping motor and has a 1.8° step 

angle (200 steps/ revolution) was connected after the motor plate part. A screw-gauge 

micrometer on stepper motor with automatic arc controller interface provide the 

automatic gap adjustment between the electrode which is attached to the positive 

electrode i.e. anode. The micrometer which moves is connected as a lever arrangement, 

was calibrated using law of similar triangles as, for one division of rotation in pitch scale, 

it moves the electrode by 0.04156 inches. 

 

Figure 3.8: Three studs, motor mounting plate, bearing plate and  

Nema 23 stepper motor 

Figure 3.9 shows coupler part connected in between bearing and motor mounting plate 

and three linear bearing part were used for connecting stud part to bearing plate with the 

help of washer so that stud should not misplace from its position. 

 

Figure 3.9: Coupler and linear bearing part 
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Push fit 1-8 inch part was connected for water supply as shown in Figure 3.10. Water 

supply was used to provide cooling outside the chamber to avoid the sagging of chamber 

due to high temperature of plasma inside the chamber while performing the experiments. 

 

Figure 3.10: Push fit 1-8 inch part 

Now CF 35 part (ConFlat) flanges of diameter 285 mm is attached to anode and cathode 

in arc discharge setup as shown in Figure 3.11. ConFlat Flange use a copper gasket and 

knife-edge flange to achieve an ultrahigh vacuum seal. 

 

Figure 3.11: CF-35 part 

To provide a rotary mechanical feed through for transmitting rotational mechanical 

motion through the walls of a vacuum system. The feed through part of 20 mm diameter 

as shown in Figure 3.12 and connected through feed through nut of 24 mm diameter in 

cathode side. 

Push fit 1-8 inch part 

CF-35 part 
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Figure 3.12: Feed through and feed through nut part 

Support Patti was connected through washer and nut to provide electrical power supply 

to cathode as shown in Figure 3.13.  

 

Figure 3.13: Support Patti, washer and nut part to cathode side 

Delrin part and two push fit 1-8 inch parts were connected for inlet connection in the 

chamber for gaseous environment. Second push fit 1-8 inch part was used for water 

outlet as shown in Figure 3.14. 

Figure 3.14: Delrin and push fit part 
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The whole apparatus is designed above enclosed in a cylindrical chamber pipe with left 

and right window of 208 mm diameter with four window door open of diameter 101 mm 

as shown in Figure 3.15. 

 

 

Figure 3.15: Chamber pipe 

The chamber has four windows of diameter 101 mm each for monitoring and watching 

the process as shown in Figure 3.16. Two windows (a) and (c) are closed with plain 

glass, third window (b) which is closed with shaded glass to prevent the eye affecting by 

the direct arc and in fourth window (d) thermal imaging camera was connected to 

measure the temperature of arc as shown in Figure 3.17. 

 

Figure 3.16: Window cover with door glass 
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Thermal imaging cameras are devices that translate thermal energy (heat) into visible 

light in order to analyze a particular object. It uses ultra violet rays to record the 

temperature at the focused point. It has to be focused manually on to the point where 

the temperature has to be read and the digital read and plot could be observed and 

recorded for future reference. 

 

Figure 3.17: Thermal imaging camera i.e. fitted to arc discharge set up 

Since the experiment has to be conducted in inert atmosphere; the chamber is properly 

sealed with gasket of 152 mm provided in all windows. To protect the sagging of the 

chamber water cooled jacket of diameter 226 mm was connected within the chamber as 

shown in Figure 3.18. In order to create an inert atmosphere inside the chamber, an 

Argon gas cylinder is attached to the chamber through a rubber pipe and the flow is 

adjusted using a regulator and valves. 

ISO flange are connected to both side of the electrodes and two 1-4 base coupling part 

are attached as shown in Figure 3.19. ISO flange is a centering ring for alignment and 

support of the sealing ring. Flanges are used to create a complete vacuum system. 
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Figure 3.18: Water cooled jacket 

 

 

 

 

Figure 3.19: ISO-Flange and two 1-4 base coupling part 

The complete structure is supported for stand stability by providing four legs. 

Figure 3.20 shows the leg assembly of arc chamber. Leg assembly supports the whole arc 

discharge chamber. 

Water jacket part 

Iso-Flange part 
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Figure 3.20: Leg assembly 

The customized design of arc discharge setup has several advantages such as water 

cooled jacket to prevent heating up, stand-alone programmable arc current controller 

interface, compact design, built in motor power supply. 

In the next subsection we detail design of electrical circuit to generate constant arc 

current across the electrodes.  

3.2.2 Design of Electrical Circuit 

Electrical circuit is designed with an objective of generating a constant current across the 

electrodes in the range of 20 A to 40 A with a step of 5 A. The input supply to obtain the 

objective is normal commercial electrical supply of 230 V; 50 Hz. The input is 

transformed into two ways namely DC and pulsed power supply for the investigation. 

Arc current, effects the emission of electrons from cathode which travels at high velocity 

towards anode. The electrons hit the anode surface which results in sputtering of carbon 

precursors. Upon increasing the arc current, the number of electrons striking the anode 

surface increases, thereby sputtering more carbon precursor from the anode. We have 

varied arc current to see the transformation of carbon black to carbon nanotube. It has 

been observed from published literature, majority of the experiments were conducted at 

high value of current density. Ebbesen and Gamaly [10] suggested that the current 

density for synthesis of CNTs should be around 165-195 A/cm
2
. Cadek et al. [11] studied 

the dependence of arc current on the yield of nanotubes and concluded that the yield 

increases as current density is varied from 165 A/cm
2
 to 195 A/cm

2
. Nishizaka et al. [12] 

found the optimal current density for SWCNT formation as 250-270 A/cm
2
. Matsuura et 
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al. [13] observed better yields of SWCNT at a current density of ~450 A/cm
2
. Our aim 

was to reduce current level to investigate on synthesis of CNTs. In order to do so, we 

have performed experiments at low amperage level using Carbon Black as carbon 

precursor and using DC power supply and pulsed power supply. The details of circuit 

used to obtain DC and pulsed power supply are given below in next subsections. 

3.2.2.1  DC power supply 

In DC power circuit, the main power supply of 230 V is connected to autotransformer or 

a variable autotransformer (Dimmerstat type providing output 0-270 V and maximum 

load of 15 A) schematically shown as first element in Figure 3.2. The images of 

components namely variac, transformer are shown in Figure 3.22. Next element 

autotransformer is a single coil transformer which means two portion of the same coil are 

used as the primary and secondary. Autotransformer varies the voltage from 0 to 260 V 

and is joined to two other transformers linked in parallel to provide current up to 60 A 

(each transformer providing current of 30 A). As an example to get an output current, 

consider obtaining 40 A, we vary the autotransformer to 150 V and set the value of 

current as 16.7 A in the arc controller interface. The motor then adjust the gap 

automatically through automatic arc controller interface in order to generate an arc of 

40 A across the electrodes. Further, rectifier is internally connected in the transformer on 

output side to convert alternating current into direct current as shown in Figure 3.23. The 

output from the transformer is connected to electrodes inside the arc discharge chamber. 

         

 

Figure 3.21: Flow chart diagram of DC power supply 
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Figure 3.22: DC arc discharge setup 

The circuit of pulsed power supply is explained in next subsection. 

3.2.2.2  Pulsed power supply 

Few researchers have synthesized carbon nanotubes using pulsed power supply.  

Sugai et al. [14] used pulsed arc discharge method to synthesize SWCNT at pulse 

width of 1 ms at 22 A. Sugai et al. [15] produced high quality DWCNTs at 1500 V, 

100 A for pulse width range of 300 µs - 100 ms. Sugai et al. [16] synthesized DWNTs 

at high temperature pulse arc discharge with Y/Ni alloy catalysts at 1250°C. Parkansky 

et al. [17] produced MWCNTs using pulsed arc of 7-100 A and pulse width of 0.2-

26 µs. Tsai et al. [18] produced carbon nanotubes at 80 V, 2.5 A at pulse width of 1 ms. 

Kia and Bonabi [19] studied the formation of CNT using pulsed arc discharge at 500 V, 

10 A at a frequency of 40-400 Hz and pulse width of 0.3 µs. In these studies [14-19], 

CNTs have been synthesized from graphite. There is no research available on pulsed 

power circuit using carbon black as precursor for CNT synthesis. 

Our aim was to design the circuit for pulsed power supply to synthesize CNT using 

carbon black as precursor. We want pulsed output of varying arc current and of varying 

duty cycle for that we were in need of a frequency varying power supply. Due to high 

cost involved in customizing frequency varying power supply, we conducted 

experiment on single frequency pulsed power supply. The duty cycle decides the 

average output voltage across the output leads and the current. Since the current was 

Arc 

discharge 

chamber 

Variac/Autotransformer Current step-up 

transformer up to 60 A 

Transformer connected  

to variac 
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pulsating it is expected to obtain results different from a direct current supply. The 

reason for expected variation is that as the intensity of the energy delivered is more in a 

pulsating wave than in one that is continuous supply i.e. DC power supply. With the 

expectation of finding a variation in synthesized CNTs, we designed a circuit to obtain 

pulsed power supply.  

The schematic diagram of designed circuit to obtain the pulsed power supply is as 

shown in Figure 3.23. Main power supply of 230 V/15 A is connected to variac/ 

autotransformer. On which we vary the voltage according to the current at the output. 

Output of autotransformer was connected to full wave bridge rectifier circuit as shown 

in Figure 3.23. In full wave bridge rectifier four diodes 16NSR120 (specification are 

given in Appendix A.1.) are connected and convert AC input to DC. The output of the 

midpoint full wave bridge rectifier as shown by point (a) is DC. Considering the output 

of the rectifier is not maintained ripple free then it might affect the proper operation of 

the switch used. Reservoir capacitor (470 µF) is connected across the output terminals 

of the rectifier to filter out the input ripple. Output from rectifier circuit was fed to 

inverter input then get pulsating current at inverter output. In inverter circuit four IGBT 

CT60AM switches as shown in Figure 3.23 are connected in order to give pulse 

waveform. CT60AM IGBT IC was used as inverter switch which has the current rating 

up to 60 A as required by the circuit and specification are given in Appendix A.2. 

