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New Strategies for the Synthesis and Characterization of Nanotubes 

and Nanowires (Synopsis)̂  

Carbon nanotubes and nanowires constitute an important class of nanoma-

terials and are excellent models to study the relationship between electrical 

transport, optical and other properties with dimensionality and size confine­

ment. Chapter 1 presents a brief overview of the synthesis, properties and 

potential applications of carbon nanotubes as well as nanowires. 

The use of nebulized spray pyrolysis for the synthesis of carbon nanotubes 

is outlined in Chapter 2. Multi-walled carbon nanotubes (MWNTs) with 

fairly uniform diameters and ahgned MWNT bundles have been obtained by 

using solutions of organometallics such as ferrocene in hydrocarbon solvents. 

Well-graphitized MWNTs were obtained with a solution of ferrocene in xy­

lene. Single-walled nanotubes (SWNTs) were obtained when cobaltocene or 

nickelocene is used along with toluene. Fe(C0)5 in mixture with acetylene 

also yielded aligned MWNT bundles. The procedure described can be scaled 

up for large-scale production. 

Chapter 3 discusses the purification of single-walled carbon nanotubes 

(SWNTs) and MWNTs by hydrogen treatment. The method involves acid 

washing followed by hydrogen treatment around 1000 °C. While acid washing 

dissolves the metal particles, the hydrogen treatment removes amorphous 

carbon as well as the carbon coating on the metal nanoparticles. The high 

quality of the nanotubes obtained after purification has been verified by 

electron microscopy, X-ray diffraction and spectroscopic methods. 

Chapter 4 discusses a new method based on nebulized spray pyrolysis for 

^Papers based on the above studies have been pubhshed in J. Nanoscience and Nan-
otechnology, 2, 631 (2002), Proc. Ind. Acad. Sci. (Chem. Sci.), 115, 509 (2003) and 
Chem. Phys. Lett. 386, 313 (2004). A Communication has been accepted for publication 
in J. Phys. Chem.(2004). Another communication has been submitted for pubhcation. 

vu 



the preparation of nanowires of metals. The method, involving the decom­

position of the metal acetate precursor for the synthesis of zinc, cadmium 

and lead nanowires. The nanowires are obtained in copious quantities and 

are single-crystalhne. Oxidation of metal nanowires gives one-dimensional 

oxidic nanostructures. In the case of zinc metal, tubular ZnO is obtained. 

Chapter 5 deals with polyaniline (PANI)- carbon nanotubes compos­

ites. Composites of PANI have been prepared with pristine multi-walled and 

single-walled nanotubes as well as nanotubes subjected to acid treatment 

and subsequent reaction with thionyl chloride. The composites have been 

characterized by various techniques, including X-ray diffraction, electron mi­

croscopy as well as infrared and Raman spectroscopy. Electrical resistivities 

of the PANI-nanotube composites have been measured and compared with 

those of the nanotubes and PANI. 
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Chapter 1 

NANOTUBES AND NANOWIRES: AN INTRODUC­

TION 

Understanding the properties of nanometer sized objects is one of the 

important challenges in modern scientific era. Accordingly, there has been 

a large interest in the synthesis and study of clusters, nanocrystals, nan-

otubes, nanowires and other nanomaterials [1]. Initial efforts towards this 

goal started with Michael Faraday in the 19th century [2]. Faraday studied 

colloids of gold and termed them as " divided metals", now popularly known 

as nanoparticles. The properties of nanosized materials are quite different 

from that of bulk and these differences arise as there are more atoms on 

the surface (i.e. large surface/volume ratio). For example, the variation of 

bandgap of different semiconductor nanocrystals as a function of diameter 

is shown in Figure 1.1. One observes an increase in the bandgap as the 

diameter of the nanoparticle decreases. Very small nanoparticles (or clus­

ters) behave hke molecules with discrete energy levels. The properties of a 

nanosytem can also be modified by changing the shape( or dimension). The 

effect of dimension on the electronic structure of a material is illustrated in 

Figure 1.2. The nanoparticles are zero-dimensional and exhibit molecule like 

behavior. Two dimension nanomaterials such as thin films exhibit steps in 

their electronic density of states (DOS) while van Hove singularities (sharp 

spikes) are observed in the case of one-dimensional analogues. It is generally 

accepted that quantum confinement of electrons by the potential wells of 

nanometer-sized structures may provide one of the most powerful means to 

control electrical, optical, magnetic and thermoelectric properties of a solid 

1 
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Figure 1.1: Variation of bandgap of semiconductor nanoparticles as a func­
tion of their diameter. 

state functional material [3]. The abihty to tune the properties by controlling 

the size and shape makes them attractive for potential future application in 

various fields. In this chapter, a brief summary of the current understanding 

of the various synthetic methodologies, properties and phenomena associated 

with one-dimensional nanomaterials such as carbon nanotubes and their in­

organic analogues, nanowires are described. 

1.1 Fullerenes and carbon nanotubes 

Ever since the discovery of fullerenes in 1985 by Kroto et al. [4] there has 

been an enormous interest in the synthesis and properties of carbon nanoma­

terials. Fullerenes are clusters of carbon with three coordinate carbon atoms 

tiling the spherical or nearly spherical surfaces, the best known example Ceo, 

with a truncated icosahedral structure formed by twelve pentagonal rings 

and twenty hexagonal rings. The coordination at every carbon atom is not 
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Figure 1.2: Effect of dimension on the electronic properties of a metallic 
system. 

planar, slightly pyramidalized, with some sp^ character present in the essen­

tially sp^ carbons. The curvature ncn^ded for the formation of closed structure 

is due to the presence of five-member rings. Computer generated models of 

various fullerene molecules are shown in Figure 1.3. Fullerenes can be pro­

duced in large quantities by the arc evaporation of graphite [5]. Carbon nan­

otubes, the nearly one-dimensional analogue of fullenes were discovered by 

lijima [6]. Nanotubes can be multi-walled with a central tubule surrounded 

by graphitic layers separated at approximately 3.4 A. A single-walled carbon 

nanotube (SWNTs) unlike multi-walled carbon nanotubes (MWNTs) consist 

of a single tubule without additional graphitic layers. Transmission electron 

micrograph of MWNTs are given in Figure 1.4. 

Several methods for the synthesis of carbon nanotubes have been devel­

oped. MWNTs have been traditionally prepared by the arc evaporation of 

graphite [6]. A current of 60-100 A across a potential drop of about 25 V gives 

high yields of carbon nanotubes. Carbon nanotubes have been produced in 

large quantities using plasma arc-jets, by optimizing the quenching process 

in an arc; between a graphite anode and a cooled copper electrode [7]. Single-

walled carbon nanotubes (SWNTs) were first synthesized by metal-catalyzed 

dc-arcing of graphite electrodes [8,9]. The graphite anode is normally filled 

with metal powders such as Fe, Co or Ni and pure graphite is used as the 
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Figure 1.3: Models of (a) Ceo. (1>) C70, an isomer of Cgo ftud (d) a rian()tul)e. 

cath()(ie. Large quantities of SWNTs can be obtained by using a inixtiu'e 

of 1 at.% of Y and 4.2 at.% of Ni [10]. SWNTs have also bcxui synthtv 

si/xnl by th(> condensation of a laser-vaporized carbon-nickel-cobalt inixtiue 

at 1200 °C [11], The deconii)osition of hydrocarbons over small metal cata­

lyst has been the focus area of research in th(> synthesis of carbon uanotubes 

due to their scalability and case of synthesis [12 14]. Nanotubes have also 

txxui prepared under electrochemical [15] and hydrotherrnal conditions [10]. 

MWNTs have been ol)tained by the decomposition of a(;etylene uiidcn" hiovt 

conditions over Fe or Co/graphite [17.18] and F(>/Si02 [19]. The presence of 

transition metal catalyst is essential for the formation of nanotubes and the 

diameter of the nanotube is determined by the size of the metal particles [20]. 

Aligned MWNT bvuidles have bam obtained by chemical vapor deposition 

over transition metal catalyst embedded in the [)or(« of niesoporoiis silica 

or the channels of alumina membranes [21,22]. Plasma-enhanced chemical 

vapor dei)ositi()n on nickel-coated glass using acetylene and ammonia has 

b(^n employed by Ren et al. [23] to obtain aligned MWNT bundles. The 
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Figure 1.4: Models of (a) Ceo, (b) C70, an isomer of Cso and (d) a nanotube. 

mechanism of growth of nanotubes by this method and the exact nature 

of the metal particles are not clear, although a nucleation process involv­

ing the metal particles is considered important. Pyrolysis of metallocenes 

such as ferrocene and other organometallic compounds like nickel and iron 

pthalocyanine in a two stage furnace provides a straight forward procedure 

to prepare carbon nanotubes [24-33]. The parameters that can be varied 

in these pyrolysis reactions are heating rate of the catalyst precursor, flow 

rate of the carrier gas and the pyrolysis temperature. These methods have 

yielded MWNTs [24-26], aligned MWNT bundles [27,28], ahgned metal-filled 

MWNTs [29], Y-junction MWNTs [30,31] as well as single-walled carbon 

nanotubes (SWNTs) [32,33] under various experimental conditions. Ahgned 

MWNT bundles have been obtained when a large heating rate of catalyst 

precursor was used and SWNTs under dilute catalyst and hydrocarbon con­

ditions. Dai et al. [34] have prepared SWNTs by the disproportionation of 

CO at 1200 °C over Mo particles of few nanometer dispersed in a fumed 

alumina matrix. Flahaut et al. [35] have synthesized SWNTs by passing a 

H2-CH4 mixture over transition metal containing oxide spinels, obtained by 
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Figure 1.5: Rolling up of graphite to obtain a nanotube 

the combustion route. Y-junction nanotubes can be obtained when an addi­

tion carbon source containing sulphur is incorporated. The advantage of the 

precursor method is that the aligned bundles are produced in one step, at a 

relatively low cost, without prior preparation of substrates. 

A SWNT can be visualized by cutting Ceo structure across the middle 

and adding a cylinder of graphite of the same diameter. If the Ceo is bisected 

normal to a five-fold axis, an armchair tube is obtained and if it is bisected 

normal to a three fold axis, a zigzag tube is formed. In addition, a variety of 

chiral tubes can be obtained with the screw axis along the axis of the tube 

(armchair and zigzag nanotubes are achiral). Nanotubes can be defined by 

a chiral angle 6 and a chiral vector C given by equation (1.1) where ai and 

a.2 are unit vectors in a 2D graphene lattice, while n and m are integers. 

C = n ai + m a2 (1.1) 
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The vector C connects two crystallographically equivalent sites on a 2D 

graphene sheet while the chiral angle is the angle it makes with respect to 

the zigzag direction (Figure 1.5). A tube is formed by rolling up the graphite 

sheet such that the two points connected by the chiral vector coincide. The 

nanotube can be specified by the pair of integers (n,m), which have a wide 

range of values. For the armchair nanotubes, n= m 7̂  0 while n 7̂  0, m =0 

for the zigzag nanotubes. For a nanotube defined by the index (n, m), the 

diameter, d, and chiral angle , 6, are given by the equations 1.2 and 1.3, 

where a = 1.42 A and 0 < 6* < 30°. 

d^a-{m^+ m-n + n'^yl^ I IT (1.2) 

e ^ arctan{-{'if''^ • m)/ 2n + m) (1.3) 

The MWNTs consist of capped concentric cylinders separated by 3.45 A, 

which is close to the separation between the (002) planes in graphite. The 

carbon nanotubes are capped by dome-shaped hemisperical fullerene-type 

units. The capping unit consists of pentagons and hexagons. SWNTs have 

defects like bends, which are due the presence of pentagons and heptagons 

on opposite sides of the tube [36]. 

