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Preface

“Nano”-science and technology boom, the fourth industrial 

revolution, has aroused new excitement in scientists all over the world. 

Nanomaterials are thought to play an important role in everyday life of 

human beings because of their potential applications in diverse fields. A 

great deal of research is being focused on synthesis and properties of 

nanomaterials in order to understand them better.

Chapter 1 gives a brief overview of the nanomaterials.

Chapter 2 deals with the s3oithesis of ZnO nanoparticles and pure and 

nitrogen-doped ZnO nanorods by solvothermal route and their 

characterization.

In chapter 3, ZnO and A1(0H)3 nanorods were synthesized in a simple 

way by the reaction of the metals with liquid water has been discussed. 

The nanorods so obtained were characterized by various microscopic and 

spectroscopic methods.

In chapter 4, synthesis of carbon nanostructures and graphite-coated 

metal nanostructures by the pyrolysis of ruthenocene and ruthenocene- 

ferrocene mixtures have been discussed.

Chapter 5 deals with the synthesis and characterization of nitrogen- and 

boron-doped double-walled carbon nanotubes.
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Chapter 1 

A Brief Overview of Nanomaterials

1. 1 Introduction

Since the development of the two-cylinder steam engine by- 

James Watt in the 1760s, human-kind has experienced three 

industrial revolutions [1]. The first industrial revolution, as 

represented by the appearance of Watt's steam engine, employed 

various machines to replace human labor. The second industrial 

revolution began at the end of the 19* century and was earmarked 

by the discovery of the internal combustion engine and electric 

generator [2], which led to the increased usage of electrical 

appliances, automobiles, and petroleum products. The 

construction of the first computer in the 1940s led to the third 

industrial revolution, which was followed by the rapid development 

of information technology [2].

Although many of these inventions and developments provide 

innumerable benefits, they also pose new and sometimes 

unforeseeable risks. For example, the emergence of internal 

combustion engineering led to the wide-spread availability of 

electric power for lighting, home appliances, industrial machines.
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automobiles, and aero crafts. However, it also has contributed to 

the levels of air pollution and accelerated global warming. With the 

rapid increase in population, consumption of natural resources, 

environmental pollution, and information overflow, the turn of the 

last century witnessed the birth o f nanotechnology. The demand 

for miniaturized and multifunctional systems has been a driving 

force for the development of nanotechnology, the fourth  industrial 

revolution.

Owing to the intriguing size-dependent properties of 

nanophase materials [3], the recent development o f nanoscience 

and nanotechnology has opened up novel fundamental and applied 

frontiers in materials science and engineering. The concept of 

nanotechnolgy was first introduced by Nobel laureate Richard 

Feynman [4] in 1959 at the annual meeting of the American 

Physical Society at the California Institute o f Technology (Caltech). 

In his classic lecture entitled; "There is plenty o f  room at the 

bottom", Feynman stated, "The principles o f physics, as far as I can 

see, do not speak against the possibility o f maneuvering things 

atom by atom". Later, Notio Taniguchi from the Tokyo Science 

University first defined the nanotechnology as: (1) the creation of 

useful materials, devices, and systems through the control matter 

at the nanometer {10'® m) length scale and (2) the exploitation of 

novel properties and phenomena developed at that scale [5]. The
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first scientific paper on nanotechnology was published in 1981 by 

Eric Drexler [6], a former student o f Dr. Feynman at Caltech. 

Drexler's [7] idea of molecular manufacturing was followed by his 

book entitled: Engines o f  Creation— The Coming Em  o f

Nanotechnology published in 1986. In this classic nanotechnology 

book, Drexler proposed the atom-stacking mechanism to produce 

machines smaller than a living cell and also presented some 

potential applications of nanotechnology. Although Drexler's 

publications have motivated researchers in the field of 

nanotechnology, the main breakthrough in nanotechnology 

occurred in 1981 when Binnig and Rohrer [8] at IBM Zurich 

invented the scanning tunneling microscope (STM), the first 

instrument to generate real space images of surfaces with atomic 

resolution. This discovery opened up the important new field of 

nanotechnology and was recognized by the 1986 Nobel Prize in 

Physics, along with the inventor o f the electron microscope.