Pulse DC signal is applied at the gate of IGBT switch by DSP kit as shown in 

Figure 3.23 by point (b) which generates the pulse by interfacing through four opto 

coupler 6N137 as shown in Figure 3.24. Two 6N137 IC generate low side pulse and is 

connected to pin no. 12 (L1, L2) of IR2113 and another two 6N137 generate high side 

pulse and is connected to pin no. 10 (H1, H2) of IR2113. Output Pulse (L1, H1 and L2, 

H2) from IR2113 is applied to gate of IGBT switch as IR2113 is a gate driver IC 

specification is given in Appendix A.3. 6N137 (specification given in Appendix A.4.) 

is designed for use in high speed digital interfacing applications that require high 

voltage isolation between DSP kit and IR 2110 gate driver IC so that any voltage in 

circuit would not affect DSP kit directly. In Gate driver IC (IR2110/2113) there are two 

switches i.e. high side switch (H1, H2) and low side switch (L1, L2) as shown in 

Figure 3.24. 
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Figure 3.23: Schematic diagram of the pulsed power supply
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Figure 3.24: Shows gate driver IR2113 and optocoupler 6N137 
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Pulsating DC output from inverter connected to the transformer connected in output side 

as shown in Figure 3.23 providing current up to 60 A. After switching on the main power 

supply, voltage was set in the variac according to the arc current required at the output. 

3.3 Conclusion 

We have discussed the various design of arc chamber available in literature. We have 

designed the arc discharge chamber by considering mechanical design and electrical circuit 

design of DC and pulsed arc discharge setup for the custom built arc chamber.  

In next chapter first we brief introduce carbon black, its chemistry and morphology and 

next we investigate the amenability of conversion of different grades of CB to nanotube 

using DC arc discharge set up designed in this chapter. 
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CHAPTER 4 

Experiments with Different Grades of Carbon Black 

4.1 Introduction 

In the previous chapter arc discharge set up was designed by considering mechanical 

and electrical design with the objective of obtaining a stable arc and a constant arc 

current across the electrode. In the present chapter, we first discuss about the carbon 

black, its basic chemistry, morphology, surface activity. Next, from various types of 

carbon black we choose five commercially and easily available grades of furnace 

black. Using these five grades of carbon black as precursor for CNT synthesis we did 

experiment in the designed arc chamber as shown in Figure 3.22 and analyzed to 

conclude on amenability of transformation of different CB grades to CNTs. 

Carbon black is an elemental carbon in the form of extremely fine particles having 

amorphous molecular structure. Within the amorphous structure microcrystalline array 

of condensed rings is covered. The arrays appear to be similar to layered condensed 

ring exhibited by graphite, which is another form of carbon [1]. The physical 

appearance of CB is of a black, finely divided pellet or powder. In 2000, Berezkin et al. 

[2] proposed a model of the formation of carbon black particles. The particles of CB 

grow through the deposition of carbon layers on the surface of fullerene. Berezkin also 

discussed that the carbon black is most stable allotropic form of carbon. In 2008, 

Donnet et al. [3] discussed that Carbon black consist of sp
2 

carbon with some graphitic 

order in turbostratic stacking(random stacking of carbon material). 

Structure of carbon black constitutes of primary particles that are interconnected with 

each other forming aggregates. High structure carbon black is described by aggregates 

composed of many primary particles that are held in branching and chaining whereas 

low structure carbon black is characterized by lower extent of aggregation. In 2002, 

Izhik et al. [4] measured the surface properties of carbon black and comparatively 

analyzed electrical properties(electrical resistance and capacitance) of carbon black.  
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Carbon black is in the top 50 industrial chemicals manufactured worldwide, based on 

annual tonnage. Current worldwide production is about 18 billion pounds per year [8.1 

million metric tons]. In 2001, Richard et al. [5] surveyed and found that approximately 

90% of carbon black is used in rubber applications, 9% as a pigment, and the 

remaining 1% as an essential ingredient in hundreds of diverse applications. 

Mostly carbon black is produced by the oil furnace processes from liquid, aromatic 

hydrocarbons. Carbon black is used as a reinforcing agent in rubber, a pigment in 

plastics, inks and coatings, an electrically conductive material and in a variety of 

applications. In 2002, Kohls et al. [6] reviewed the morphology and structure of 

fillers requires for interaction with rubber. It has been observed that filler like carbon 

black and silica have different surface area so they reinforce differently from each 

other. In selecting a carbon black for specific application, modified grade of carbon 

black should be considered. There are various subtypes of carbon black available in 

literature explained below. Each type of carbon black has specific method of 

production. 

1. Acetylene Black- acetylene black formed by an exothermic decomposition of 

acetylene. It provides carbon black with higher structures and higher 

crystallinity, and is mainly used for electric conductive agents. 

2. Channel Black- channel black is fine carbon black obtained as soot by 

impingement of small gas flames on metal surface. 

3. Furnace Black- Furnace black is a type of carbon black that is produced 

industrially in a furnace by incomplete combustion of hydrocarbons. This 

method is suitable for mass production due to its high yield, and allows wide 

control over its properties such as particle size or structure. This is currently the 

most common method used for manufacturing carbon black for various 

applications from rubber reinforcement to coloring. 

4. Lamp Black- This method obtains carbon black by collecting soot from fumes 

generated by burning oils or pine wood. It is used as raw material for ink sticks 

as provides carbon black with specific color. 

5. Thermal Black- Thermal black is made by thermal decomposition of 

hydrocarbons (natural gas and acetylene) in preheated furnace. 
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4.2 Morphology of Carbon Black 

Important parameters of morphology of carbon black include its particle size, structure 

and surface activity. Different types of carbon black have wide range of particle size that 

varies in degree of aggregation. Carbon black is composed of spheroidal primary 

particles strongly fused together to form discrete units called aggregates. The aggregate 

consist of few or hundreds of chain of carbon particles that are fused together in a 

random way to form the branching structure. The aggregates are loosely held together by 

weak forces forming larger units called agglomerates. The agglomerates will break down 

into aggregates if adequate amount of force is applied, so the aggregates are the smallest 

ultimate dispersible unit of carbon black. A carbon black has high structure if degree of 

aggregation is high. It means structure is determined by size and shape of primary 

particle that form aggregation. The difference between primary particle, aggregate and 

agglomerate is presented in Figure 4.1. 

 

Figure 4.1: Shows primary particle, aggregate and agglomerate 

Particle size can be measured through surface area determination of carbon black. 

Surface area can be measured by two methods i.e. Iodine absorption (expressed in mg/g 

of carbon) it measures the amount of iodine that can be absorbed on the given mass of 

carbon black. The second method involves nitrogen surface area measurement which 

includes the amount of nitrogen which can be absorbed on given mass of carbon black. 

The ASTM (American Society for Testing and Materials) introduced a system which uses a 

letter followed by three numbers. The letter N is for normal cure rate and S is for slow cure 

rate. The first of the three numbers after the letter N or S indicates the particle size and 

typical average size corresponding to various numbers of carbon black are given in Table 4.1 

[1]. 

Aggregate 
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Table 4.1: First digit assignment by ASTM in carbon black nomenclature system 

First digit Typical average particle size (nm) 

0 1 to 10 

1 11 to 19 

2 20 to 25 

3 26 to 30 

4 31 to 39 

5 40 to 48 

6 49 to 60 

7 61 to 100 

8 101 to 200 

9 201 to 500 

 

Thermal carbon black is classified as N900 series carbon black and furnace black is 

classified as N100 to N700 series [7]. Thermal black have large particle size and low 

surface area whereas furnace black have small particle size and large surface area. Lamp 

black have high degree of aggregation of mid- size particles and small surface area. 

Acetylene black have high degree of aggregation and is most crystalline or graphitic 

carbon black. Channel black has small particle size and high level of surface area. The 

comparison between the particle size of furnace and thermal black is shown in Figure 4.2. 

 

 

 

 

 
Figure 4.2: Furnace and thermal black particle size comparison [7] 

N990 
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N330 
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The measurement of the structure of carbon black is a challenging task. In Literature 

researchers have used dibutyl phthalate absorption number (DBP) to measure the 

relative structure of carbon black by determining the amount of DBP absorbed for a 

given mass of carbon black. Higher structures of carbon black are easier to disperse 

than low structure carbon black of same area because their larger and bulkier 

aggregates cannot pack tightly together. At equal surface area, high structure carbon 

black has high electrical conductivity than low structure black. 

Having understood the basic structure, morphology and properties of different CB, we 

choose five commercially grades of carbon black Tread *A (non-ASTM), N134, N121, 

N660 and N330 and were procured from industry (Aditya Birla Science and 

Technology Limited, India). These grades come under the category of furnace carbon 

black. Furnace black is the most common available method and is important due to its 

high yield and better control over its properties such as particle size and structure. The 

chosen five currently furnace black carbon grades are used for rubber reinforcement to 

coloring. The five grades samples were taken for experimentation and have been 

named as sample A, sample B, sample C, sample D and sample E respectively for 

Tread *A (non-ASTM), N134, N121, N660 and N330 . It is observable from Table 4.2 

that the properties of the five types are tabulated in Table 4.2 depicting their iodine 

adsorption number, nitrogen surface area and DBP carbon black have declining trend 

in Iodine Adsorption number as we go from sample A to sample E. Surface area 

indicates particle size of carbon black which can be calculated by iodine surface area 

and Nitrogen surface area. Kohls et al. [6] observed that the surface area plays an 

important role in fillers reinforcement property. DBP Adsorption number measures the 

relative structure of carbon black by determining amount of DBP a given mass of 

carbon black absorbs. From Table 4.2 we also observe that sample D have the lowest 

DBP number indicating low structure carbon black i.e. very little particle aggregation 

or structure with large size of spherical structure whereas sample C have high DBP 

number i.e. high structure carbon black which means it does not consist of individual 

sphere of carbon but exist as large number of particle aggregation forming chain or 

branches. 
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Table 4.2: Details of various grades of carbon black 

Sample  Grade Iodine adsorption 

number (iodine 

surface area) 
(mg/gm) 

Nitrogen 

surface area 

(m
2
/gm) 

DBP adsorption 

number 

(structure) 
(ml/100gm) 

Sample A Tread *A  

(non-ASTM) 

164.1 158.7 127.7 

Sample B N134 142 143 127 

Sample C N121 121 122 132 

Sample D N660 36 35 90 

Sample E N330 82 78 102 

 

Brief summary about characteristics of five different grades of carbon black is mentioned 

below: 

1. N134: 

It is a high reinforcing, high structure pelleted carbon black. It has high surface 

area per unit mass. The product is characterized by easy dispersion in any 

elastomeric compounds. N134 can be used as a component of tread compounds 

for high performance passenger car tires. It provides maximum tread wear 

resistance. 