Raman spectroscopy, electron microscopy and diffraction techniques have 

been widely used for the characterization of carbon nanotubes. Electron 

diffraction studies establish the presence of helicity [37]. The XRD pattern 

of MWNTs show only the (hkO) and (001) reflections but no (hkl) reflections 

[38]. Raman spectroscopy provides important insights into the structure of 

nanotubes. Raman active phonon modes have been calculated by Jishi et 

al. [39] using a zone-folding model. The frequency of the allowed modes 

depend on the diameter and chiral angle of the tube. Diameter selective 

resonance behavior of SWNTs were observed by Rao et al. [40]. Resonant 
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MWNT Mttol-filled Onion 

Figure 1.6: Schematic representation of the dependence of carbon nanos-
tructure obtained by hydrocarbon pyrolysis on the diameter of the catalyst 
particle [12]. 

Raman spectroscopy on isolated single nanotubes has been used to determine 

(n, m) [41]. 

Several growth models have been proposed for carbon nanotubes growth 

by the arc discharge process as well as by the pyrolysis route. Endo and 

Kroto [42], based on the observation of C2 ejection from the Ceo in the mass 

spectrometry, suggest that tube formation process is a consequence of the 

formation of fullerenes. Isotope scrambling experiments show that under the 

conditions of formation, the plasma has vaporized atoms of carbon. Given the 

right conditions the tip opens and the nanotube grows [43]. lijima et al. [44] 

have presented evidences based on electron microscopy for the open-ended 

growth of carbon nanotubes. Baker and Harris [45] have suggested a four step 

process for the growth of nanotubes by the pyrolysis route. The hydrocarbon 

decomposes on the metal surface to release hydrogen and carbon, which 

dissolves in the metal in the first step. The second step involves the diffusion 

of carbon through the metal particle and its precipitation on the rear face to 
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form the body of the filament. The supply of carbon onto the front face is 

faster than the diffusion through the bulk, causing accumulation of carbon 

on the front face, which would lead to the physical blocking of the active 

surface. Surface diffusion of carbon prevents this problem. In the last step, 

over-coating and deactivation of the catalyst particle leads to the termination 

of the growth. Oberlin et al. [46] have proposed a mechanism where bulk 

diffusion is insignificant and the carbon is transported by surface diffusion. 

A mechanism based on the formation of a hemispherical graphene cap on the 

catalyst particle has been proposed by Dai et al. [34]. Here the nanotubes 

grow from such a yarmulke and the diameter of the nanotube is controlled 

by the size of the catalyst particle with nanometer-sized yielding SWNTs. A 

salient feature of this model is the absence of the possibility of dangling bond 

creation at all stages of growth. SWNTs produced by the arc-discharge and 

laser ablation process may also be formed by this yarmulke process. 

Carbon nanotubes exhibit a wide range of interesting properties [12]. 

Graphite is a semi-metal with valence and conduction bands degenerate at 

only six corners (KB) of the hexagonal first Brillouin zone. In SWNTs, the 

wavevector k is quantized along the circumferential direction due to periodic 

boundary condition. Therefore, only a particular set of states, wlii(;h are 

parallel to the corresponding tube axis are allowed (Figure 1.7) and a SWNT 

can be metallic or semiconthu^ting depending on the diameter and chiral-

ity [47 49]. SWNTs are metals when (n - m) / 3 is an integer, and otherwise 

they are semiconductors. Low-temperature scanning tunnelling microscopy 

(STM) and scanning tunnelling spectroscopy (STS) studies of SWNTs re­

veal the atomically resolved images of the graphene cylinders (Figure 1.8) 

and their size-specific transport properties in agreement with theoretical pre­

dictions [50,51]. Due to their nearly one-dimensional electronic structure, 

electron transport in metallic SWNTs and MWNTs occurs ballistically over 
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Figure 1.7; (A) Three dimensional plot of the pi and pi* graphene energy 
bands and (B) a 2D projection. (C) and (D) Allowed wavevectors for a 
metallic (9,0) SWNT and semiconducting (10,0) SWNT respectively. The 
black hexagons define the first Brillouin zone of the graphene sheet, and the 
the black dots in the corners are the Kjg points. Blue lines represent allowed 
wavevectors, k, within the first Brillouin zone [51]. 

long nanotube lengths, enabling them to carry high currents with essentially 

no heating [52]. Carbon nanotubes also behave as field effect transistors 

(FETs) and have potential application in nanoelectronics [53,54]. Complex 

three-point nanotube junctions have been proposed as the building blocks 

of nanoelectronics by Menon and Srivastava [55]. The Y- and T-type junc­

tions appear to defy the conventional models in favor of an equal rmmber of 

five- and seven-membered rings to create nanotube junctions. It has been 

suggested that Y-junctions can be created with an equal number of five-

and eight membered rings [55]. Y-juction MWNTs obtained by the pyrolysis 

ro\ite show asymmetry in the I-V curve around zero bias found at the Y 

junction [30] and have potential application in nano-circuits based on carbon 

nanotubes. SWNTs exhibit large thermoelectric power at high tempera­

tures. Tfie large thermoelectric power indicates the breaking of electron-hole 
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Figure 1.8; (A) Atomically resolved STM image of a (15,0) SWNT and (B) 
Tunnelling (xmductance, dl/dV, for (15,0) zigzag SWNT, with corresponding 
caktulated DOS shown below. The inset shows curvature induced energy 
gap [51]. 

symmetry due to the self-assembly of nanotubes into crystalline lattices [56]. 

Phonons also propagate easily along the nanotube. The measured room tem­

perature thermal conductivity for an individual MWNT ( > 3000 W/mK) is 

greater than that of natural diamond and the basal plane of graphite (both 

2000 W/mK) [57]. 

Graphite, carbonaceous materials and c-arbon fibre electrodes are com­

monly US(H1 in fuel («lls, batteries and other electrochemical applications. 

There have been several investigations for the use of (;arbon nanotubes for 

energy storage. Th(> small dimensions, smooth topology and perfect surface 

specificity make carbon nanotubes suitable for energy storage. The high 

electrochemi(;ally ac^eessible surface area of porous nanotube arrays, com­

bined with their high electronic conductivity and useful mc^chanical proi> 

erties, makes them attractive as electnjdes for devices employing oloctro-

chemical double-layer charge injection. Examples include sui)ercapa(itors 

with giant (;apacitan('es in (X)inparison with those of ordinary dielectric-based 

capacitors [58,59], and electromechanical actuators that may be useful in 
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Figure 1.9: Emitting image of a fully sealed 4.5" SWNT-FE display (devel­
oped by Samsung Corp. [64]. 

robots [60]. Hydrog(ni and Lithium have been electrochemically storcxl in 

carbon nanotubes. Early reports that carbon nari()tul)es can store (X)nsid(n-

able amounts of hydrogen created high expe(;tations [61]. Gvmdiah ef. al. [62] 

have systematically measured H2 adsorption on well-characterized samples of 

SWNTs, MWNTs, aligned multi-walled nanotube bundles as well as carbon 

fibn^s. The hydrogen storage does not exceed 3.7 wt % and carbon nanotubes 

fall short of expectations for use in automotive industry. 

Field emission projjerties of carbon nanotubes liav(> direct application in 

vacuum microelectronic devices. Carbon nanotubes are ideal as field emis­

sion (FE) sources due to their small diameter, high chemical stability, high 

mechanical strength and low carbon mobility [63]. Carbon nanotube based 

FE devices such as displays, x-ray generators, gas discharge tube protec­

tors and microwave ami)lifiers have been made. Shown in Figure 1.9 is a 

4.5'' colour field emmision display based on SWNTs cold cathodes fabricated 

at Samsung [64]. Carbon nanotubes based FE divices can be operated at 

room temperature whiĉ h eliminates heating of cathode as in conventinal FE 
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sources. The possibility of miniaturization of devices, high current density, 

narrow energy distribution and quick start could lead to the commercializa­

tion of CNT based FE devices. Carbon nanotubes, produced by ferrocene 

pyrolysis deposited on a tungsten tip exhibits high emission current densities 

with good performance characteristics [65]. The optical hmiting properties 

of the carbon nanotubes are considered important for applications involv­

ing high power lasers. The optical limiting behavior of visible nanosecond 

laser pulses in the SWNT suspensions occurs mainly due to nonUnear scat­

tering [66]. Gas and glucose sensors based on carbon nanotubes have been 

developed [67]. 

1.2 Nanowires 

One-dimensional nanostructures such as wires, belts, rods and tubes of im­

portant inorganic materials have been synthesized in the last few years [3,68]. 

Nanowires are expected to play an important role as both interconnects and 

fuctional units in fabricating electronic, optoelectronic, electrochemical and 

electromechanical devices. One dimensional nanowires can prepared by a 

variety of physical methods which include hthography techniques such as 

electron-beam (e-beam) or focused ion beam (FIB) writing, proximal probe 

patterning and extreme UV or x-ray photolithography. Several chemical 

methods have been developed for the synthesis of nanowires. An important 

aspect of the ID structures relates to their crystallization, wherein the evo­

lution of a solid from a vapour, a liquid, or a solid phase involves nucleation 

and growth. As the concentration of the building blocks (atoms, ions or 

molecules) of a solid becomes sufficiently high, they aggregate into small nu­

clei (clusters) through homogeneous nucleation [68,69]. These clusters serve 

as seeds for the further growth to form larger clusters. The main synthetic 

strategies employed for the synthesis of nanowires are: 
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Figure 1.10: Silicon nanowires obtained by the VLS method [74]. 

o Growth from vapor phase involving either the vapour-solid (VS) or 

the vapour-hquid-sohd (VLS) mechanism. Several classes of nanowires 

have been prepared employing this approach. 

o Use of intrinsically anisotropic crystallographic structure of a solid to 

obtain 1-D nanostructures. Se [70,71], Te [72] as well as molybdenum 

chalcogenides [73] have been prepared. 

o Use of various templates which include porous membranes such as 

anodic alumina (AAO) membranes and track-etched polymer mem­

branes. Existing one-dimensional stuctures such carbon nanotubes and 

nanowires have been used as templates for the synthesis of nanowires 

as well as nanotubes. 

o Use of supersaturation to control and modify the growth habitat of 
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the seed. 

o Appropriate capping agents have been used to kinetically control the 

growth rates at various facets of the seed. 

o Self assembly of zero-dimensional nanostructures. 