1.2 The size and surface effects

Changes in the size-dependent properties can be observed in 

nanomaterials as the wave-like properties of electrons inside 

matter and atomic interactions are influenced by the size of 

materials at the nanometer scale [3]. Confinement of the de Broglie 

wavelength of charge carriers inside nanomaterials could also lead
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to new phenomena, such as the quantization effect [3]. When a 

gold nugget is converted into nanoparticles, for example, the color 

of the gold particles is changed to black. As the size decreases, the 

ratio of the surface atoms increases. These high energy surface 

atoms are very reactive. Due to the high surface-to-volume ratio 

associated with nanometer-sized materials, a tremendous 

improvement in chemical properties is also achievable through a 

reduction in size [3]. This is why platinum nanoparticles can be 

used as efficient catalysts for many reactions whereas platinum 

bulk sheets are sufficiently inert as electrodes in e lectrochem istry . 

By creating nanostructures, therefore, new materials and advanced 

devices of desirable properties and functions can be developed for 

numerous applications

Nanostructures can be defined as systems in which; at least 

one dimension is less than 100 nm; that is, reducing 1, 2 or 3 

dimensions (D) of a bulk material to the nanometer scale produces 

nanometer thick 2D layers, ID  nanowires, or CD nanoclusters, 

respectively. A schematic illustration, showing the density o f states 

versus energy for nanostructures of various dimensions, is given in 

Figure 1.1.
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Figure 1.1. Density of states for bulk (blue), quantum well (red), 
quantum wire (green) and quantum dot (black)

The density of states changes remarkably with dimension. 

For 2D nanostructures it is a step function with steps occurring at 

the energy of each quantized level. In the case of ID nanostructure, 

van Hove singularities are observed. For OD nanostructures, the 

density of states shows quantization at particular energy levels. 

The quantum confinement of electrons by the potential walls of 

nanomaterials can provide one of the most powerful means to 

control the electrical, optical, magnetic, and thermoelectric 

properties of a solid-state functional material. Suitable control of 

these properties of nanomaterials can lead to new stream of science 

as well as new devices and technologies, the underlying theme of 

nanotechnology [9].
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1. 3 Zero-dimensional (OD) nanostructure

Nanocrystals are aggregates of a few hundred or even tens of 

thousands of atoms that combine into a crystalline form of matter 

known as a “cluster”. Typically a few nanometers in diameter, 

nanociystals are larger than molecules but smaller than bulk 

solids and therefore frequently exhibit physical and chemical 

properties somewhere in between. Nanocrystals possess high 

surface area, with a large fraction of its atoms on the surface. Their 

properties can vary considerably with size. By precisely controlling 

a nanocrystal’s size and surface, its electronic, magnetic, and 

optical properties can be changed. Due to the confinement of 

electron wave function to the physical dimensions of the particles 

in small nanocrystals, electron energy levels are discrete, unlike in 

the bulk where it is continuous. This phenomenon is called 

quantum confinement [10]. Therefore, nanocrystals are also known 

as quantum dots. The nanocrystals can be discretely charged with 

electrons having characteristic charging energies. The electronic 

absorption spectrum of metal nanocrystals in the visible region is 

dominated by the plasmon band and the surface plasmon 

excitations impart characteristic colors to the metal sols. In 

semiconductor nanocrystals, exciton peaks dominate the 

absorption [11,12] The absorption band can be systematically 

varied by changing the size of the semiconductor nanocrystals.
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Semiconductor nanocrystals also exhibit interesting luminescent 

properties as well [13,14]. For e.g., the emission from mono- 

disperse semiconductor nanocrystals such as CdSe is intense, 

narrow and can be brought about by excitation in a broad range of 

wavelengths [14], The emission can be controlled by controlling the 

surface structure and the size of the nanocrystals.

1.3.1 Synthetic strategies

Modern materials science is characterized by a close interplay 

between physics and chemistry. This is especially true for 

nanomaterials. On the one hand, are the top-down methods which 

rely on continuous breakup of a piece of bulk matter while on the 

other are the bottom-up methods that build up nanomaterials from 

their constituent atoms. The top-down and bottom-up approaches 

can also be considered to be physical and chemical methods, 

respectively.

1.3.1.1 Physical methods

Most physical methods involve the evaporation of a solid 

material to form a supersaturated vapor from which homogenous 

nucleation of nanoparticles occurs. In these methods, the size of 

the particles is controlled by temporarily inactivating the source of 

evaporation, or by slowing the rate by temporarily inactivating the 

source o f evaporation, or by slowing the rate by introducing gas
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molecules to collide with the particles. Some of the physical 

methods to prepare nanocrystals are arc dischare, ion sputtering, 

laser ablation, spray pyrolysis, etc [10].