2. N121: 

N121 is high-amplifying (highly reinforced) and high-structured carbon black. It 

is easily dispersed in the mixtures on the basis of any elastomer for the 

manufactures of tire treads and provides maximum durability of the tread. 

3. N660: 

N660 is medium-dispersing and medium-amplifying carbon black with low 

structure. Provides higher swelling extruded flow, high elasticity at relatively 

high rates of hardness. Used in rubber products, single ply roofing systems and 

Insulation and cable products. 

4. N330: 

It is high-dispersing and amplifying carbon black. It provides high tensile 

strength, good abrasion resistance. Used in massive tire carcass hoses, conveyor 

belts, rubber products. 
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In 2002, Kohls et al. [6] compared the carbon black grade (N330) with silica. Kohls 

observed that fillers that are highly branched and they have higher specific surface area; 

they will have more locations to contact with rubber matrix. In 1994, Okel et al. [8] 

reported how the specific area of carbon black and silica affects the mechanical 

properties (stress/strain, tear strength). Okel observed that when the surface area of silica 

increases it will require more energy for mixing in rubber and also the tear and tensile 

strength of the rubber also increases. In 1998, Wang et al. [9] suggested that the surface 

of carbon black is also covered with various functional groups like carboxyl, phenol, 

lactones and quinonic groups.  

In 2002, Schroder et al. [10] discussed about four adsorption sites of carbon black 

surface as shown in Figure 4.3 where I represent the graphitic planes with sp
2
 

hybridization of the carbon atoms. Site II related to amorphous carbon in a sp
3
 

hybridization. Sites III and IV corresponds to micro crystallites edges and slit shaped 

pores. 

.  

Figure 4.3: Schematic of carbon black surface adsorption sites [10] 

For furnace black the concentration of active sites (II-IV) varies between 5% and 20% 

on the surface and contribution to absorption from other sites is 95-80% i.e. from 

graphitic planes. The carbon black grade N330 has 10% of II, III and IV sites and the 

remaining 90% of the carbon black surface comprise of graphitic planes. Ooiji et al. 

[11] discussed that sites are important in rubber filler and filler-filler interaction. N330 

grade (sample E) have 90% surface consist of graphitic planes and is much higher in 

comparison to that existing in other four chosen grades. Higher graphitic planes 

indicate higher surface area and a larger availability of surface favors larger absorption 
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of energy. The amount of energy or power availability to break C-C bond in graphitic 

planes during transformation of CB to CNT will be less as compared to other four 

grades. This leads to hypothesize that N330 is more amendable for conversion to CNT. 

In order to validate on hypothesis and investigation our second problem of interest 

(refer to chapter 2 page no. 50). We did various set of experiment using sample A to 

sample E, which are detailed in next section. 

4.3 Experiment  with Different Carbon Black Grades 

In this section we performed experiments in designed arc discharge chamber to convert 

five grades of CB to CNT (Tread *A (non-ASTM), N134, N121, N660 and N330). The 

experiments were conducted at 40 A current for 60 sec with the power supply of 40 A.  

4.3.1 Experimental Setup 

The schematic diagram of the arc discharge apparatus for nanotube formation was 

shown in Figure 2.2 and is represented again in Figure 4.4(a). Figure 4.4(b) shows the 

picture of actual arc discharge set up that consists of two graphite electrodes mounted 

horizontally with an arc controller to maintain constant arc current. The anode (8 mm) 

is drilled with a hole of diameter 4 mm and is filled with powdered carbon black 

grades. The cathode is a pure graphite rod (8 mm) which is sharpened at the tip.  

The chamber is first purged with argon at 20 psi to clean the chamber and make 

surrounding environment inert. The voltage is applied across the electrodes and 

electrodes are brought in contact. The anode is adjusted using arc controller interface to 

maintain the gap of ~1 mm between the electrodes. By maintaining the gap constant, we 

obtain constant current which is the first objective in the design. 

The earlier published literature lacked a clear compilation of an explanation of possible 

mechanism of transformation of precursor to CNT. We published [12] a possible 

mechanism which is now widely accepted and highly cited. To start the conversion of 

precursor to CNT, the gas ionizes into electrons and ions and results in hot plasma 

formation between the electrodes. Stable plasma grows uniformly over the electrode 

surface corresponding to stable anode and cathode voltage. The collisions of ions and 

electrons in the plasma emit photons responsible for the glow in plasma. The electrons 

are ejected from cathode hit the anode at high velocity and sputter the carbon precursor 
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in the present case CB filled at the center of the anode. The high temperature resulting 

from resistive heating of results in sublimation of carbon precursor and converts them 

into carbon vapours. The carbon vapours are decomposed in carbon ions. The 

decomposition occurs due to high heat flux or thermal energy of the plasma. The carbon 

vapours aggregate to form viscous carbon clusters and drift towards the cathode, which 

is cooler as compared to anode. The carbon vapours undergo a phase change and get 

converted into liquid carbon. The temperature gradient at cathode and quenching effect 

of atmosphere solidifies and crystallizes the liquid carbon to form cylindrical deposits 

that grow steadily on cathode. The cathodic deposit is composed of a grey outer shell and 

a dark inner core. The grey deposit consists of the rolls of graphene sheets known as 

carbon nanotubes. The addition of hexagonal carbon atom clusters lead to the growth of 

nanotube. However, instability in plasma leads to capping of nanotubes. The diameter of 

the nanotubes is governed by the density of carbon vapours in the plasma. Variation in 

temperature gradients strongly affects the diameter distribution of CNTs produced and 

nanotubes are formed in bundles due to van der Waals interaction. 

During experimentation, temperature of arc was recorded for each experiment pertaining 

to all samples and recording of arc temperature was done using thermal imaging camera 

which was mounted at back side of experimental setup ]Refer in Figure 4.4(c)]. 

 

Figure 4.4(a): Schematic of an arc discharge setup 
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Figure 4.4(b): Front view of setup consist of arc discharge chamber with automatic 

controller 

 

Figure 4.4(c): Back view has thermal imaging camera i.e. fitted to arc discharge set up  
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We performed around 30 experiments for each sample i.e. Sample A to Sample E. The 

flow chart showing each step for experimentation is shown in Fig 4.5. Firstly, we take 

graphite electrode from D-cell battery and drill a hole of diameter 4mm at the center of 

graphite rod and making an anode. The center hole is drilled to the depth of 4 mm and is 

filled with carbon black. We measure the amount of filled carbon black with the help of 

weighing machine. After switching on the power supply, the electrodes are brought in 

contact to generate an arc and are kept at an intermittent gap of 1-2mm. A constant 

current is maintained through the electrodes to obtain non fluctuating arc. We have 

repeated this experiment on 5 samples and in each sample we did around 30 experiments. 

After end of 60sec we allowed the chamber to cool for 5 minutes. After cooling of 

chamber the front window open and removed cathode, sample was collected and we 

observed the synthesized sample with FESEM and TEM. The observations are given in 

next section. 

 
 

Figure 4.5: Sample preparation 

After performing 30 set of experiments for each carbon black grade, the carbonaceous 

deposit resulting from different carbon black grades, was collected from cathode .We 

have chosen three random samples for each grade and then characterized the sample 

using FESEM and TEM. Field emission Scanning electron micrographs is done show the 

surface morphology of formed product. To observe inner morphology of various 
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structure we did TEM (JEOL 2100F) of the chosen samples. Figure 4.6 shows the 

granular structure of untreated Carbon black Sample N330 grade of different particle size 

with FESEM and TEM image. Figure 4.7(a) to 4.7(c) shows the FESEM images of three 

randomly collected sample from Tread *A (non-ASTM) grade which shows the 

conversion of granular carbon black particle to fly ash particle. 

 

Figure 4.6: Shows granular structure of carbon black FESEM and TEM image 

 

Figure 4.7: Shows the FESEM images on the left side of sample A [Tread *A  

(non-ASTM)] at 40 A for 60 sec and TEM image on the right side 

Dense Nano fibers are formed over the graphene sheet from N134 carbon black grade 

when an arc current of 40 A for 60 sec was applied across the electrodes and on right 

side we have the TEM image as shown in Figure 4.8(a) to 4.8(c) 
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Figure 4.8: Shows the FESEM images on the left side of sample B (N134) at 40 A for 

60 sec and TEM image on the right side 

Sample C (N121) carbon black grade was converted to Nano rods attached to the carbon 

nanoparticle as shown in Figure 4.9(a) to 4.9(c) and right hand side shows the TEM 

structure. 

 

Figure 4.9: Shows the SEM images on the left side of sample C (N121) at 40 A for 

60 sec and TEM image on the right side 
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Tubes start growing from the edges when arc current 40 A applied to N660 grade for 60sec 

as shown in Figure 4.10 and TEM image on the right side shows the presence of tube. 

 

Figure 4.10: Shows the FESEM images on the left side of sample D (N660) at 40 A 

for 60 sec and TEM image on the right side 

It was observed from Figure 4.11(a) to 4.11(c) that Carbon Black grade N330 suggests 

the formation of MWCNTs varying diameter around ~12 nm for an arc current of 40A 

for 60sec as compared to other grades. 

 

Figure 4.11: Shows the FESEM images on the left side of sample E (N330) at 40 A 

for 60 sec and TEM image on the right side 
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From FESEM and TEM, we observe that N330 CB grade transformed into CNTs as 

compared to other four chosen CB grades. 

4.4 Conclusion 

1. We have briefly discussed about carbon black, its chemistry, morphology and 

surface activity in Section 4.1. In Section 4.2 we have specified about various 

types of carbon black used in literature. From various grades of carbon black we 

have chosen five type of carbon black grade that comes under class of furnace 

carbon black type. 