In 1960s, Wigner [69] proposed the VLS mechanism for the growth of 

large single-crystalhne silicon whiskers. According to the mechanism, the 

anisotropic growth is promoted by the presence of the liquid alloy/solid in­

terface. Nanowires of Si, Ge and binary semiconductors such as GaAs, ZnO 

etc. have been prepared using this route (Figure 1.10). Laser ablation of 

appropriate targets [74,75] and thermal evaporation [76] of appropriate pre­

cursor has been used for the synthesis of nanowires by this method. Until 

recently, the only evidence for the growth of nanowires by the VLS mecha­

nism is the presence of droplets at the end of the nanowires. Wu et al. [77] 

have reported real-time observation of Ge nanowire growth in an is-situ high-

temperature TEM, which demonstrates the validity of the VLS mechanism 

(Figure 1.11). The experimental observations suggest that there are three 

stages in the growth: metal alloying, crystal nucleation and axial growth. Lee 

and coworkers [78] have proposed an oxide assisted growth mechanism for the 

growth of Si nanowires in the absence of catalyst. In the presence of Si02, the 

yield of the Si nanowires increases. Sia:0 (x > 1) vapours are generated by the 

thermal evaporation or laser ablation which decomposes to give Si nanowires. 

One dimensional nanostructures can be obtained by the VS process if one 

can control the nucleation and growth process. Nanowires of several oxide 

like ZnO, Sn02, etc. have synthesized by the process. Carbothermal route is 

a simple route for the synthesis of several classes of nanowires. The process 

involves the heating a mixture of the precursor (generally oxide) with carbon 

(activated carbon or carbon nanotubes) in a suitable atmosphere [79]. The 

first step normally involves the formation of a volatile metal suboxide by the 
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Figure 1.11: In-situ TEM images recorded during the process of nanowire 
growth, (a) Au nanoclusters in solid state at 500 °C; (b) alloying initiated at 
800 °C, at this stage Au exists mostly in solid state; (c) liquid Au/Ge alloy; 
(d) the nucleation of Ge nanocrystal on the alloy surface; (e) Ge nanocrystal 
elongates with further Ge condensation and eventually forms a wire (f) [77]. 

reaction with carbon. Oxide, nitride or carbide nanowires are obtained when 

the suboxide is heated in the presence of O2, NH3, N2 or C. Solution based 

approaches utilize the anisotropic growth dictated by the crystallographic 

structure of the solid material, or confined and directed by templates, or 

kinetically controlled by supersaturation, or by the use of appropriate cap­

ping agent. Buhro and coworkers [80] have developed a low-temperature 

solution-liquid-solid (SLS) method for the synthesis of crystalline nanowires 

of III-V semiconductors. A metal with a low melting point is used a catalyst 

and the desired material material generated through the decomposition of 

organometallic precursor. Korgel et al. [81] have extended this strategy for 

the synthesis of Si and Ge nanowires in supercritical fluids. 

Due to their high surface area, the nanowires exhibit significantly lower 

melting point which is inversely proportional to the diameter of the nanowire 

[82]. Single crystalline ID nanostructures arc supposed to have significantly 

superior mechanical properties than their counterparts that have larger di­

mensions. SiC nanorods pinned at one end of the solid surface have a 
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Young's modulus of 610-660 GPa in good agreement with theoretical pred­

ications [83]. Nanowires have recently been explored as building blocks to 

fabricate nanoscale electronic devices through self-assembly. Nanowire based 

field-effect transistors (FETs), p-n junctions, bipolar junction transistors, 

complementary inverters and resonant tunnelling diodes have been fabri­

cated [84]. Dresselhaus and coworkers [85] have observed a semi-metal to 

semiconductor transition in Bi nanowire arrays when the diameter is 52 nm. 

Nanowires with very short lengths (usually few atoms across) also exhibit bal­

listic transport (conductance quantization in units of 2 e^h~^). Self-assembly 

of nanowires has been used by Huang et al. [86] for the fabrication of OR, 

AND, and NOR logic-gate structures. 

As the dimension of the nanowire is reduced the range of phonon mean 

free path, the thermal conductivity is reduced due to the scattering by the 

boundaries. The reduced thermal conductivity is desirable for applications 

such as thermoelectric cooling and power generation. The thermoelectric fig­

ure of merit (Z) could be substantially enhanced for thin nanowires by care­

fully controlling their diameter, composition and carrier concentrations [87]. 

In contrast to quantum dots, the light emitted from nanowires is highly po­

larized along their longitudinal axes and polarization sensitive nanoscale pho-

todetetors have been fabricated [88]. Surface plasmon properties of gold and 

silver nanorods have been investigated by El-Sayed and coworkers [89]. One 

dimensional nanostructures exhibit two surface plasmon corresponding to the 

transverse and longitudinal plasmon resonances. The longitudinal resonace 

energy is inversely proportional to the nanowire length. Room temperature 

UV-lasing from ZnO nanowire arrays have been observed [90]. Light induced 

insulator to conductor transition has been observed in ZnO nanowires by 

Kind et al. [91], which could be used as UV detectors and photo-switches. 
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Chapter 2 

CARBON NANOTUBES BY NEBULIZED SPRAY PY-

ROLYSIS 

2.1 Introduction 

Carbon nanotubes have been produced by a variety of techniques (see chap­

ter 1 for more details) and pyrolysis of metallocenes such as ferrocene in 

a two stage furnace is a simple route for the synthesis of various types of 

carbon nanotubes [13]. Glerup et al. have modified this two stage furnace 

method and have used aerosol method for carrying the catalyst and car­

bon source for the synthesis of MWNTs and nitrogen doped MWNTs [92]. 

Ajayan and co-workers have synthesized long strands of SWNTs by the py­

rolysis of a spray containing ferrocene, thiophene and n-hexane [93]. We 

have systematically examined the utility of nebulized spray pyrolysis for the 

synthesis of carbon nanotubes. Nebulized spray pyrolysis has been employed 

earlier for the preparation of sub-micron sized particles [94] and epita^xial 

thin films [95,96] of complex metal oxides. The advantage of using nebulized 

spray is the large number of parameters that can be utilized to control the 

pyrolysis reaction and it can be easily scaled into an industrial scale process, 

as the reactants are fed into the furnace continuously. We have been able to 

control the diameter distribution and quality of the nanotubes by adjusting 

the various available parameters like pyrolysis temperature, carrier gas flow 

rate, catalyst precursor concentration, various hydrocarbon sources and var­

ious catalyst precursors. We have characterized the nanotubes obtained by 

various experiments by electron microscopy and X-ray diffraction 

19 
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Figure 2.1: Schematic representation of the experimental set-up. 

2.2 Nebulized Spray Pyrolysis 

Nebuhzed spray is a spray generated by an ultrasonic atomizer [97]. When 

a high frequency (100 kHz-10 MHz range) ultrasonic beam is directed to a 

gas-liquid interface, a geyser forms at the surface. The height of the geyser 

is proportional to the acoustic intensity. The formation of the geyser is ac­

companied by the generation of a spray, resulting from the vibrations at the 

liquid surface and cavitation at the gas-liquid interface. The quantity of the 

spray produced is also a function of the acoustic intensity and of certain phys­

ical properties of the liquid (vapour pressure, viscosity and surface tension). 

In Figure 2.1, we show the schematic diagram of the experimental set-up. 

A piezoelectric transducer (made of PZT) is at the base of the atomization 

chamber. The transducer is connected to a high frequency voltage generator. 

The frequency of the voltage generator is fixed at a value close the resonance 

frequency of the transducer. By varying the voltage the acoustic intensity 

can be varied. During the atomization process, the liquid is heated close to 

100 °C, hence, some of the atomized liquid may change into the vapour state 

which is detrimental to the spray homogeneity. To avoid this problem, the 



2.2 Nebulized Spray Pyrolysis 21 

nozzle carrying the mist from the atomization chamber should be narrow and 

long. A very narrow and long nozzle leads to collisions of droplets and there 

is change in the size distribution of the droplets. The relationship between 

the capillary wavelength (C) at the liquid surface and mean diameter of the 

atomized droplets (D) is given as below: 

D--a-C (2.1) 

where a is constant. Prom the Kelvin's equation, the capillary wavelength 

can be written as a function of surface tension of the liquid (s), density (r) 

and ultrasonic excitation frequency (f): 

C = (8 • TT • s / r • /2 )V3 (2.2) 

a has been experimentally determined to be 0.34. Therefore, 

D - 0.34(8.pi5/r./2)i/3 ^ ^pg/rfy/^ (2.3) 

The frequency dependence of the D leads to a very narrow distribution in 

the droplet size. It has been shown that, at constant ultrasonic power level 

and gas flow rate, the amount of material transported (r): 

r = ps/s • h (2.4) 

where ps is the saturated vapour pressure of the liquid, s its surface tension 

and h its dynamic viscosity. The variation of droplet size and distribution 

for water as a function of frequency is shown in Figure 2.2. 
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Figure 2.2: Variation of droplet size and distribution for water with frequency. 

2.3 Experimental 

The solution of the reactants was nebulized using a 1.54 MHz ultrasonic 

beam as shown in the Figure 2.1. In all the experiments, ultra high pure 

argon was used as the carrier gas and the gas flow rate was controlled using 

UNIT mass flow controllers. The average droplet size for the various solvents 

for 1.54 MHz frequency is approximately 2.2 microns. In all experiments, the 

atomized spray was carried into a 25 mm quartz tube that was placed in a SiC 

furnace which was held at a particular temperature (pyrolysis temperature). 

Ferrocene, nickelocene, cobaltocene and iron pentacarbonyl were used as both 

catalyst and carbon sources. Benzene, toluene, xylene, mesitlyene and n-

hexane were used as solvents for the catalyst and also act as carbon sources. 

We have also used acetylene as an additional carbon source in some of the 

pyrolysis experiments. 

Silicon substrates were placed in the regions I, II, HI and IV of the reac­

tor to collect the product as shown in Figure 2.1. The quartz tube and the 

nebulization chamber are purged and oxygen is removed before the experi­

ment. In a typical nebulized spray reaction, a solution of metallocene was 
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nebulized and passed into the furnace using 1000 seem of argon for 30 min. 

After the reaction, the flow rate was reduced to 20 seem and the furnace was 

allowed to cool. The products were collected after the tube cooled to room 

temperature. In the case of Fe(C0)5, it was nebulized for 5 minutes and the 

atomized droplets were carried into the furnace by a mixture of 100 seem 

of acetylene and 1000 seem of argon. The acetylene was stopped after 25 

min. Pyrolysis of the atomized spray yielded MWNTs primarily in regions 

II and III while primarily carbon spheres were obtained in region IV in the 

case of ferrocene. We observed SWNTs in region IV when cobaltocene and 

nickelocene were used as catalyst precursors. We have changed the droplet 

size by increasing the ultrasonic excitation frequency to 2.6 MHz, the average 

droplet size decreases to 1.55 //m. 

To compare the quality of the MWNTs produced by nebulized spray py­

rolysis, we prepared arc-discharge MWNTs by striking an arc between two 

graphite electrodes in a helium atmosphere. The cathodic deposit was col­

lected, powdered and sonicated in ethanol for 2 h to separate the turbostatic 

graphite from the MWNTs. The powder X-ray diffraction (XRD) patterns 

were recorded using a Seifert XRD 3000 TT instrument. The scanning elec­

tron microscope (SEM) images were obtained with a Leica S-440I microscope. 

Transmission electron microscope (TEM) images with a JEOL JEM 3010 in­

strument operating at an accelerating voltage of 300 kV. 

2.4 Results and Discussion 

Nebulized spray pyrolysis of a solution of ferrocene in toluene (20 g/1) 

gave a good yield of MWNTs in regions II and III as shown in Figure 2.3. 

The formation of the MWNTs was found to be sensitive to temperature. At 

lower temperatures, the yield of the MWNTs decreased and catalyst metal 

particles were obtained as seen in the SEM image in Figures 2.3(a) and (b). 
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Figure 2.4: a,b-SEM images of products obtained in region II and region III 
by pyrolysis of nebulized spray of 20 g/1 solution of ferrocene in toluene at 
840 °C. c-d SEM images obtained by pyrolysis at 900 °C. 
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Figure 2.5: (a) SEM image of MWNTs obtained by the pyrolysis of a toluene 
solution of ferrocene (20 g/1) at 500 seem of Argon flow at 900 °C and (b) 
SEM image of MWNTs obtained by the pyrolysis of the same solution at 
2000 seem Argon flow at 900 °C. (Region II) 

The optimum temperature for the growth of MWNTs was found to be 900 °C 

with a large yield of MWNTs in both region II and III (See Figures 2.3 (c) 

and (d)). The nanotubes are approximately 40 nm in diameter and ten of 

microns long as revealed by the SEM images. At higher temperatures the 

yield of nanotubes decreased and was accompanied by the formation of shiny 

carbon films. The auto-pyrolysis of toluene and other solvents increases 

as the temperature increases and larger quantities of carbon spheres were 

obtained in region IV. In Figure 2.4, TEM images of MWNTs obtained by 

the nebulized spray pyrolysis of a solution of ferrocene in toluene (20 g/1) 

shows that many of the MWNTs are metal filled. The average diameter of 

MWNTs were estimated as 36 nm (diameter range of 36 ± 16 nm). From 

high-resolution electron microscopy (HREM), we found that the crystallinity 

of MWNTs increases with the increase in the pyrolysis temperature as seen 

in Figures 2.4(b) and (d). 

The quantity of the reactants carried inside the furnace is directly pro­

portional to the Ar flow rate. The flow rate of the carrier gas also affects the 

yield and quality of the MWNTs. At low flow rate of 200 seem of argon, yield 

of MWNTs was negligible as little reactant was carried. Very short MWNTs 
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Figure 2.6: (a) and (b) SEM image of the MWNTs pyrolysis of toluene 
solution of ferrocene (80 g/1) at 900 °C in region II and (c) SEM image of 
particles obtained in region III in the same reaction. 

and large particles were obtained at a high flow rate of 2000 seem of argon. 

A flow rate of 1000 seem of argon was found to be ideal for the growth of 

MWNTs. In Figure 2.5(a), we show MWNTs obtained in region II when 500 

seem of argon was used and Figure 2.5(b) shows the large particles when the 

argon flow rate was 2000 seem. 

The concentration of ferrocene in toluene was found to be crucial in de­

termining the yield of the MWNTs. Bulbs of MWNTs were obtained when 

the concentration of ferrocene was increased to 80 g/1 (saturated solution) 

revealed by the SEM image in Figure 2.6(a). These bulbs indeed contain 

MWNTs as seen in Figure 2.5(b). As the concentration of ferrocene was 

increased the yield of MWNTs also increased. A concentration of 20 g/1 was 

found out to be ideal as MWNTs were obtained in both regions II and III 

while at higher concentration catalyst particles were obtained in region III 
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Figure 2.8: Photograph of ahgned MWNT obtained by nebuhzed spray py-
rolysis of toluene solution of ferrocene (80 g/1) at 900 °C with 100 sc{;m of 
acetylene as additional carbon source. 

as seen in Figure 2.6(c). The average diameter of the MWNTs decreased to 

23 inn and the distribution narrowed down to 23 ± 11 nm. In the absence 

of ferrocene only carbon spheres wer(> obtained which is in agreement with 

our earlier observations in the laboratory [98]. Glerup et al. [92] observe that 

the diameter of the MWNTs to be proportional to the concentration of the 

catalyst. The concentration and droplet size in our experiments are different 

from their values. T1K> larger droplet size and higher concentration indicates 

that there are multiple nuck^ation centers within the droplet. Even though 

there is nniltiple nuc'leation, the diameter distribution of MWNTs obtained 

from any particular region of the furnace was found to be narrow. Further, 

tlK> bulbs of MWNTs are also an additional evidence for the formation of 

multiple luicdeation within the droplet. We did not observe any significant 

changes when the droi)let siz(- was dec^reased to 1.55 ^m. 

Aligned MWNT bundles were obtained when other hydrocarbon like; ben­

zene, xylene, mesitylene and ii-hexan(> were used instead of toluene as seen 
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in Figures 2.7. The choice of the solvent for the catalyst precursor is im­

portant to determine the nature of the final product as indicated by the 

above observation. The aligned MWNT bundles were with lengths greater 

than 100 micrometer and homogenous throughout the sihcon substrate. The 

SEM images indicate aligned MWNTs without impurities such as nanopar-

ticles and amorphous carbon can be obtained when mesitylene is used as a 

carbon source. The density of aligned MWNTs increases as we move from 

xylene to n-hexane with n-hexane solutions of ferrocene yielding the highest 

density of aligned MWNTs as seen in Figure 2.7. Large quantities of aligned 

MWNT can be obtained by our route as indicated by Figure 2.8. The diam­

eter distribution plots for the MWNTs obtained with various carbon sources 

under similar reaction conditions is given in Figure 2.9. The nebulized spray 

pyrolysis of ferrocene in benzene yielded aligned MWNTs with an average 

diameter of 59 nm (diameter distribution: 59 ± 26 nni) as scx̂ n in Figure 

2.9(a). Large quantities of graphite sheathed metal nanopartides were also 

observed in addition to the MWNTs. In Figure 2.10(a), we show a typical 

TEM image of MWNTs and graphite sheathed metal nanopartides when 

benzene was used a carbon source. Large and well-graphitized MWNTs were 

obtained when xylene and mesitylene (average diameters lOOnm) were used 

as a carbon source as seen in Figures 2.10(b) and (c). Only aligned carbon 

nanotubes were observed when mesitylene and n-hexane were used as carbon 

sources. We consider n-hexane and mesitylene as ideal sources of carbon for 

the synthesis of aligned MWNTs as they yield copious quantities of MWNTs. 

The only disadvantage of using n-hexane is its relatively very high vapour 

pressure, which affects the quality of the atomized spray. Benzene, xylene, 

mesitylene and n-hexane appear to be better carbon sources when compared 

to toluene. 

Aligned MWNT bundles can be obtained with toluene when acetylene 
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Figure 2.9: Diameter distribution plots of MWNTs obtained by the pyrolysis 
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TEM micrographs. 
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Figure 2.10: TEM images of MWNTs obtained by the pyrolysis of ferrocene 
in (a) benzene, (b) xylene, (c) mesitylene (d) n-hexane at 900 °C with an 
argon flow rate of 1000 seem. 

was added as additional carbon source. When 100 seem of acetylene was 

included to the atomized spray of ferrocene in toluene, multi-layer aligned 

MWNT bundles were obtained as seen in Figure 2.11(a). A single layer 

of aligned MWNTs was obtained by reducing the nebulization time from 

30 min to 5 min, while the acetylene flow was continued for the remaining 

25 mins. The SEM image in Figure 2.11(b) shows 1 mm long MWNTs 

obtained by the method as described above. The density of aligned MWNTs 

depended on the flow rate of acetylene and concentration of ferrocene as 

seen Figures 2.11(c) and (d) respectively. By increasing the concentration 

of ferrocene, we were able to obtain highly dense aligned MWNT bundles 

with MWNTs of larger diameters. When the concentration of ferrocene was 
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decreased to 10 g/1, MWNTs with no aUgnment were obtained indicating 

the presence of a critical concentration for the synthesis of aligned MWNT 

bundles by this approach. As the flow rate of acetylene was decreased to 

50 seem the density of the aligned MWNTs decreased (see Figure 2.11(c)). 

Figure 2.12 shows the TEM images of ahgned MWNTs obtained by this 

approach. The diameter distribution of the MWNTs decreases drastically 

when the nebulization time is reduced to 5 min, here MWNTs with an average 

diameter of 18 nm (diameter distribution 18 ± 4.5 nm) were obtained in the 

region II as seen in Figure 2.9(c). The MWNTs obtained by the inclusion 

of acetylene are more graphitized than the MWNTs obtained under similar 

conditions in the absence of acetylene (see inset of Figure 2.12(b)), indicating 

acetylene is a good carbon source. Decreasing the pyrolysis temperature did 

not decrease the crystalhnity of MWNTs as seen in the inset of Figure 2.12(c). 

The number of graphitic layer increased as the concentration of ferrocene was 

increased as seen in Figure 2.12(d) indicating the increase in the size of the 

catalyst particle. 

We also carried out pyrolysis reactions with other metallocenes like cobal-

tocene and nickelocene. The solubihty of cobaltocene in toluene was a hmit-

ing factor and the solubihty was found out to be close to 10 g/1. In Figures 

2.13(a)-(c), we show the TEM images of the nanotubes obtained by the 

nebulized spray pyrolysis of a saturated solution of cobaltocene in toluene. 

MWNTs with smaller diameters were obtained in region II (diameter ranging 

between 5-25 nm). We observed few isolated SWNTs in region IV along with 

a large amount of amorphous carbon covered metal nanoparticles. In Figure 

2.13(d), we show a typical TEM image of MWNTs obtained by the nebulized 

spray pyrolysis of a 20.0 g/1 solution of nickelocene in toluene. 

We also used Fe(C0)5 as a metal source and it can be used without any 

addition of solvent. Nebulized spray pyrolysis of Fe(C0)5 alone yields bead 
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Figure 2.12: (a) TEM image of aligned MWNTs obtained by the pyrolysis 
of a solution of ferrocene in toluene (20 g/1) along with 100 seem acetylene 
for 30m. (b) TEM image of ahgned MWNTs obtained by the pyrolysis of 
toluene solution of ferrocene (20 g/1) for 5m and acetylene flow of 100 seem 
for 30m., inset sows the HRTEM image for the same sample, (c) TEM 
image of ahgned MWNTs obtained at a lower temperature of 840 °C. (d) 
TEM image of highly dense aligned MWNTs obtained by the pyrolysis of 
ferrocene solution (80 g/1). 
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Figure 2.13: (a) TEM image of MWNTs obtained in Region II by the nebu-
Uzed spray pyrolysis of cobaltocene in toluene (saturated), (b) HREM image 
of the same as in (a), (c) TEM image of SWNTs in Region IV by the nebu­
lized spray pyrolysis of cobaltocene in toluene and (d) TEM image of MWNTs 
obtained by the nebulized spray pyrolysis of nickelocene in toluene (20.0 g/1) 
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Figure 2.14: TEM image of bead-like nanostructures obtained by the nebu­
lized spray pyrolysis of Fe(C0)5 at 900 °C 

like connected structures in regions I and IV of the furnace as seen in Figure 

2.14. The addition of acetylene yields aligned MWNTs in regions II and 

III while carbon coated metal particles (5-15 nm in diameter) were obtained 

in region IV. In Figure 2.15(a), we show a typical SEM image of aligned 

MWNTs obtained by the pyrolysis of a nebulized spray of Fe(C0)5 at 900 °C 

with a flow 100 seem of acetylene and 1000 seem of argon. The TEM image 

in Figure 2.15(b), shows that the aligned MWNTs have an average diameter 

of 33 nm. The MWNTs obtained by this route are well graphitized as seen 

in Figure 2.15(c).The only disadvantage in using Fe(C0)5 is the corrosion of 

the atomizer electrode as Fe(C0)5 is very reactive. 