2.  The five types of CB as carbon precursor we did 30 experiments for each carbon 

black grade. The experiments were done with an objective to transform CB to 

CNT and were conducted using DC arc discharge for an arc current of 40 A for a 

duration of 60 sec in argon atmosphere. The details of experiments were 

presented in Section 4.3.  

3. After completing each experiment, the deposited material from surface of cathode 

was collected. Out of 30 collected samples for each grade we did FESEM for 

three randomly selected samples for each grade of CB to observe the surface 

morphology.  

4. To conform the presence of MWCNTs, we did TEM analysis. It was observed 

from the FESEM and TEM, N330 carbon black grade gets converted to Carbon 

nanotubes. The possible attribution for this conversion is that N330 carbon black 

grade have the presence of four adsorption sites 90% of which has been graphitic 

planes. As hypothesized it is easy to break C-C bonds on graphitic sites and 

transformation did occur for N330 grade to CNTs. 

5. The finding that on application of constant current of 40A, CB of particular grade 

transforms to CNT led us to further question as to why it did not happen with 

every particulate of CB? Our next problem statement was framed around the 

query as to what other parameter can affect the transformation? The answer to 

this query will in fact reveal more on conversion mechanism and parameter 

effecting the conversion. 

In the next chapter we therefore, investigate the role of arc current and temperature of arc 

on synthesis of carbon nanotubes. The experiments were continued on N330 carbon 

black grade. The temperature of arc was taken as an index for stability of available 
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energy. Also, we investigate the effect of arc current and time duration on N330 

Carbon Black grade for synthesis of carbon nanotube using pulsed arc discharge 

method. 
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CHAPTER 5 

Role of Parameters in Synthesis of CNTs from Carbon Black  

5.1 Introduction 

In the previous chapter, we discussed about the morphology of carbon black that 

include surface area, particle size, structure and different grades of carbon black. We 

did various experiments using DC discharge set up at 40A arc current in order to find 

which grade gives phase transformation of carbon black to CNTs. It was observed 

that N330 is more amenable for transformation to CNTs.  

In the present chapter, we investigates the role of temperature and role of current in 

the formation of MWCNTs from N330 carbon black grade using DC arc discharge. 

Also, we investigate the role of arc current and time duration on N330 Carbon Black 

grade for synthesis of carbon nanotube using pulsed arc discharge method which has 

not been reported in literature. 

Arc discharge production of nanotubes is dependent on several parameters like arc 

current, applied voltage, chamber pressure, arc temperature, presence of catalyst, type of 

carbon precursors, electrode shape etc. [1]. Over last two decades, researchers have 

published several reports pertaining to arc grown CNTs. In 2012, Su et al. reported 

synthesis of CNTs using magnetic assisted arc discharge with controlled diameter [2] 

and High quality CNTs with low cost can be synthesized using low pressure air arc 

discharge. In 2012, Zhao et al. [3] found straight MWCNTs using direct current arc 

discharge with a rotating graphite anode in low pressure air. In 2014, Su et al. [4] 

suggested low cost approach to synthesize SWCNTs using direct current arc discharge. 

In 2015, Berkmans et al. [5] reported the synthesis of SWCNT and single walled carbon 

nanohorn hybrid in single step by electric arc discharge in open air at lower current 

densities. Several parameters (arc current, applied voltage, chamber pressure, arc 

temperature, presence of catalyst, type of carbon precursors, electrode shape etc. have 

been well investigated and reported literature [6][7]. Parameters like catalyst and 
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pressure has been studied in detail and reported in literature for their roles in formation 

of Carbon nanotubes. Arc current is regarded as the key parameter to effect nanotube 

formation. The role of arc current on CNTs synthesis as explained in published literature 

is explained in next section. 

5.2 Role of Arc Current 

Arc current effects the emission of electrons from cathode which travels at high 

velocity towards anode. These electrons hit the anode surface which results in 

sputtering of carbon precursors. Upon increasing the arc current, the number of 

electrons striking the anode surface increases, thereby sputtering more carbon 

precursor from the anode. The applied current produces resistive heating which 

results in high temperature. Due to high temperature, the carbon precursor filled in 

anode sublimes to form carbon vapours and nucleates at cathode resulting in 

nanotube formation. There also exists a minimum discharge current called as 

chopping current at which the plasma production is insufficient and leads to arc 

extinction. In published literature, there exist large variations of applied arc current 

(2.5 to 700 A) to initiate CNT formation which creates ambiguity in clear 

understanding of role of current in CNT formation. 

For the carbon black as precursor, even the studies at various arc currents are not 

available in published literature. We, therefore conducted synthesis experiment with 

N330 (for experimental detail refer Chapter 4 Section 4.3) and collected samples of 

synthesized product one each at arc currents 25 A, 30 A, 35 A and 40A. 

From Table 5.1 we observe the quantitative analysis of deposited sample from 

Carbon black which includes weight of anode, weight of cathode and amount of 

carbon black filled inside the anode before conducting experiment and also after 

experimentation keeping arc duration 60 sec. The deposition at cathode was collected 

and observed using FESEM for visualizing the formation of CNTs.  
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Table 5.1: Quantitative analysis of deposited sample from carbon black 

Before Experiment After Experiment 

SNo 
Current 

(Ampere) 

Weight of 

Anode(gram) 

Weight of 

Cathode 

(gram) 

Carbon 

Black 

(gram) 

Weight of 

Anode 

(gram) 

Weight of 

Cathode 

(gram) 

Deposition 

(gram) 

1 25 1.9291 3.0557 0.0788 1.9289 3.0555 0.0543 

2 30 2.071 2.9162 0.0914 2.070 2.9160 0.0650 

3 35 1.8551 3.1953 0.0913 1.8547 3.1952 0.0641 

4 40 1.942 2.7617 0.0818 1.940 2.7614 0.0602 

Each collected sample was observed in four different sample zones and FESEM image 

recorded. Figure 5.1 illustrates the micrographs of the deposited material at cathode at 

one randomly chosen site for each of the four current values namely the arc current of 

25 A, 30 A, 35 A and 40 A. During the arc treatment we also recorded the arc 

temperature using the Raytek thermal imaging camera. For each recorded arc 

temperature readings we have in Figure 5.1 shown FESEM micrographs. 

5.2.1 Characterization 

In order to study the surface morphology of the collected sample, we did FESEM and the 

corresponding temperature profile and analyzed for any correlation in between the two 

namely formation of CNTs and temperature of arc. We observe from Figure 5.1 that 

when we increase arc current from 25 A to 40 A with the step of 5 A for 60 sec at 1400-

1600°C. The amount of MWCNTs increases as shown in FESEM images and diameter 

of the nanotubes decreases. High quantity of CNTs was observed at uniform arc 

temperature of around 40 sec as it indicates in Table 5.1. 

In experiments where temperature fluctuated beyond 1400-1600°C range; we did not 

observe CNT formation. As was written earlier we did experiments on N330 at four 

values of current across electrodes. Among collected deposits from each of the 

experiments, we observed that almost collected sample had no CNT formation. The 

corresponding temperature profiles had shown large amount of arc temperature 

fluctuation with respect to time and range.  

a) FESEM Analysis 
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(a) 25 A, 1400-1600°C: High quantity CNTs observed at uniform arc temperature 
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(b) 30 A, 1400°C: High quantity CNTs observed at uniform arc temperature 
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(c) 35 A, 1400°C: High quantity CNTs observed at uniform arc temperature 
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(d) 40 A, 1400°C: High quantity CNTs observed at uniform arc temperature 

Figure 5.1: FESEM Micrographs showing MWCNTs formed at different arc current levels and their corresponding temperature 

profiles that a uniform arc temperature of 1400-1600°C is critical for synthesis of high quality MWCNTs, It can be observed that as the 

arc current increases the amount of MWCNTs increases and the diameters of nanotubes decreases 
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For illustration two such FESEM micrographs are shown with corresponding temperature profile in Figure 5.2(a) and Figure 5.2(b). 

Figure 5.2(a) shows no CNT formation at 35 A and Figure 5.2(b) shows carbon Nano rods formation at 40 A as arc temperature was not 

sustained at constant value for long duration. In both the illustrated results, the arc temperature fluctuated beyond 1400-1600°C range of 

temperature. 

 

(a) 35 A: No CNTs formation as arc temperature was not sustained 
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(b) 40 A: Carbon Nano rods formation as arc temperature was not sustained 

Figure 5.2: Shows the FESEM Micrographs and their arc temperature (a) at 35 A which results in poor formation of CNTs due to 

Unstable arc temperature (b) Shows formation of Carbon Nano rods at 40 A 
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b) TGA Analysis 

From FESEM and temperature profiles of arc in time, it is imperative that the formation of 

CNTs attributes to a stable arc with prolonged constant temperature. For further analysis of 

formed CNTs we did TGA (Thermo gravimetric analysis) of the corresponding four 

samples (at, 25 A, 30 A, 35 A and 40 A) in which the CNTs were formed. TGA measures 

the decrease in sample weight as a function of annealed temperature. From TGA graph we 

can measure the initiation temperature, oxidation temperature and the residual mass [8]. 

Initiation temperature denotes temperature at which amount of material start to decompose. 

Oxidation temperature represents the thermal stability of the material and residual mass 

provides an estimate of the metal fraction, primarily consist of catalyst material. Figure 5.3 

shows the TGA graph for as synthesized MWCNTs for the four samples. The TGA graph 

shows the weight percent loss starting from 568 to 940°C which is almost same for four 

samples as compared to typical MWCNTs from 400 to 600°C [8]. Typical MWCNTs 

relates to the CNTs as already being synthesized in literature. 

From the collected sample in which the CNTs were visible from FESEM conducted a 

TGA. The results of TGA are plotted in Figure 5.3, on the x-axis of the plot we record 

temperature during TGA and on y-axis, we have weight % of the sample. In all TGA 10 

mg of sample was used to observe the reduction of weight of sample versus temperature 

increase. 

For the sample obtained at 25A, it is recorded (as can be seen from Figure 5.3(a)) that 

weight % reduction initiates at 450°C. The reduction continues till the temperature of 

950°C after which there is no residual mass. In comparison to typical MWCNTs TGA 

analysis, the initiation happen at 400°C, the reduction happens 400°C to 650°C [8]. 