MWNTs exhibit squared Lorentzian (001) and saw-tooth (hkO) in their 

X-ray diffraction pattern [38]. We have used X-ray diffraction to obtain the 

crystaUinity of the nanotubes. In Figure 2.16, we compare the powder X-ray 

diffraction patterns of the MWNTs obtained by the various routes to that 

of the arc discharge MWNTs. It seems that xylene is the best hydrocar­

bon source for the synthesis of well graphitized MWNTs by nebuUzed spray 

pyrolysis from X-ray diffraction results. 
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Figure 2.15: (a) SEM image of aligned MWNTs obtained by the nebulization 
of Fe(C0)5 in the presence of 100 seem acetylene, (b) TEM image of the 
aligned MWNTs. (c) HREM image of a MWNT 



2.5 Conclusions 39 

3 
ni 

c 
0) 

10 15 20 25 30 35 40 45 

0 (degrees) 

Figure 2.16: Powder X-ray diffraction pattern of (a) arc-discharge MWNTs, 
(b)-(h) MWNTs obtained in region III when xylene, toluene with acetylene, 
mesitylene, benzene, Fe(C0)5-acetylene, n-hexane and toluene were used as 
the carbon sources. 

2.5 Conclusions 

Nebulized spray pyrolysis can be conveniently used for the continuous pro­

duction of MWNTs. The quality of the product is dependent on the pyrolysis 

temperature, carrier gas flow rate, additional carbon sources used and the 

catalyst precursor concentration. Many of the hydrocarbons yield ahgned 

MWNT bundles, and SWNTs were obtained in certain instances. The inclu­

sion of acetylene to an atomized spray of ferrocene in toluene yield aligned 

MWNT bundles with a narrow diameter distribution. Nebuhzed spray py­

rolysis of iron pentacarbonyl in the presence of acetylene also yield aligned 

MWNT bundles. Well-graphitized MWNTs were obtained when xylene was 

used as the additional carbon source. 
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C h a p t e r 3 

A NEW METHOD OF PURIFICATION OF CARBON 

NANOTUBES BASED ON HYDROGEN TREATMENT 

3.1 I n t r o d u c t i o n 

Multi-walled carbon nanotubes (MWNTs) are generally synthesized by the 

arc evaporation of graphite or by the pyrolysis of hydrocarbons over metal 

nanopartides. Single-walled carbon nanotubes (SWNTs) have been pro­

duced by arc evaporation as well as by laser ablation of metal-impregnated 

graphite rods. MWNTs, SWNTs and aUgned carbon nanotube bundles are 

obtained in a single step by the pyrolysis of organometalhc precursors (Chap­

ter 1 for more details). The as-synthesized nanotubes usually contain impu­

rities such as amorphous carbon and metal nanoparticles, the latter being 

specially prominent when metal catalysts are employed. 

Purification of carbon nanotubes, therefore, is an important problem in 

carbon nanotube research. Acid-washing eliminates metal particles to an 

extent but this is inhibited by the graphitic carbon coating on the metal 

particles. Dujardin et al. [99] have employed acid washing and air oxida­

tion to purify SWNTs obtained by laser ablation, while Smalley and co­

workers [100] have used micro-filtration to eliminate amorphous carbon and 

catalyst particles. FuUerenes are also removed by solvent extraction. To-

hji et al. [101] have used hydrothermal treatment to remove the amorphous 

carbon from the nanotube surface. Most of the procedures reported in the 

literature [99-101] employ air oxidation for removing the amorphous carbon. 

Margrave and coworkers [102] have outlined the use of gas-phase based on 

41 
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Figure 3.1: SEM images of (a) as-synthesized arc-SWNTs, (b) after acid 
washing and (c) after first hydrogen treatment.(d) TEM image of and ag­
glomerated metal particle after first hydrogen treatment. 

selective oxidation of carbonaceous impurities for the purification of SWNTs. 

Metal catalyst particles present in the as-synthesized sample often catalyze 

the oxidation of SWNTs. High-temperature annealing of the purified sam­

ples helps in the removal of the functional groups created on the nanotube 

surface during the acid treatment and the purification procedures are sample 

dependent [103]. Martinez et al. have suggested the use of air oxidation 

and microwave acid digestion to purify arc-discharge SWNTs [104]. Sen et 

al. have examined the effect of oxidation conditions on the sample purity 

on SWNTs prepared by arc-discharge method and have used Near Infrared 

(NIR) spectroscopy to quantify the SWNT purity [105]. Wiltshire et al. [106] 

have reported a comparative study of acid and thermal oxidative treatment 

of HiPCO SWNTs. Due to the importance of purification in nanotube re­

search, we have explored an alternative method involving high-temperature 
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hydrogen treatment. The method has been most effective in purifying both 

SWNTs by arc-discharge and laser ablation as well as MWNTs. We have also 

studied the efficacy of this strategy for the purification of SWNTs obtained 

by the high pressure CO dispropotionation (HiPCO). 

3.2 Experimental 

Arc discharge SWNTs (arc SWNTs) were synthesized by the method as 

reported by Journet et al. [10] using a composite rod containing Y (1 at.%) 

and Ni (4.2 at.%) as the anode and a graphite rod as the cathode, under a 

helium pressure of 660 torr with a current of 100 A and 30 V. The nanotubes 

were heated in air at 300 °C for 12 h and then stirred in cone. HNO3 at 

60 °C for 24 h in order to dissolve the metal nanopartides. The product was 

washed with distilled water, dried, dispersed in ethanol under sonication, 

and filtered using Millipore (0.3 /xm) filter paper. The filtered product was 

dried in an oven at 100 °C for 2 h. The sample was heated to 1000 °C in a 

furnace at a rate of 3 degrees per minute, in flowing hydrogen at 100 seem 

(standard cubic centimeter per minute) and held at that temperature for 2 

h. The resulting sample was again stirred in cone. HNO3 at 60 °C for 3 h 

and finally heated in a furnace at 1000 °C for 2 h in flowing hydrogen (100 

seem). A similar procedure was employed for the purification of SWNTs 

obtained by laser ablation (laser SWNTs). A CS2 extraction was carried 

out on the laser SWNTs and subsequently treated with 8 N HCl at 60 °C 

for 24 h to dissolve the metal nanopar tides. The nanotubes were heated in 

flowing hydrogen (100 seem) at 1000 °C for 2 h and the product was again 

stirred with 8 N HCl at 60 °C for 3 h and finally heated at 1000 °C for 2 h in 

flowing hydrogen (100 seem). We have carried out similar experiments with 

HiPCO SWNTs. In the case of HiPCO SWNTs the samples were heated at 

800 °C instead of 1000 °C. Suspensions of SWNTs for recording Visible-NIR 
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Figure 3.2: TEM images of (a) as-synthesized arc SWNTs, (b) after first acid 
washing, (c) after first hydrogen treatment and (d) after second hydrogen 
treatment. 

spectroscopy were prepared as reported by O'ConneU et al. [107]. We used 

H2O instead of D2O. Arc-discharge MWNTs were prepared by striking an arc 

between two graphite electrodes in a He atmosphere. The cathodic deposit 

was collected, powdered and sonicated in ethanol to separate the nanotubes 

from the heavier turbostatic graphite. The nanotubes were then refluxed in 

a 2:1 mixture of cone. HNO3 and cone. H2SO4 (acid treated MWNTs) for 

20 h. The acid treated MWNTs were hydrogen treated at 1100 °C for 2 h. 

Aligned MWNT bundles were obtained by ferrocene pyrolysis (see chapter 

2) and were subjected to acid treatment before they were heated in hydrogen 

at 1100 °C. The nanotubes were characterized at each stage by powder X-

ray diffraction, Scanning Electron Microscopy (SEM), Transmission Electron 
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Figure 3.3: XRD pattern of (a) as-synthesized arc SWNTs, (b) after firsr 
acid washing and (c) after the second hydrogen treatment. 

Microscopy (TEM) and Raman spectroscopy. The powder X-ray diffraction 

patterns were recorded using a Seifert XRD 3000 TT instrument. The SEM 

images were obtained with a Leica S-440I microscope and TEM images with 

a JEOL JEM 3010 instrument operating at an accelerating voltage of 300 kV. 

Raman measurements were performed in a 90 ° geometry using a Jobin Yvon 

TRIAX 550 triple grating spectrometer equipped with a cryogenic charge-

coupled device camera, using diode-pumped frequency doubled sohd state 

Nd:YAG laser of 532 nm (Model DPSS 532-400, Coherent Inc. USA). 

3.3 Results and Discussion 

The as-synthesized arc SWNTs contain a large amount of impurities as 

seen in the SEM image in Figure 3.1(a). TEM images reveal the presence 

of amorphous carbon and metal nanoparticles apart from SWNT bundles 



46 Chapter 3. 

(Figure 3.2(a)). The image also reveals that the SWNTs bundles have a di­

ameter approximately 10 nm. Most of the metal nanopartides got dissolved 

in the ensuing acid washing, but the nanotubes are covered with amorphous 

carbon as can be seen in the electron microscope images in Figures 3.1(b) 

and 3.2(b). The amorphous carbon is removed by high-temperature hydro­

gen treatment while the small metal nanoparticles melt and agglomerate into 

larger particles as clearly visible from Figure 3.1(c). It is well known that 

the melting points of small clusters are much lower than the bulk. Figure 

3.1(d) shows a TEM image of an agglomerated metal particle. In bulk, nickel 

(m.p 1453 °C) and yttrium (m.p 1522 °C) melt above the temperatures em­

ployed in our purification procedure. Melting and agglomeration of the metal 

nanoparticles occurs in the 750 — 850 °C range. The absence of amorphous 

carbon is clearly evident from the TEM image in Figure 3.2(c). TEM images 

also reveal that the bundles grow in size and have diameters in the range 

20-50 nm after the hydrogen treatment. These metal particles are removed 

second acid washing carried out for a shorter duration. The second acid 

treatment is followed by the high temperature hydrogen treatment at 1000 °C 

to obtain pure SWNTs. A TEM image of the purified SWNTs is shown in 

Figure 3.2(d). We do observe any hollow onion-hke structures often found 

in SWNTs purified by other methods [101], indicating thereby that carbon 

covering on the metal particles is etched away by hydrogen. 