Comparing the values of initiation for as synthesized MWCNTs at 25A with typical values 

of MWCNTs, we find that initiation in the current experiments happened at almost same 

value of temperature but the oxidation temperature range is more in case of as synthesized 

MWCNTs 450-950°C which indicates as synthesized sample is more thermally stable as 

compared to typical MWCNTs. The range is recorded and is visible from plot in 

Figure 5.3(a). In comparable to range of temperature reported in literature [8], the current 

range is higher which indicates thermal stability in sample. The enhanced range is seen as 

a sharp curve in Figure 5.3(a) distinct from two flat plateaus (a) and (b). 
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For the sample obtained at 30A, it is recorded (as can be seen from Figure 5.3(b)) that 

weight % reduction initiates at 550°C. The reduction continues till the temperature of 

950°C after which there is no residual mass. In comparison to typical MWCNTs TGA 

analysis, the initiation happen at 400°C, the reduction happens 400°C to 650°C [8]. 

Comparing the values of initiation for as synthesized MWCNTs at 30A with typical 

values of MWCNTs, we find that initiation in the current experiments happened at 

550°C but the oxidation temperature range is more in case of as synthesized MWCNTs 

550-950°C which indicates as synthesized sample is more thermally stable as compared 

to typical MWCNTs. 

The range is recorded and is visible from plot in Figure 5.3(b). In comparable to range of 

temperature reported in literature [8] , the current range is higher which indicates thermal 

stability in sample. The enhanced range is seen as a sharp curve in Figure 5.3(b) distinct 

from two flat plateaus (a) and (b). 

For the sample obtained at 35A, it is recorded (as can be seen from Figure 5.3(c)) that 

weight % reduction initiates at 550°C. The reduction continues till the temperature of 

950°C after which there is no residual mass. In comparison to typical MWCNTs TGA 

analysis, the initiation happen at 400°C, the reduction happens 400°C to 650°C [8]. 

Comparing the values of initiation for as synthesized MWCNTs at 35A with typical 

values of MWCNTs, we find that initiation in the current experiments happened at 

550°C but the oxidation temperature range is more in case of as synthesized MWCNTs 

550-950°C which indicates as synthesized sample is more thermally stable as compared 

to typical MWCNTs. The range is recorded and is visible from plot in Figure 5.3(c). In 

comparable to range of temperature reported in literature [8] , the current range is higher 

which indicates thermal stability in sample. The enhanced range is seen as a sharp curve 

in Figure 5.3(c) distinct from two flat plateaus (a) and (b). 

For the sample obtained at 40A, it is recorded (as can be seen from Figure 5.3(d)) that 

weight % reduction initiates at 500°C. The reduction continues till the temperature of 

950°C after which there is no residual mass. In comparison to typical MWCNTs TGA 

analysis, the initiation happen at 400°C, the reduction happens 400°C to 650°C [8]. 

Comparing the values of initiation for as synthesized MWCNTs at 40A with typical 

values of MWCNTs, we find that initiation in the current experiments happened at 



Role of Parameters in Synthesis of CNTs from Carbon Black  

124 

500°C but the oxidation temperature range is more in case of as synthesized MWCNTs 

500-950°C which indicates as synthesized sample is more thermally stable as compared 

to typical MWCNTs. 

The range is recorded and is visible from plot in Figure 5.3(d). In comparable to range of 

temperature reported in literature [8] , the current range is higher which indicates thermal 

stability in sample. The enhanced range is seen as a sharp curve in Figure 5.3(d) distinct 

from two flat plateaus (a) and (b). 

  
(a) At 25 A (b) At 30 A 

  
(c) At 35 A (d) At 40 A 

Figure 5.3: Thermo gravimetric analysis of as synthesized MWCNTs 

From temperature profiling of arc temperature and corresponding formation of CNTs, it 

becomes obvious that temperature of arc plays a vital role in formation of CNTs. In order 

to study the role of temperature, we performed repeated experiments at 40 A and 

recorded arc temperatures for an arc application time of 60 s. The obtained results are 

presented and discussed in next section. 

(a) 

(b) 

(a) 

(b) 

(a) 

(b) 

(a) 

(b) 
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5.3 Role of Temperature 

In this section, we study the role of temperature in formation of carbon nanotube from 

carbon black. Earlier also, there are published reports and studies available on effect of 

temperature for CNT formation using arc discharge method but a precursor other than CB. 

In 2000, Sugai et al. [9] suggested that SWCNTs formation takes place in strong annealing 

condition using pulsed arc discharge method. In 2003, Lange et al. [10] have found that 

plasma temperature ranging from 4000 to 6500 K is required for formation of carbon 

nanostructure in water. In 2004, Nishio et al. [11] observed that a high yield is achieved at 

high plasma temperature. In 2004, Liu et al. [12] concluded that CNTs diameter increases 

with increase in arc temperature. In 2004, Liu et al. [13] suggested that increase in arc 

temperature increases yield but SWCNT diameter reduces. In 2005, Zhao et al. [14] 

observed that optimum temperature of arc  for formation of amorphous nanotube is 600°C; 

beyond which yield decreases. In 2007, Keidar et al. [15] observed that CNTs formation 

takes place in the region of low temperature plasma of 1300-1800K where carbon reacts to 

form large molecules and clusters. In 2007, Matsuura et al. [16] have suggested that the 

optimum temperature for nanotube formation is around in the range of 1000-1250°C. In 

2008, Joshi et al. [17] suggested that temperature requirement for DWCNTs formation is 

in between the high temperature required for SWCNT and low temperature for MWCNT 

formation. In 2012, Kim et al. [18] have concluded that nanotube growth occur below 

2000°C even though inter electrode temperature reaches 4000°C. In all these reports, 

graphite has been used as a precursor for nanotube formation. In our work, we have 

conducted experiments using CB as precursor at 40 A and 60 sec. FESEM results and their 

corresponding temperature profiles are presented in next section. 

5.3.1 Characterization 

a) FESEM Analysis 

Different samples prepared at 40A were observed under FESEM and results are shown 

in Figure 5.4. The corresponding temperatures profiles conducted for 60sec had shown 

for each FESEM result. We observed that temperature range between 1400-1600°C is 

critical for nanotube formation as shown in Figure 5.4(a) through Figure 5.4(d) while 

in Figure 5.4(a) some graphitic structure were observed at temperature below 1400°C 

there were high quantity MWCNTs formed when temperature was ranging between 

1400-1600°C as visible from graph temperature was uniform for 40 sec shown in 

Figure 5.4(b).  
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For temperatures ranging 1600-1800°C, very few nanotubes are observed as shown in Figure 5.4(d) and few or no CNTs are formed above 

1800°C as arc temperature was fluctuated refer Figure 5.4(e) and Figure 5.4(f). 

 

(a) 1300-1400°C: No CNTs observed 
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(b) 1400°C: High quantity CNTs observed at uniform arc temperature 
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(c) 1600°C: High quantity CNTs observed at uniform arc temperature 
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(d) 1700-1800°C: No CNTs observed 
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(e) 1800-2000°C: No CNTs observed at high temperature 
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(f) 1900-2000°C: No CNTs observed at high fluctuating temperature 

Figure 5.4: Effect of arc temperature on arc discharge products for a constant arc current of 40 A. It is evident from the micrographs 

and their corresponding temperature profiles that a uniform arc temperature of 1400-1600
o
C is critical for synthesis of high quantity 

MWCNTs 
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From FESEM result and their corresponding arc temperature profile, it become obvious 

that arc temperature range 1400-1600°C is critical for nanotube formation. In order to 

study the inner morphology of structure, we did TEM analysis. 

b) TEM Analysis 

In order to analyze the inner morphology of MWCNT structure we did TEM 

(Transmission Electron Microscopy) analysis of collected sample at 40 A. Figure 5.5 

shows as synthesized MWCNTs with temperature of 1800°C and typical MWCNTs at 

40 A with temperature of 1400-1600°C. 

 

Figure 5.5: TEM Micrographs of (a) As synthesized MWCNTs at 1800°C  

(b) Typical MWCNTs formed at 40 A with Temperature of 1400-1600°C 

Typical MWCNTs structure reveals lesser number of walls which result in high purity 

and less structural defects and also longer and straight tube. The CNTs morphology 

establishes the better conducting network and electrical properties. Using number of 

walls, inner diameter and outer diameter, we can calculate the density of MWCNTs [19]. 

3.24 nm 

3.67 nm 

4.78 nm 

2.30 nm 

2.10 nm 

2 nm 
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Considering the MWCNTs with inner diameter dint, n number of walls and dss inter-shell 

distance, the weight of MWCNTs is given by [19] 


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Above calculations are based on published in literature: dss (inter-shell 

distance = 0.34 nm), L (length of CNTs =10 µm). Figure 5.5(b) shows the TEM graph of 

typical MWCNTs and we observe dout (outer diameter of MWCNT) is 7 nm and dint 

(inner diameter of MWCNT) is 4.78 nm. The calculated density for MWCNTs is 

2.43g/cm
3
. The dense and well aligned MWCNTs will be more useful for electrical and 

mechanical applications. 

From FESEM and TEM and further analysis we noticed that at same arc current the arc 

temperature may fluctuate, this may occur due to varying distance between the electrodes 

which makes the arc unstable for DC arc discharge setup. The fluctuation may also 

happen due to local dynamic movement of carbon black and other transforming particle 

and transients within the arc. The transient phases cause improper vaporization of the 

carbon precursor. Depending upon the instantaneous shape of electrode, the electric field 

generated during arc can significantly vary. As CNTs growth is also influenced by the 

applied electric field between the electrodes, the shape of the electrode and within arc 

transient environment is very crucial in CNT formation. After each cycle of arcing, a 

general trend to get the electrode blunt may happen which require relative higher 

temperature to initiate the same growth process. Therefore, re stabilized arc or effectively 

stabilized temperature of arc is more critical than applying a constant current. 

We achieved the stabilization of arc temperature dynamically adjusting the gap of 

electrode using proportional integral derivative (PID) feedback controller for electrode 

gap. It is but established from the present investigations and results that a temperature 
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control will be better practice to get high quantity CNTs rather than controlling and for 

maintaining constant current. 

It further needs to be answered if time of arc application vis-a-vis magnitude of current 

has any correlation in formation of CNTs. Moreover, the effect of applying pulsed arc 

discharge in comparison to application of DC arc needs another investigation. To 

observe the effect of pulse of varying arc current and time we did experiment using 

pulse arc supply and presented in next section. 

5.4 Role of Pulse Arc Discharge 

In this section, we study the role of pulse arc in formation of carbon nanotube from 

carbon black. We investigate the effect of arc current on N330 Carbon Black grade for 

synthesis of carbon nanotube using pulsed arc discharge method keeping time duration 

constant at 60 sec which has not been reported in literature. 

We did experiment using pulsed power supply details of which is presented in Chapter 3 

in Section 3.2.2. We performed experiments on N330 carbon black grade using pulsed 

power supply for arc current varied from 22 to 40 A with the step of 4 A. The procedure 

for sample preparation discussed in Chapter 4 in Section 4.3.1. After performing set of 

experiments for arc current from N330 carbon black grade, the deposit from cathode was 

collected. We have chosen random sample for each arc current and then characterize the 

sample using FESEM. Figure 5.6(a) shows the FESEM image of carbon nanoparticle at 

an arc current of 22 A at 60 sec. As we kept increasing the current keeping time duration 

constant at 26 A these nanoparticles merged into multilayer sheets with scattered flower 

type structures randomly distributed on top of layer, these flowers contain some tubular 

items as shown in Figure 5.6(b). For arc current of 28 A circular disc like discrete layer 

was observed in Figure 5.6(c). When the arc current increased to 30 A tubes were begin 

to grow from layer edges as shown in Figure 5.6(d). For an arc current of 32 A more 

tubes start growing at the edges as shown in Figure 5.6(e). With 35A arc current tube at 

the edges become linear in pattern as shown in Figure 5.6(f). As current reaches 37 A fly 

ash particles i.e. spherical particles of different size appears in between the image with 

tube like structure shown in Figure 5.6(g). Finally at 40A arc current carbon nanotubes 

of different diameter get formed as shown in Figure 5.6(h). 
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Figure 5.6: FESEM image of (a) Carbon nanoparticle at an arc current of 22 A for 

60 sec (b) Nanoparticle merged into multilayer sheet of with scattered flower 

structure on top layer at 26 A (c) At 28A arc current circular disc like discrete layer 

was observed (d) tubes were begin to grow from layer edges at 30 A (e) At 32 A 

more tubes at layer edges (f) tubes at the edges become linear at 35 A arc current 

(g) At 37 A arc current fly ash like particle of different spherical diameter was 

observed (h) Formation of tubular structure (CNTs) at 40 A arc current for 60 sec 
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From above study we observe through FESEM the conversion of amorphous 

structure of N330 grade converted to tubular structure at 40 A for 60 sec. For 

further investigation we have examined the effect of varying amperage and time of 

the arc on N330 carbon black grade. Figure 5.7(a) shows the spherical particles of 

Carbon black at different diameter. The experiment was conducted at constant 

current 40 A for varying time duration. It was observed from the FESEM image of 

the sample in Figure 5.7(b) at 30 sec that the granular clusters of carbon black 

particles mutually fused and flattened to form graphene like sheets. When we 

increased the time duration to 60 sec keeping arc current constant, Figure 5.7(c) 

shows the FESEM image of formation of more tubular structures rather than 

graphene like sheets. 

In an attempt to also observe the effect of current on the morphology of N330 grade of 

carbon black, two experiments were conducted at 30 A and 40 A for 30 sec. The 

FESEM images of the experiment conducted at 30 A for 30 sec partly granular with 

small island like structures were observed as shown in Figure 5.7(d), indicating the 

beginning of the transformation. When the current was increased to 40 A keeping the 

duration of the experiment constant it is seen that the sample is no longer granular and 

becomes planar and graphene sheet like structure as shown in Figure 5.7(e). 

In next attempt, the experiments duration was kept constant at 60 sec. Then the FESEM 

image of the samples collected at 20 A reveals small transformation of granular carbon 

black into small planar areas as shown in Figure 5.7(f). Figure 5.7(g) shows the tubular 

structure with granules of CB  at 30 A and at 40 A MWCNTs of varying diameter were 

observed in the sample as shown in Figure 5.7(h). 

From the results obtained it is inferred that as the time progresses the granular CB 

undergoes the transformation from small islands like structures to planar graphite like 

sheets and then finally into tubular form as desired. It is also seen that as the current 

increases the time required for the synthesis for the carbon nanotubes decreases. The 

MWCNTs formed have diameter in the range of 36 nm to 85 nm as shown in 

Figure 5.7(i). 
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Figure 5.7: FESEM Images of various samples of experiment conducted under 

different conditions (1) For fixed arc current (40 A) & variable time durations 

(30s,60s) (a) Carbon black (b) Sample after 30s (c) Sample after 60s (2) For 

different arc current & fixed time durations (30s): (d) Sample when arc current is 

30 A (e) Sample when arc current is 40 A. (3) For different arc current & fixed time 

duration (60s): Sample when arc current is 20 A (g) Sample when arc current is 

30 A (h) Sample when arc current is 40 A. (i) CNT of diameter 58.56 nm 

We observe through FESEM analysis the conversion of amorphous structure of N330 

grade converted to tubular structure at 40 A for 60 sec.  

5.5 Conclusion 

1. We have successfully synthesized MWCNTs using CB as precursor at an arc 

current ranging from 25 to 40 A using DC arc discharge setup. Contrary to reported 

literature, where arc current is the critical parameter to govern the onset of 

nanotube formation, we report the importance of sustained constant arc 

temperature in the synthesis of carbon nanotubes. The production rate of the CNTs 

increases and diameter reduces when arc discharge current increases.  
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2. At higher arc current, the graphitic carbon gets converted to MWCNTs thereby 

improving the yield. Below 20 A, the arc was unstable and the cathode deposits 

were not formed. In previous reports [14, 16, 19, 20] the nanotubes were formed at 

a high arc current of 100 A, whereas we observed MWCNTs at low current levels 

of 25 A.  

3. The critical observation in the formation of CNTs at lower current is attributed to 

sustaining constant arc temperature for prolonged time. We found that 1400-

1600°C arc temperature range is critical for nanotube formation. If the temperature is 

outside this range, then very few or no CNTs are observed. 

4. We have also investigated the role of arc current variation from 22 A to 40 A 

with the step of 4 A with respect to time using pulse arc discharge method. It 

was observed that the granular structure of CB transformed to graphene sheet 

with scattered flower type structure distributed on top layer and converted into 

tubular structure of different diameter at 40 A for 60 sec. 

5. It is also established that endeavors towards understanding to maintain constant 

temperature rather that constant current will yield to pathway for further 

advancement in the methodology of phase transformation of CB to MWCNTs using 

arc discharge.  

In the next chapter we present the overall conclusion and future scope of the thesis. 
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CHAPTER 6 

Overall Conclusion and Future Scope 

6.1 Overall Conclusion 

In this chapter, an insight of the research work done along with major contributions as 

explained in this thesis and the future scope of this research work are provided. For this 

purpose, a complete detail of the thesis chapter wise conclusion is explained below. 

1. From literature review we studied graphite is the mostly investigated precursor in 

synthesis of carbon nanotubes, the other precursor such as coal, hydrocarbons, 

fullerene and tire powder need further understanding and investigations. Since 

Carbon black is less perused in literature, the investigation on transformation of 

CB to CNT forms interesting premises of research and investigations. 

2. Comprehensive literature review including carbon nanotubes, its synthesis 

method, effect of various parameters such as power supply, current, voltage, 

frequency, catalyst, atmosphere, pressure, various carbon precursors required in 

formation of carbon nanotubes have been presented chronologically. 

Understanding on most of these verticals are still half way through to clarity 

and all of them presents as beckoning problem to investigation. Keeping in 

view the time for completion of thesis and vitality in context to contribution, we 

identified gaps in research and correspondingly defined scope and problem 

statement within the scope. As a first problem at hand, in an attempt to 

synthesize carbon nanotubes from carbon black arc discharge set up needs to be 

designed. 

3. We have designed the arc discharge chamber by considering mechanical design 

and electrical circuit design of DC and pulsed arc discharge setup for the custom 

built arc chamber in chapter 3. The objective of the design is to obtain a stable 

arc and a constant arc current across the electrode. With this scope we investigate 

the amenability of conversion of different grades of CB to nanotube using DC arc 

discharge set up designed. 
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4. From various grades of carbon black we have chosen five type of carbon black 

grade that comes under class of furnace carbon black type. The five types of CB 

as carbon precursor we did 30 experiments for each carbon black grade. The 

experiments were done with an objective to transform CB to CNT and were 

conducted using DC arc discharge for an arc current of 40 A for a duration of 60 

sec in argon atmosphere. After completing each experiment, the deposited 

material from surface of cathode was collected. Out of 30 collected samples for 

each grade we did analysis for three randomly selected samples for each grade of 

CB. 

5. FESEM and TEM analysis conform the presence of MWCNTs. It was observed 

N330 carbon black grade gets converted to Carbon nanotubes. The possible 

attribution for this conversion was the presence of four adsorption sites 90% of 

which has been graphitic planes. 

6. We report the importance of sustained constant arc temperature in the synthesis of 

carbon nanotubes. We found that 1400-1600°C arc temperature range is critical for 

nanotube formation. If the temperature is outside this range, then very few or no 

CNTs are observed. 

We have also investigated the role of arc current variation from 22 A to 40 A 

with the step of 4 A with respect to time using pulse arc discharge method. It 

was observed that the nanoparticle merged into multilayer sheet with scattered 

flower type structure distributed on top layer and converted into tube like 

structure of different diameter at 40 A for 60 sec. 

6.2 Future Scope of the Work 

No research concludes with an absolute end. Several areas of synthesis of MWCNT from 

different grades of carbon black need better understanding so it can be improved further.  

Synthesis of carbon nanotube using grade of carbon black as precursor is not reported in 

literature. We have developed a method for conversion of carbon black grade into CNTs 

by DC and pulsed arc discharge method. 
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From the perspective of present work, the following aspects can be studied and 

investigated further. 