SWNTs form a triangular lattice and give a distinctive low angle reflection 

in the XRD pattern [11]. In Figure 3.3, we show the low-angle XRD patterns 

of the as-synthesized and acid-treated SWNTs as well as those obtained after 

second hydrogen treatment. The (1,0) diffraction line is not observed in the 

case of as-synthesized SWNTs and appears as a small hump in acid treated 

SWNTs. This line is seen as an intense peak in the case of second hydrogen-

treated sample. The mean diameter of the purified SWNTs is estimated to 
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Figure 3.4: Raman spectra of arc SWNTs- (a) as-synthesized and (b) after 
second hydrogen treatment. 

be 1.52 nm from the (1,0) diffraction hne. The diameters of the SWNTs were 

calculated using the relationship: 

D = (dii / Cos (e)) - 0.312 nm 

The G-band and the radial-breathing modes of SWNTs in the Raman 

spectra are strong in intensity while the other Raman modes are weak. The 

Raman spectra of the as-synthesized and purified arc SWNTs is shown in 

Figure 3.4. The as-synthesized sample (curve (a)) shows a G-band which 

is split into two bands at 1562 cm~^ and 1586 cm~^ The D-band appears 

as a broad peak centered at 1343 cm~^ indicating that the sample contains 

amorphous carbon. The second order Raman bands appears as weak peaks 

centered at 941 cm~^ and 1075 cm~^ The purified sample shows an intense 

split G-band (1563 cm~^ and 1585 cm"^) and strong radial-breathing modes. 

The D-band is considerably weaker after hydrogen treatment. The diameter 



48 Chapter 3. 

3^ 
0) o c 
(0 

n 
o 

< 

- i — I — I — I — I — I — I — I — I — I — I — I — I — I — I — I — r 

300 400 500 600 700 800 900 1000 1100 1200 1300 1400 

Wavelength (in nm) 

Figure 3.5: Visible-NIR spectra of arc SWNTs- (a) as-synthesized, (b) after 
acid washing , (c) after first hydrogen treament and (d) final product. 

of the SWNTs can be calculated from the radial breathing modes by using 

the formula: 

D = 248 cm- ' / i^ (in cm"') 

The radial breathing modes show the diameters lie in the range 1.32-1.89 

nm, in agreement with the calculated diameter distribution obtained from 

TEM images and low-angle x-ray diffraction. The Visiblo-NIR spectra of the 

arc SWNTs at various stages of purification is shown in Figure 3.5. Due to 

their one-dimensional nature, carbon nanotubes exhibit van Hove singular­

ities in the electronic density of states. Visible NIR spectroscopy provides 

additional evidence to the one-dimensional nature. The peak centered at 

1100 nm is due to the second van Hove singularity transition and the second 

set of peaks near 700 nm due to the first van Hove singularity transition of 

metallic nanotubes. The intensity of the two bands increases markedly on 
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Figure 3.6: TEM images of laser SWNTs- (a) as-synthesized, (b) after first 
acid washing, (c) after first hydrogen treatment and (d) after second hydrogen 
treatment. 
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Figure 3.7: Raman spectra of laser SWNTs after (a) first acid washing and 
(b) second hydrogen treatment. 

hydrogen treatment. 

We have carried out hydrogen treatment of SWNTs obtained by laser 

ablation. The TEM images in Figure 3.6 show the laser SWNTs at var­

ious stages of purification. The average diameter of the SWNTs was ap­

proximately 1.4 nm. Fullerenes, metal nanoparticles, amorphous carbon 

and SWNT bundles are present in the as-synthesized laser SWNTs (Fig­

ure 3.6(a)). The fullerenes were removed by CS2 extraction and the metal 

nanoparticles were partly dissolved in acid. After the acid washing, amor­

phous carbon continues to cover the SWNTs (Figure 3.6(b)). This amor­

phous carbon was removed by a hydrogen treatment at 1000 °C as can be 

seen in Figure 3.6(c). Similar to the arc SWNTs, we observe an agglom­

eration of the undissolved metal nanoparticles, which could be removed by 

the subsequent acid treatment. The nanotubes heated again in hydrogen at 
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Figure 3.8: Visible-NIR spectra of laser SWNTs- (a) as-synthesized, (b) after 
first acid washing, (c) after first hydrogen treatment and (d) after second 
hydrogen treatment. 

1000 °C were indeed of high purity (Figure 3.6(d)). The purity of the nan-

otubes was also revealed in the Raman and visible-NIR spectra. In Figure 

3.7, we show the Raman spectra of the first acid washed laser SWNTs (curve 

(a)) and that after the second hydrogen sample (curve (b). The Raman 

spectra of the acid washed laser SWNTs shows a weak doubly spht G-band 

(1570 and 1596 cm~^). The intensity of the G-band increases drastically af­

ter purification and the radial breathing modes are also clear observed. The 

average diameter of the laser SWNTs, calculated from the radial breathing 

mode is 1.37 nm in line with the TEM observations. The visible-NIR spectra 

of laser SWNTs at various stages of purification is similar to that of the arc 

SWNTs as their diameters are comparable (Figure 3.8). 



52 Chapter 3. 

f. 5 0 nw . _^ • 

Figure 3.9: TEM images of (a) as-synthesized HiPCO SWNTs, (b) after 
first acid washing, (c) after first hydrogen treatment and (d) after second 
hydrogen treatment. 

The TEM image in Figure 3.9 (a), reveals the presence of metal nanopar-

ticles and amorphous carbon in the as-synthesized HiPCO SWNTs. Large 

quantities of SWNT bundles with an average diameter of 20 nm are also 

seen. The SWNTs agglomerate into larger bundles after acid washing (Fig­

ure 3.9(b)). The undissolved metal nanoparticle agglomerate into larger par­

ticles after hydrogen treatment at 800°C (Figure 3.9(c)). We do not observe 

amorphous carbon after the hydrogen treatment. The metal nanoparticles 

got readily dissolved in the ensuing acid washing and the SWNTs were again 

hydrogen treated at 800 °C. The Raman spectra of acid treated and final 

hydrogen treated HiPCO SWNTs is shown in Figure 3.10A. The intensity of 

both the G-band and the radial breathing modes is higher in the case of the 
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Figure 3.10: A- Raman spectra of HiPCO SWNTs after (a) first acid wash­
ing and (b) second hydrogen treatment.; B-Visible-NIR spectra of HiPCO 
SWNTs- (a) as-synthesized, (b) after first acid washing, (c) after first hydro­
gen treatment and (d) after second hydrogen treatment. 

acid treated SWNTs. The diameter distribution is bimodal with the average 

diameters of 1.09 nm (228 cm~^) and 0.9 nm(273 cm~^). The intensity the 

273 cm~^ band decrease drastically with hydrogen treatment. The visible-

NIR spectra in Figure 3.10B show no significant change in the intensity of 

the bands. There is a slight change in the band due to the transition be­

tween the second van Hove singularity of semiconduction nanotubes ( band 

from 950-1400 nm, see curve 3.10B (a)). The band is broad due the large 

variation in the diameters and the chirahty of SWNTs present in the sample. 

After hydrogen treatment the band narrows ( 1100-1400 nm). This could 

be due to the etching of small diameter SWNTs by hydrogen. The SWNTs 

obtained by the HiPCO process are defective and are not as crystalhne as 

those obtained by the laser ablation or arc-discharge processes. 

We have examined the efficacy of the high temperature hydrogen treat­

ment procedure for MWNTs. Acid treated MWNTs contain a large amount 

of amorphous carbon as seen in the SEM and TEM images in Figures 3.11(a) 

and (b). The amorphous carbon is removed by the high temperature hydro­

gen treatment (Figures 3.11(c) and (d)). The high resolution electron mi­

croscope (HREM) image shown as an inset in Figure 3.11(b) indicates that 
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Figure 3.11: (a) SEM image of acid refluxed arc discharge MWNTs, (b) SEM 
image after hydrogen treatment at 1100 °C. (c) and (d) are the respective 
TEM images. 

the crystalhne nature of the MWNTs is well-preserved after the acid and 

hydrogen treatment. The Raman confirm the high purity of the MWNTs 

subjected to these treatments (Figure 3.12). The G/D band intensity im­

proves significantly after hydrogen treatment. 

We find that aligned carbon nanotubes are also effectively purified by 

high temperature hydrogen treatment as revealed by the TEM images in 

Figure 5.13. We have carried out thermogravimetric analysis of MWNTs 

and SWNTs just after acid treatment and after hydrogen treatment. The 

main difference is that the low temperature weight loss due to amorphous 

carbon is not found after hydrogen treatment. In the case of laser SWNTs, 

the oxidation temperature is substantially increased after purification. 

3.4 Conclusion 

In conclusion, we have developed a new and effective method for the purifica­

tion of SWNTs and MWNTs. The method involves acid washing followed by 
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Figure 3.12: Raman spectra of arc-discharge MWNTs after : (a) acid reflux 
and (b) hydrogen treatment at 1100 °C. 

Figure 3.13: TEM images of pyrolysis MWNTs- (a) as-synthesized and (b) 
after hydrogen treatment at 1100°C. 
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the high-temperature hydrogen treatment repeated twice. Excellent SWNTs 

containing little or no amorphous carbon and metal particles are obtained 

by this means, as verified by microscopy, XRD and spectroscopic techniques. 



Chapter 4 

A NEW METHOD FOR THE PREPARATION OF 

METAL NANOWIRES BY THE NEBULIZED SPRAY 

PYROLYSIS OF PRECURSORS 

4.1 Introduction 

Nanowires constitute an important class of ID nanomaterials, which 

provide models to study the relationship between electrical transport, optical 

and other properties with dimensionality and size confinement. In recent 

years, several methods have been described for the synthesis of nanowires of 

different materials [3,68]. General methods for the synthesis include methods 

involving vapor-solid or vapor-liquid-solid growth and the use of templates 

such as anodic alumina membranes (AAO) [108,109], carbon nanotubes [110], 

etc. Nanowires of metals such as Au and Ag have been synthesized by a seed-

mediated approach as well as by solution-based methods [111-113]. Laser 

ablation has been employed to obtain nanowires of Si and Ge [74]. 

In this chapter, we outline the use nebulized spray pyrolysis (NSP) of 

solutions of simple metal precursors for the preparation of metal nanowires. 

This technique has been used earlier for the preparation of thin films and 

of oxide powders [94-96]. The method is simple, template-free and in­

expensive. The versatility of this method is demonstrated by the synthesis 

of single-crystalline nanowires of zinc, cadmium and lead. It is noteworthy 

that there are very few reports in the literature on the synthesis of zinc and 

lead nanowires, and no report on cadmium nanowires. For example, zinc 

57 
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Figure 4.1: Schematic diagram of the experimental set-up used for the syn­
thesis of metal nanowires. 

nanobelts have been obtained by the carbothermal reduction of ZnS [114], 

while nanowires are prepared by the reduction of ZnO with graphite in an 

NH3 atmosphere [115]. Single-crystalline lead nanowires have been synthe­

sized by the decomposition of lead acetate in ethylene glycol [116]. In the 

NSP process, we have employed methanoUc solutions of metal acetate to pro­

duce nanowires of zinc, cadmium and lead. We have also studied the effect 

of oxidation on the zinc and cadmium nanowires. 