1. From various grades of carbon black we have chosen five type of furnace carbon 

black grade for conversion of CB to CNTs from industrial aspect. The effect of 

other types of carbon black can be further investigated. 

2. We have designed the circuit for pulsed power supply to synthesize CNT using 

carbon black as precursor. We were in need of a frequency varying power supply. 

Due to high cost involved in customizing frequency varying power supply, we 

conducted experiment on single frequency pulsed power supply. The effect of 

variation of duty cycle is a scope for improvisation by modifying the arc 

discharge parameters for better yield. 

3. Since a large number of experimental reports have been published in the last two 

decades to synthesize CNTs, this field still needs further experiments and 

theoretical investigations to establish a correlation between various synthesis 

parameters and nucleation of carbon nanotubes and help us better understand the 

growth mechanism of carbon nanotubes. 

4. It is an effort towards understanding of maintaining constant temperature rather that 

constant current in arc discharge will yield to pathway for further advancement in the 

methodology of phase transformation of CB to MWCNTs. There is wide scope of 

application of CNT from CB in day-to-day life due to light weight and high 

strength material. This provides an opportunity in innovative applications for 

materials such as reinforcing filler in tyres. However, in order to realize these 

scopes, more research is required to find the solutions to the challenges. 
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Appendix A1 

16NSR120 Diode 

Features 

• Diffused Series 

• Industrial grade 

• Available in Normal and Reverse polarity 

• Metric and UNF thread type 

Electrical Specifications (TE = 25°C, unless otherwise noted) 

Symbol Parameters Values Units 

IF(AV) Maximum avg. forward current 

@ TE = 150°C 

16 A 

VFM Maximum peak forward voltage 
drop 
@ rated IF(AV) 

1.3 V 

IFSM Maximum peak one cycle (non-
rep) surge current @ 10 msec 

300 A 

IFRM Maximum peak repetitive surge 
current 

80 A 

I
2
t Maximum I

2
t rating (non-rep) for 

5 to 10 msec 

450 A
2
sec 

 

 DO-203AA (DO-4) 

 
 

 

Electrical Ratings (TE= 25°C, unless otherwise noted) 

Type 

number 

Voltage 

Code 

VRRM, 

Maximum 

repetitive 

peak reverse 

voltage (V) 

VR(RMS), 

Maximum 

RMS reverse 

voltage 

(V) 

VR, 

Maximum 

DC 

blocking 

voltage 

(V) 

 

Recommende

d RMS 

working 

voltage 

(V) 

IR(AV), 

Maximum avg. 

reverse 

leakage 

current (µA) 

16NS(R) 

10 100 70 100 40 

100 

20 200 140 200 80 

40 400 280 400 160 

60 600 420 600 240 

80 800 560 800 320 

100 1000 700 1000 400 

120 1200 840 1200 480 

140 1400 980 1400 560 

160 1600 1120 1600 640 

  



Thermal & Mechanical Specifications 

Symbol Parameters 

Rth(JC) Maximum thermal resistance, 

junction to case 

TJ Operating junction temperature 

range 

Tstg Storage temperature

 Mounting torque (non

lubricated threads)

W Approximate allowable weight

 

Thermal & Mechanical Specifications (TE = 25°C, unless otherwise noted) 

Values Units 

thermal resistance, 1.5 °C /W 

Operating junction temperature -65 to 150 °C 

Storage temperature -65 to 150 °C 

Mounting torque (non-

lubricated threads) 

0.14 (min)-0.17 

(max) 

 

Approximate allowable weight 7 g 

 

 

(all dimensions in mm) 
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CT60AM IGBT 

INSULATED GATE BIPOLAR TRANSISTOR 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

APPLICATION 

Microwave oven, Electromagnetic cooking devices, Rice-cookers 
 

MAXIMUM RATINGS (Tc=  25°C) 
 

Symbol Parameter Conditions Ratings Unit 

VCES Collector-Emitter Voltage VGE = 0V 900 V 

VGES Gate-Emitter Voltage  ±25 V 

VGEM Peak Gate-Emitter Voltage  ±30 V 

IC Collector Current  60 A 

ICM Collector Current (Pulse)  120 A 

IE Emitter Current  40 A 

PC Maximum Power Dissipation  180 W 

Tj Junction Temperature  –40 ~ +150 °C 

Tstg Storage Temperature  –40 ~ +150 °C 
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●VCES   .......................................................  900V 
●IC   ............................................................... 60A 

●Simple drive 
●Integrated Fast-recovery diode 
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ELECTRICAL CHARACTERISTICS (Tch = 25°C) 
 

Symbol Parameter Test conditions 
Limits  

Unit Min. Typ. Max. 

ICES Collector cutoff current VCE = 900V, VGE = 0V — — 1.0 mA 

IGES Gate leakage current VGE = ±20V, VCE = 0V — — 0.5 µA 

VGE(th) 
Gate-emitter threshold 
voltage 

VCE = 10V, IC = 6mA 2.0 4.0 6.0 V 

VCE(sat) 
Collector-emitter saturation 
voltage 

IC = 60A, VCE = 15V — 2.1 2.7 V 

Cies Input capacitance 

 

VCE = 25V, VGE = 0V,  
f = 1MHz 

— 4400 — pF 

Coes Output capacitance — 115 — pF 

Cres 
Reverse transfer 
capacitance 

— 75 — pF 

td(on) Turn-on deray time 

 

 

VCC = 300V, IC = 60A,  
VGE = 15V, RG = 10Ω 

— 0.05 — µs 

tr Turn-on rise time — 0.1 — µs 

td(off) Turn-off delay time — 0.2 — µs 

tf Turn-off fall time — 0.2 — µs 

Etail Tail loss  

ICP = 60A, Tj = 125°C,  
dv/dt = 200V/µs 

 0.6 1.0 mJ/pls 

Itail Tail current  8 12 A 

VEC Emitter-collector voltage IE = 60A, VGE = 0V — 2.2 3.0 V 

trr 
Diode reverse recovery 
time 

IE = 60A, dis/dt = –20A/µs — 0.5 2.0 µs 

Rth(j-c) Thermal resistance (IGBT) Junction to case — — 0.69 °C/W 

Rth(j-c) Thermal resistance (Diode) Junction to case — — 4.0 °C/w 
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Appendix A3 

 
IR2110/IR2113 

HIGH AND LOW SIDE DRIVER 

Features ProductSummary 

• Floating channel designed for bootstrap operation 

Fully operational to +500V or +600V 

Tolerant to negative transient voltage 

dV/dt immune 

• Gate drive supply range from 10 to20V 

• Undervoltage lockout for bothchannels 

• 3.3V logiccompatible 

Separate logic supply range from 3.3V to 20V 

Logic and power ground ±5V offset 

• CMOS Schmitt-triggered inputs withpull-down 

• Cycle by cycle edge-triggered shutdownlogic 

• Matched propagation delay for bothchannels 

• Outputs in phase withinputs 

 
 
 
 
 
 
 
 

 

 

Description 

The IR2110/IR2113 are high voltage, high speed power MOSFET and 

IGBTdriverswithindependenthighandlowsidereferencedoutputchan- 

nels. Proprietary HVIC and latch immune CMOS technologies enable 

ruggedized monolithic construction. Logic inputs are compatible with 

standard CMOS or LSTTL output, down to 3.3V logic. The output 

drivers feature a high pulse current buffer stage designed for minimum 

driver cross-conduction. Propagation delays are matched to simplify use in high frequency applications. The 

floating channel can be used to drive an N-channel power MOSFET or IGBT in the high side configuration which 

operates up to 500 or 600 volts. 

TypicalConnection up to 500V or 600V 

VDD 

HIN 

SD 

LIN 

V
SS 

VCC 

V
DD 

HIN 

SD 

LIN 

VSS 

HO 

VB 

VS 
TO 

LOAD 

VCC 

COM 

LO 

(Refer to Lead Assignments for correct pin configuration). This/These diagram(s) show electrical 
connectionsonly.PleaserefertoourApplicationNotesandDesign Tipsforpropercircuitboardlayout. 

 
 
 
 

 
16-Lead SOIC 

14-LeadPDIP IR2110S/IR2113S 
IR2110/IR2113 

VOFFSET(IR2110) 500V max. 
(IR2113) 600V 

max.IO+/-  2A /2A 

VOUT 10 -20V 

ton/off(typ.) 120 &94 

nsDelayMatching(IR2110) 10 nsmax. 
(IR2113) 20nsmax. 

Packages 
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Absolute Maximum Ratings 
Absolute maximum ratings indicate sustained limits beyond which damage to the device may occur. All voltage param- eters 
are absolute voltages referenced to COM. The thermal resistance and power dissipation ratings are measured under board 
mounted and still air conditions. Additional information is shown in Figures 28 through 35. 

 

Symbol Definition Min. Max. Unit
s VB High side floating supply voltage  (IR2110) -0.3 525  

 
 
 
 
 
 

V 

 (IR2113) -0.3 625 

VS High side floating supply offset voltage VB - 25 VB + 0.3 

VHO High side floating output voltage VS - 0.3 VB + 0.3 

VCC Low side fixed supply voltage -0.3 25 

VLO Low side output voltage -0.3 VCC + 0.3 

VDD Logic supply voltage -0.3 VSS + 25 

VSS Logic supply offset voltage VCC - 25 VCC + 0.3 

VIN Logic input voltage (HIN, LIN & SD) VSS - 0.3 VDD + 0.3 

dVs/

dt 

Allowable offset supply voltage transient (figure 2) — 50 V/ns 

PD Package power dissipation @ TA ≤+25°C (14 lead DIP) — 1.6  

W 
(16 lead SOIC) — 1.25 

RTHJA Thermal resistance, junction to ambient (14 lead DIP) — 75  
°C/W 

(16 leadSOIC) — 100 

TJ Junction temperature — 150  

°C TS Storage temperature -55 150 

TL Lead temperature (soldering, 10 seconds) — 300 

Recommended Operating Conditions 
The input/output logic timing diagram is shown in figure 1. For proper operation the device should be used within the 

recommendedconditions.TheVSandVSSoffsetratingsaretestedwithallsuppliesbiasedat15Vdifferential.Typical ratings at other 

bias conditions are shown in figures 36 and  37. 

Symb
ol 

Definition Min. Max. Unit
s VB High side floating supply absolute voltage VS + 10 VS + 20  

 

 

 

 

 

V 

VS High side floating supply offset voltage (IR2110) Note 1 500 

(IR2113) Note 1 600 

VHO High side floating output voltage VS VB 

VCC Low side fixed supply voltage 10 20 

VLO Low side output voltage 0 VCC 

VDD Logic supply voltage VSS + 3 VSS + 20 

VSS Logic supply offset voltage -5   (Note 2) 5 

VIN Logic input voltage (HIN, LIN & SD) VSS VDD 

TA Ambient temperature -40 125 °C 

 

Note 1: Logic operational for VS of -4 to +500V. Logic state held for VS of -4V to -VBS. (Please refer to the Design Tip 
DT97-3 for more details). 

Note 2:  When VDD < 5V, the minimum VSS offset is limited to -VDD. 
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Dynamic Electrical Characteristics 
VBIAS (VCC, VBS, VDD) = 15V, CL = 1000 pF, TA = 25°C and VSS = COM unless otherwise specified. The dynamic 

electrical characteristics are measured using the test circuit shown in Figure    3. 
 

Symbol Definition Figure Min. Typ. Max. Units Test Conditions 

ton Turn-on propagation delay 7 — 120 150  
 

 
ns 

VS = 0V 

toff Turn-off propagation delay 8 — 94 125 VS = 500V/600V 

tsd Shutdown propagation delay 9 — 110 140 VS = 500V/600V 

tr Turn-on rise time 10 — 25 35  
tf Turn-off fall time 11 — 17 25  

MT Delay matching, HS & LS 

turn-on/off 

(IR2110) — — — 10  
(IR2113) — — — 20 

 

Static Electrical Characteristics 
VBIAS (VCC, VBS, VDD) = 15V, TA = 25°C and VSS = COM unless otherwise specified. The VIN, VTH and IIN parameters 

are referenced to VSS and are applicable to all three logic input leads: HIN, LIN and SD. The VO and IO parameters are 

referenced to COM and are applicable to the respective output leads: HO or LO. 
 

Symbol Definition Figure Min. Typ.  Max. Units Test Conditions 

VIH Logic “1” input voltage 12 9.5 — —  
 

V 

 
VIL Logic “0” input voltage 13 — — 6.0  

VOH High level output voltage, VBIAS - VO 14 — — 1.2 IO = 0A 

VOL Low level output voltage, VO 15 — — 0.1 IO = 0A 

ILK Offset supply leakage current 16 — — 50  
 
 

µA 

VB=VS = 500V/600V 

IQBS Quiescent VBS supply current 17 — 125 230 VIN = 0V or VDD 

IQCC Quiescent VCC supply current 18 — 180 340 VIN = 0V or VDD 

IQDD Quiescent VDD supply current 19 — 15 30 VIN = 0V or VDD 

IIN+ Logic “1” input bias current 20 — 20 40 VIN = VDD 

IIN- Logic “0” input bias current 21 — — 1.0 VIN = 0V 

VBSUV+ VBS supply undervoltage positive going 

threshold 

22 7.5 8.6 9.7  
 
 
 
 

V 

 

VBSUV- VBS supply undervoltage negative going 

threshold 

23 7.0 8.2 9.4  

VCCUV+ VCC supply undervoltage positive going 

threshold 

24 7.4 8.5 9.6  

VCCUV- VCC supply undervoltage negative going 

threshold 

25 7.0 8.2 9.4  

IO+ Output high short circuit pulsed current 26 2.0 2.5 —  
 

A 

VO = 0V, VIN = VDD 

PW ≤10 µs 

IO- Output low short circuit pulsed current 27 2.0 2.5 — VO = 15V, VIN = 0V 

PW ≤10 µs 
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Functional Block Diagram 

 
Lead Definitions 

Symbol Description 

VDD Logic supply 

HIN Logic input for high side gate driver output (HO), in phase 

SD Logic input for shutdown 

LIN Logic input for low side gate driver output (LO), in phase 

VSS Logic ground 

VB High side floating supply 

HO High side gate drive output 

VS High side floating supply return 

VCC Low side supply 

LO Low side gate drive output 

COM Low side return 

VB

V
DD 

UV 
DETECT 

R Q 
S 

R 

R 

S 

Q
HV 

LEVEL 
SHIFT 

PULSE 
FILTER 

HO 

HIN 
V

DD
/V

CC 

LEVEL 
SHIFT PULSE 

GEN 
V

S

SD 
VCC 

V   /V 

UV 
DETECT 

DD    CC 

LIN LEVEL
SHIFT 

LO 
S 

R   Q DELAY

V
SS COM
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LeadAssignments 

14 Lead PDIP 

IR2110/IR2113 

 
 
 
 
 
 
 
 
 
 
 
 

16 Lead SOIC (Wide Body) 

IR2110S/IR2113S 

 
 
 
 
 
 
 
 
 
 
 
 

14 Lead PDIP w/o lead 4 

IR2110-1/IR2113-1 

 
 
 
 
 
 
 
 
 
 
 
 

14 Lead PDIP w/o leads 4 & 5 

IR2110-2/IR2113-2 

PartNumber 



 

 

 

 

Figure1.Input/OutputTimingDiagram
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Figure3.SwitchingTimeTest

 
 
 
 

 
 
 
 
 

 
 
 

 

Figure 5.  ShutdownWaveformDefinitions
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Figure 5.  ShutdownWaveformDefinitions Figure 6. Delay Matching WaveformDefinitions
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LO  

HV = 10 to 500V/600V 
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Case Outlines 
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CHAPTER 6 

Overall Conclusion and Future Scope 

6.1 Overall Conclusion 

In this chapter, an insight of the research work done along with major contributions as 

explained in this thesis and the future scope of this research work are provided. For this 

purpose, a complete detail of the thesis chapter wise conclusion is explained below. 

1. From literature review we studied graphite is the mostly investigated precursor in 

synthesis of carbon nanotubes, the other precursor such as coal, hydrocarbons, 

fullerene and tire powder need further understanding and investigations. Since 

Carbon black is less perused in literature, the investigation on transformation of 

CB to CNT forms interesting premises of research and investigations. 

2. Comprehensive literature review including carbon nanotubes, its synthesis 

method, effect of various parameters such as power supply, current, voltage, 

frequency, catalyst, atmosphere, pressure, various carbon precursors required in 

formation of carbon nanotubes have been presented chronologically. 

Understanding on most of these verticals are still half way through to clarity 

and all of them presents as beckoning problem to investigation. Keeping in 

view the time for completion of thesis and vitality in context to contribution, we 

identified gaps in research and correspondingly defined scope and problem 

statement within the scope. As a first problem at hand, in an attempt to 

synthesize carbon nanotubes from carbon black arc discharge set up needs to be 

designed. 

3. We have designed the arc discharge chamber by considering mechanical design 

and electrical circuit design of DC and pulsed arc discharge setup for the custom 

built arc chamber in chapter 3. The objective of the design is to obtain a stable 

arc and a constant arc current across the electrode. With this scope we investigate 

the amenability of conversion of different grades of CB to nanotube using DC arc 

discharge set up designed. 
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4. From various grades of carbon black we have chosen five type of carbon black 

grade that comes under class of furnace carbon black type. The five types of CB 

as carbon precursor we did 30 experiments for each carbon black grade. The 

experiments were done with an objective to transform CB to CNT and were 

conducted using DC arc discharge for an arc current of 40 A for a duration of 60 

sec in argon atmosphere. After completing each experiment, the deposited 

material from surface of cathode was collected. Out of 30 collected samples for 

each grade we did analysis for three randomly selected samples for each grade of 

CB. 

5. FESEM and TEM analysis conform the presence of MWCNTs. It was observed 

N330 carbon black grade gets converted to Carbon nanotubes. The possible 

attribution for this conversion was the presence of four adsorption sites 90% of 

which has been graphitic planes. 

6. We report the importance of sustained constant arc temperature in the synthesis of 

carbon nanotubes. We found that 1400-1600°C arc temperature range is critical for 

nanotube formation. If the temperature is outside this range, then very few or no 

CNTs are observed. 

We have also investigated the role of arc current variation from 22 A to 40 A 

with the step of 4 A with respect to time using pulse arc discharge method. It 

was observed that the nanoparticle merged into multilayer sheet with scattered 

flower type structure distributed on top layer and converted into tube like 

structure of different diameter at 40 A for 60 sec. 

6.2 Future Scope of the Work 

No research concludes with an absolute end. Several areas of synthesis of MWCNT from 

different grades of carbon black need better understanding so it can be improved further.  

Synthesis of carbon nanotube using grade of carbon black as precursor is not reported in 

literature. We have developed a method for conversion of carbon black grade into CNTs 

by DC and pulsed arc discharge method. 
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From the perspective of present work, the following aspects can be studied and 

investigated further. 

1. From various grades of carbon black we have chosen five type of furnace carbon 

black grade for conversion of CB to CNTs from industrial aspect. The effect of 

other types of carbon black can be further investigated. 

2. We have designed the circuit for pulsed power supply to synthesize CNT using 

carbon black as precursor. We were in need of a frequency varying power supply. 

Due to high cost involved in customizing frequency varying power supply, we 

conducted experiment on single frequency pulsed power supply. The effect of 

variation of duty cycle is a scope for improvisation by modifying the arc 

discharge parameters for better yield. 

3. Since a large number of experimental reports have been published in the last two 

decades to synthesize CNTs, this field still needs further experiments and 

theoretical investigations to establish a correlation between various synthesis 

parameters and nucleation of carbon nanotubes and help us better understand the 

growth mechanism of carbon nanotubes. 

4. It is an effort towards understanding of maintaining constant temperature rather that 

constant current in arc discharge will yield to pathway for further advancement in the 

methodology of phase transformation of CB to MWCNTs. There is wide scope of 

application of CNT from CB in day-to-day life due to light weight and high 

strength material. This provides an opportunity in innovative applications for 

materials such as reinforcing filler in tyres. However, in order to realize these 

scopes, more research is required to find the solutions to the challenges. 