4.2 Experimental 

The schematic diagram of the experimental set-up used for the synthesis 

of metal nanowires is illustrated in Figure 4.1. All chemicals were obtained 

from Aldrich Chemicals. In a typical experiment, a methanolic solution of 

the acetate of zinc, cadmium or lead was prepared with a concentration of 40 

g/1. This solution was nebuhzed and the spray carried into a pre-heated sili­

con carbide furnace maintained between 800 and 900 °C using Ar as a carrier 
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Figure 4.2: SEM image of zinc nanowires obtained by the NSP of methanolic 
solution of zinc acetate at (a) 800 °C and (b) 900 °C 

gas. Typical flow rates of Ar used were between 500-1000 standard cubic cen­

timeter per minute (seem). All experiments were performed using a quartz 

tube with an inner diameter of 25 mm. The reaction was typically carried 

out for 30 min. The shiny deposits obtained at the outlet (shown in Figure 

4.1) was used for further analysis. Powder X-ray diffraction (XRD) pat­

terns were recorded using a Seifert XRD 3000 TT instrument. SEM images 

were obtained with a Leica S-440I microscope. TEM images were recorded 

with a JEOL JEM 3010 instrument operating at an accelerating voltage of 

300 kV fitted with a Gatan CCD camera. The photoluminescence mea­

surements were carried out at room temperature using a 325 nm excitation 

wavelength with a Perkin-Elmer model LS50B luminescence spectrometer. 

The Thermogravimetric analysis (TGA) of the samples was carried out on a 

Mettler-Toledo-TG-850 instrument. 

4.3 Results and Discussion 

Solutions of metal acetates in methanol were carried by a suitable car­

rier gas (Ar) into a preheated furnace to obtain nanowires of the corre­

sponding metals. The product gets deposited in the cooler regions of the 
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Figure 4.3: X-ray diffraction pattern of (a) zinc nanowires and (b) cadmium 
nanowires obtained by the NSP. 

quartz tube (near the outlet, see Figure 4.1), where the temperature is in the 

200 — 300 °C range. Zinc nanowires were obtained in copious quantities as a 

gray, shiny deposit when the pyrolysis of zinc acetate in methanol was carried 

out at 800 — 1000 °C. The scanning electron microscope (SEM) images of the 

nanowires reveal the length of the nanowires are in the order of several tens 

of microns (Figure 4.2). The XRD pattern shown in Figure 4.3(a), is char­

acteristic of the hexagonal structure of zinc (JCPDS card: No. 04-0831, a = 

2.67 A and c = 4.95 A). Low-magnification transmission electron microscope 

(TEM) images in Figure 4.4(a) illustrates that nanowires have a diameters 

in the 50-100 nm range. The nanowires appear to have a zigzag morphology 

but there are no catalyst droplets at the wire ends. A few nanosheets of zinc 

were also occasionally observed (Figure 4.4(b)). The selected area electron 

diffraction pattern (SAED) of a nanowire is shown in Figure 4.4(c), shows 



4.3 Results and Discussion 61 

Figure 4.4: (a) and (b) low-magnification TEM images of zinc nanowires 
and nanosheets obtained by the NSP of methanolic solution of zinc acetate, 
(c) SAED pattern of a single zinc nanowire and (d) HREM image of a zinc 
nanowire. The arrow in (d) indicates the growth direction. 
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Figure 4.5: SEM images of cadmium nanowires obtained by the nebuUzed 
spray pyrolysis of cadmium acetate. 

rcfiections due to the (102), (100) and (110) planes of zinc, confirming the 

nanowires to be single-crystaUine. The high-resolution electron microscope 

(HREM) image of a single nanowire in Figure 4.4(d) has lattice spacing of 

0.208 nm, corresponding to the (101) planes of zinc. The (101) plane makes 

an angle of 50° with the growth direction of the nanowire denoted by an 

arrow in the figure. 

We have extended the synthetic procedure to obtain cadmium nanowires, 

which do not seem to have been reported hitherto. The gray deposit obtained 

at the outlet by using cadmium acetate as the metal source. SEM images 

in Figure 4.5 reveals the high yield of nanowires obtained. The nanowires 

were 60-150 nm in diameter and tens of microns in length. The XRD pat­

tern of the nanowires is consistent with the hexagonal structure of cadmium 

(JCPDS card: No. 05-0674, P6/mmc, a = 2.97 A and c = 5.62 A) as shown 

in Figure 4.3(b). The presence of cadmium nanowires and nanosheets is il­

lustrated by the TEM images in Figure 4.6. The ends of the nanowires do 

not show the presence of any droplet as in the case of Zn nanowires. On in­

creasing the temperature of the reaction from 800 to 1000 °C, the diameters 

of the nanowires obtained increased to approximately 700 nm. The HREM 

image of a single nanowire in Figure 4.7 shows a lattice spacing of 0.257 nm. 
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Figure 4.6: TEM images of cadmium nanowires and nanosheets obtained by 
the NSP of cadmium acetate in methanol at 800 °C. 
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Figure 4.7: HREM of a cadmium nanowire. The arrow shows the growth 
direction. SAED of the nanowire is shown as inset 

corresponding to the (100) lattice planes of cadmium. 

The single-crystalline nature of the nanowires is also borne out by the 

SAED pattern of a nanowire given as an inset in Figure 4.7, the reflections 

corresponding to the (101) and (002) planes. Preliminary experiments show 

that it is possible to synthesize lead nanowires as shown by the SEM image in 

Figure 4.8. The nanowires have diameters between 50-100 nm with lengths 

of a few microns. The formation of metal nanowires by NSP of methanolic 

solutions of metal acetates can be understood as follows. The spray contains 

tiny droplets with diameters of 1-2 microns, which are transported by the 

carrier gas into the furnace maintained at 800 — 1000 °C. At this temperature, 

the melting and decomposition of the acetates into metal vapor occurs, prob­

ably aided by the hydrogen gas formed by the decomposition of methanol 

into hydrogen and carbon monoxide. No metal oxide impurity occurs due to 

the strong reducing atmosphere. The metal vapor condenses in the cooler 

regions on the quartz tube to form nanowires. The absence of metal droplets 

at the ends of the nanowires strongly suggests that the nanowires grow by 
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Figure 4.8: SEM image of lead nanowires obtained by the NSP of lead acetate 
in methanol atlOOO °C 

the vapor-solid mechanism. 

Conversion of one nanowire to another has been of interest. Gates et 

al. [117] have converted Se nanowires into Ag2Se nanowires by using a soft 

chemistry. It was our aim to study the effect of oxidation on the Zn nanowires. 

The Zn nanowires were heated in air at 450 °C at a rate of 5 °C/ min for 4 h 

to yield ZnO as indicated by the XRD pattern in the inset of Figure 4.9(a) 

(JCPDS card: No. 36-1451, P63mc, a = 3.25 A and c =5.21 A). There 

was no impurity corresponding to Zn indicating the complete oxidation of 

the nanowires. The SEM image in Figure 4.10 reveals the nanostructures 

to be tubular in nature, although the dimensions are similar to those of the 

starting Zn nanowires. 

We show TEM images in Figure 4.11(a) and (b) to demonstrate the hol­

low nature of the ZnO nanotubes, with diameters in the 60-100 nm range. 

The nanotubes are made-up of crystallites with a size of 10 to 20 nm, wherein 

each crystallite is single-crystalline. The SAED pattern shown in the inset 

of Figure 4.11(c) confirms that the nanotubes are made of such crystallites. 

The HREM image of a part of ZnO nanotube in Figure 4.11(d) shows a lat­

tice spacing of 0.26 nm, corresponding to the (002) lattice planes of ZnO. 
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Figure 4.9: XRD patterns of (a) ZnO and (b) CdO obtained by the oxidation 
of zinc and cadmium nanowires. 

Photoluminescence spectrum obtained by us show peaks at 382 nm, 435 nm 

and 485 nm (Figure 4.12). The 382 nm pealcs is due to the band-edge emis­

sion while the origin of 435 nm and 485 nm peaks are not clear. ZnO is a 

wide bandgap (3.37 eV) semiconductor and has been extensively investigated 

for short wavelength light-emission, transparent conducting and piezoelectric 

material. Though there have been several reports on the synthesis of ZnO 

nanowires [118], there have been relatively fewer on ZnO nanotubes [119,120]. 

We also carried out oxidation of cadmium nanowires under similar condi­

tions. The XRD pattern in Figure 4.9(b) reveals the coversion of hexagonal 

cadmium into cubic CdO (JCPDS card:No. 05-0640, Fm3m, a = 4.70 A ). 

Most of the nanowires melt before they oxidized leading to the loss in mor­

phology (Figure 4.13(a)). TEM images show the presence of necklace-hke 

nanostructures (Figure 4.13(b)). 
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Figure 4.10: SEM images of ZnO obtained by the oxidation of zinc nanowires 
at 450 °C. 

Thermogravimetric analysis of zinc nanowires and cadmium nanowires in 

flowing O2 gas revealed that the oxidation begins at roughly 310 °C for zinc 

and 350°C for cadmium (Figure 4.14), presumably at the surfaces of the 

nanowires, followed by the diffusion of metal from the center of the nanowire 

towards the surface. In the case of zinc, the metal gets oxidized into the oxide 

giving hollow ZnO nanotubes. The cadmium nanowires melt before they get 

oxidized (m.p. of cadmium is 320.9 °C) while zinc gets oxidized before it can 

melt( m.p. of zinc is 419 °C.) 
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Figure 4.11: (a) and (b) TEM images of ZnO nanotubes, (c) SAED pattern 
of a ZnO nanotube and (d) HREM image of a part of ZnO nanotube. 



4.3 Results and Discussion 69 

3 

c 
0) 

350 400 450 500 550 600 

Wavelength / nm 

Figure 4.12: Photoluminescence spectrum of ZnO nanotubes. 

Figure 4.13: (a) SEM and (b) TEM image of CdO obtained by the oxidation 
of cadmium nanowires. 
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Figure 4.14: TG curves of (a) Zn nanowires and (b) Cd nanowires carried 
out under oxygen atmosphere. 

4.4 Conclusions 

In conclusion, we have demonstrated the synthesis of nanowires of three 

metals by the novel technique of nebuhzed spray pyrolysis. This can be 

extended to synthesize nanowires of other metals, elemental materials and 

alloys. An advantage of this method is that the nanowires obtained are in 

high yields and single-crystalline. Though we have used metal acetates as 

precursors, we believe that other metal salts soluble in methanol could be 

used to obtain metal nanowires by the nebuhzed spray pyrolysis route. It is 

noteworthy that we also can obtain nanostructures of oxides by the oxidation 

of the metal nanowires. 



Chapter 5 

POLYANILINE-CARBON NANOTUBE COMPOSITES 

5.1 Introduction 

Composites of carbon nanotubes with polymers and other materials would 

modify many of their properties [121]. Accordingly, there has been interest in 

studying composites of polyaniline (PANI) with carbon nanotubes. Anihne 

has been polymerized at carbon nanotube electrodes by Downs et al. [122] 

to obtain PANI films giving rise to novel surface characteristics and high 

current densities of the electrodes. Cochet et al. [123] have prepared PANI-

nanotube composites by the in-situ polymerization of anihne in the presence 

of multi-walled carbon nanotubes (MWNTs). The composites so prepared 

had enhanced electronic properties. Films of PANI-MWNTs composites have 

been prepared by in-situ and ex-situ methods by Zengin et al. [124], who find 

that the electrical conductivity of the composites to be higher than that of the 

pristine nanotubes. We were interested in studying PANI composites with 

MWNTs as well as single-walled nanotubes (SWNTs). For this purpose, 

we have prepared PANI-nanotubes composites by in-situ polymerization of 

anihne in the presence of MWNTs and acid treated MWNTs. We have 

characterized these composites along with the PANI composites prepared 

with acid treated MWNTs subjected to treatment with thionyl chloride. We 

have carried out similar studies with SWNTs. We have measured electrical 

resistivities of the various PANI-nanotube composites. 

71 
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Figure 5.1: Representative TEM images of the nanotubes as synthesized for 
the preparation of PANI-nanotube composites- (a) pyrolysis MWNTs and 
(b) arc-discharge SWNTs 

5.2 Experimental 

MWNTs for the study were prepared by the arc evaporation of graphite 

at 10 V and 50 A dc [125]. The acid treated MWNTs were prepared by 

refluxing the MWNTs in a mixture of cone. H2SO4 and cone. HNO3 (2:1 ratio 

by volume) for one h. The resulting mixture was then allowed to cool and 

diluted with distilled water. The acid treated MWNTs were then filtered and 

washed thoroughly with distilled water to remove any traces of the acid. Such 

nanotubes are always open and contain acidic sites on the surface [126,127]. 

The chlorination of the acid treated MWNTs was carried out by stirring 

acid treated MWNTs in thionyl chloride at 100 °C for a day in an argon 
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atmosphere. The sample was then washed with distilled water and filtered. 

Similar samples were prepared with MWNTs generated from the pyrolysis 

of acetylene over iron nanoparticles that were well dispersed over silica [128]. 

The SWNTs for the experiments were prepared by the method as reported 

by Journet et al. [10].The acid treated SWNTs were prepared by sonicating 

the nanotubes in a mixture of cone. H2SO4 and cone. HNO3 (2:1 ratio by 

volume) for 20 min. The chlorination of the SWNTs was also carried out in 

the same manner as described earlier for multi-walled nanotubes. 

HCl doped polyaniline (PANI) was prepared by the method similar to 

that of Fite et al. [129]. Ammonium persulfate (5.6 g) was dissolved in 100 

ml of 1 M aqueous HCl solution and was cooled to 0°C. Aniline (5 ml) 

was taken in a round bottom flask containing 100 ml of IM aqueous HCl 

solution and was cooled to 0°C. The oxidizing agent was slowly added to 

the aniline solution under sonication at 0°C. The sonication was carried 

out for another 2 h after the addition of the oxidizing agent. The product 

was filtered and washed thoroughly with distilled water first and later with 

methanol to remove the oligomers. The filtered sample was dried under a 

dynamic vacuum at room temperature for 24 h to ensure the absence of mois­

ture, which affects the conductivity of polyaniUne [130]. We have prepared 

composites of unfunctionalized, acid treated and chlorinated MWNTs and 

SWNTs with polyaniline. The nanotube-PANI composites were prepared 

as follows. The nanotubes were added to aniline and sonicated for 15 min 

and later l.OM aqueous HCl solution was added. The compositions of the 

composites of MWNTs are 2:1 and 1:2 by weight of aniline and MWNTs. 

The PANI-SWNT composites were prepared with a 1:1 ratio of aniline and 

SWNTs. 

The composites and the parent nanotubes were characterized by X-ray 

powderdiffraction (XRD), scanning electron microscopy (SEM), transmission 
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Figure 5.2: Raman spectra of MWNTs-(a) as-prepared,(b) after acid treat­
ment and (c) after chlorination of the surface with thionyl chloride. 

electron microscopy(TEM), infrared spectroscopy and Raman spectroscopy. 

The electric properties were measured by the 4-probe technique between 

30 °C and —258°C. The powder X-ray diffraction patterns was recorded us­

ing a Seifert XRD 3000 TT instrument. All the SEM images were obtained 

with a Leica S-440I microscope and TEM images with a JEOL JEM 3010 

instrument operating at an accelerating voltage of 300 kV. The IR measure­

ments were done on Bruker FT-IR spectrometer. The Raman measurements 

were performed in a 90 degrees geometry using a Jobin Yvon TRIAX 550 

triple grating spectrometer equipped with a cryogenic charge-coupled device 

camera, using diode-pumped frequency doubled solid state Nd:YAG laser of 

532 nm (Model DPSS 532-400, Coherent Inc. USA). 

5.3 Results and Discussion 

In Figure 5.1, we show the TEM images of pyrolysis MWNTs and SWNTs 

to illustrate the quality of the nanotubes employed for the preparation of the 



5.3 Results and Discussion 75 

-p-i—I—"—I—1—|—'—I I I—<—[—•—r 
0 5 10 15 20 25 30 35 40 45 

Figure 5.3: XRD patterns of PANI-MWNT (2:1) composites- (a) pristine 
MWNTs, composite (b) witii as-prepared MWNTs, (c) with acid treated 
MWNTs and (d) with chlorinated MWNTs. 

composites with PANI. In Figure 5.2,the Raman spectra of the as prepared 

MWNTs, acid treated MWNTs and chlorinated MWNTs illustrates how the 

nanotube character is retained even after various treatments. We observe 

the E2g in-plane stretching vibration at 1590 cm~\ a shoulder around 1615 

cm"^ corresponding to the D-hne and the 1360 cm~^ mode due to the D-line 

(from sp^ carbons). In the acid treated MWNTs, the intensity of the 1360 

cm"^ increases slightly indicating an increase in the number of sp^ carbons 

after acid treatment. 

Figure 5.3 shows the XRD pattern for MWNTs and polyaniline nanotube 

composites. The multi-walled carbon nanotube show only (hkO) and (001) 

reflections. The diffraction j)attorn of multi-walled nanotubes exhibit four 

major reflections; (002) reflections at 3.435 A (which corresponds to the 

interplanar spacing between the graphene sheets in the nanotubes), (001) 

reflections at 2.132 A with squared Lorentzian line shape, (004) reflection at 

1.705 A and (110) reflections at 1.231 A. 
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Figure 5.4: TEM images of PANI-MWNT (2:1) composites with: (a) 
prepared MWNTs, (b) acid treated MWNTs and (c) chlorinated MWNTs. 

as-
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Figure 5.5: IR spectra of PANI-nanotube composites with - (a) PANI, 
(b) PANI-MWNT (2:1), (c) PANI-acid treated MWNT (2:1), (d) PANI-
chlorinated MWNT (2:1) and (e) PANI-chlorinated MWNT (1:2) 
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Figure 5.6: Raman spectra of PANI-nanotube composites: (a) as prepared 
PANI, (b) composite witli as prepared MWNTs (2:1), (c) acid treated 
MWNTs (2:1), and (d) chlorinated MWNTs (2:1), (e) acid treated MWNTs 
(1:2) and (f) chlorinated MWNTs (1:2). 
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Figure 5.7: Electrical resistivities of PANI-MWNT composites: (a) as pre­
pared MWNTs, (b) acid treated MWNTs, (c) chlorinated MWNTs, (d) 
PANI, 2:1 composite with (e) as-prepared MWNTs, (f) with acid treated 
MWNTs and 1:2 composites with (h) as-prepared MWNTs, (i) with acid 
treated MWNTs and (j) with chlorinated MWNTs 
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In Figure 5.4a we show the TEM image of a MWNT covered by polyani-

hne. The TEM image in Figure 5.4b corresponds to the composite of PANI 

with acid treated MWNTs (2:1). Figure 5.4c shows the TEM image of the 

PANI-chlorinated MWNTs (2:1) composite. In Figure 5.5, we compare the 

infrared spectrum of PANI with spectra of the composites of PANI with 

MWNTs. We do not see any significant changes in the N-H stretching or the 

N=quinoid=N- bands in the PANI composite with the as prepared MWNTs. 

Interestingly, the band positions in the IR spectra of the PANI composite 

with acid treated MWNTs (2:1) and chlorinated MWNTs (2:1) show negUgi-

ble changes as can be seen from Figures 5.5c and d. The relative intensities 

of the N=quinoid=N- band, however, are sHghtly different specially in the 

spectra the composites of PANI with acid treated and chlorinated MWNTs 

(Figures 5.5 c-e). We also see an additional band at 1700 cm~^ in the spec­

trum of the PANI-chlorinated MWNT (1:2) composite shown Figure 5.5e. 

The Raman spectra of the PANI-nanotube composites shown in Figure 

6, we see characteristic bands due to polyaniline along with the nanotube 

bands. The in-plane deformation (600 cm"^) which is characteristic of the 

para-disubstituted benzene unit is hardly observed in the composites. There 

is a significant change in the intensity of the band at 1486 cm"^ compared to 

the band at 1180 cm"^ in all the composites. The band at 1180 cm~^ is due 

to the C-H in-plane bending which is characteristic of the para-disubstituted 

benzene unit and the band at 1486 cm"^ corresponds to the C=N stretching 

of the quinone diimine structure [131]. There appears to be an increase 

in the quinone diimine units in the PANI composite compared to PANI. In 

the PANI-MWNT (1:2) composite we observe the expected decrease in the 

intensities of the parent bands due to PANI. 

In Figure 5.7, we compare electrical resistivities of the parent nanotubes 

with that PANI and the 1:2 composites of PANI with multi-walled nanotubes. 
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Figure 5.8: Electrical restivities of PANI-SWNT composites: (a) as prepared 
SWNTs, (b) PANI, 1:1 composite with (c) as-prepared SWNTs, (d)^with 
acid treated SWNTs and (e) with chlorinated SWNTs. 

The resistivities of the MWNTs are low and nearly temperature independent 

(curves a-c). PolyaniUne shows insulating type behavior with a strong tem­

perature dependence of resistivity (curve d). The resistivity of the MWNTs 

decreases shghtly on acid treatment but the resistivity of the chlorinated 

MWNTs is similar to that of the pristine MWNTs. The resistivities of the 

1:2 as well as 2:1 PANI-MWNT composites fall in between the resistivities 

of PANI and MWNTs (curves e-j). The resistivities of the 2:1 composites 

show a similar behavior. In Figure 5.8, we show the electrical resistivities of 

the 1:1 PANI-SWNT composites. The PANI-SWNT (1:1) composite shows 

a shghtly higher resistivity than PANI while the PANI-acid treated SWNT 

composite shows a resistivity close to that of PANI. The resistivity of the 

PANI-chlorinated SWNT composite is close to that of the SWNTs. 
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5.4 Conclusions 

Composites of polyaniline witii the pristine multi-walled nanotubes as 

well as acid treated and chlorinated nanotubes can be prepared by the in-situ 

polymerization of aniline by ammonium persulfate as an oxidizing agent. The 

PANI-nanotube composites are best characterized by Raman spectroscopy 

and electron microscopy. The electrical resistivities differ from those of the 

parent nanotubes or that of PANI. The results show that the electrical re­

sistivity of the PANI-nanotube composites can be manipulated through the 

variation of the composition as well as by the prior treatment of the nan­

otubes. 
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