1.3.1.2 Chemical methods

Chemical methods have emerged to be indispensable for 

synthesizing nanocrystals of various types of materials. These 

methods are generally carried out under mild conditions and are 

relatively straight forward. Any chemical reaction resulting in a sol 

consists of three steps; seeding, particle growth and growth 

termination by capping. An important process that occurs during 

the growth of a colloid is Ostwald ripening. Ostwald ripening is a 

growth mechanism whereby smaller particles dissolve releasing 

monomers or ions for consumption by larger particles, the driving 

force being the lower solubility of large particles. Ostwald ripening 

limits the ultimate size distribution obtainable to about 15% of the 

particle diameter when the growth occurs under equilibrium 

conditions [10].

(a) Metal nanocrystals by reduction

Metal nanocrystals can be obtained by reducing the 

corresponding soluble metal salts and by terminating the grou^th 

with appropriate surfactants or ions. A variety o f reducing agents 

are used to reduce metals salts to get nanocrystals of metals. Some 

of them are (1) borohydride reduction [15], (2) citrate reduction
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[16], (3) alcohol reduction [17] 

and (4) reduction using 

alkylaluminates (AIR3, R=Ci- 

Cs) [18], In 1 7  th century 

Farady prepared gold 

nanoparticles in lab by 

reducing gold salt. He termed 

them as “divided metal”, 

which giving rise to a brilliant rose colour, as shown in Figure 1.2.

Figure 1.2 M ichael Faraday ’ s gold 
colloids

(b) Solvothermal Synthesis

The Solvothermal method provides a means of using solvents at 

temperatures well above their boiling points, by carrying out the 

reaction in a sealed vessel. The pressure generated in the vessel 

due to the solvent vapors elevates the boiling point of the solvent. 

Typically, solvothermal methods make use of solvents such as 

ethanol, toluene and water. These are widely used to synthesize 

zeolites, inorganic open-framework structures and other solid 

materials. Due to the high pressures employed, one often obtains 

high-pressure phases of the materials. In the past few years, 

solvothermal synthesis has emerged to become the chosen method
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to s5nithesize nanocrystals [19-20], Solvothermal methods are 

ideally suited for the synthesis of nanocrystals of metal 

chalcogenides and halides, rather than metal nanocrystals.

(c) Photochemical synthesis

Photochemical synthesis of nanoparticles can be carried out by 

the light induced decomposition of a metal complex or the 

reduction of metal salts by photogenerated reducing agents such 

as solvated electrons. The former is called photolysis and the latter 

radiolysis. The formation of photographic images on AgBr film is a 

familiar photolysis reaction. Metals such as Au, Cd and Tl, have 

been obtained by photolysis [21,22]

(d) Arrested precipitation

Nanocrystals can be obtained from solutions that precipitate 

the bulk matter under conditions unfavorable for the grovirth of 

particulates in the precipitate. For example, the precipitation of 

metals salts by chalcogens can be arrested by employing a high 

pH. To prepare nanocrystals of CdS, CdSe, CdTe, HgSe, HgTe and 

CdHgTe, typically, a solution containing the metal salt (perchlorate) 

and the capping agent is treated with NaOH to raise the pH, 

degassed by bubbling inert gas (to prevent the oxidation of 

chalcogen source) followed by the introduction of the chalcogen in 

the form of Na2S, NaHSe, etc under inert conditions [10 .

10
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(e) The liquid-liquid interface

Nanocrystals and films of metals, semi-conductors and oxides 

can be produced by reactions taking place at the interface of two 

liquids such as toluene and water [10]. In this method, a suitable 

organic derivative of the metal taken in the organic layer reacts at 

the interface with the appropriate reagent present in the aqueous 

layer to yield the desired product. For example, by reacting 

Au(PPh3)Cl in toluene with THPC in water, nanocrystals of Au can 

be obtained at the interface of two liquids.

1.3.2 Properties of nanocrystals and their 

applications

Colloidal semiconductor nanocrystals [23,24] combine the 

physical and chemical properties of molecules with the 

optoelectronic properties o f semiconductors. Their colour is highly 

controllable, a direct consequence of quantum confinement on the 

electronic states. Such nanocrystals find applications in 

optoelectronic systems such as light emitting diodes and 

photovoltaic cells, or as components o f future nanoelectronic 

devices [25,26]. The ability to control the electron occupation 

(especially in n-type or p-type nanociystals) is important for 

tailoring the electrical and optical properties.

II
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Shim and Sionnest [27] have reported the fabrication of n- 

type nanocrystals using an electron transfer approach commonly 

employed in the field of conducting organic polymers. Pellets of 

monodisperse nanocrystals have been used for electrical transport 

measurements [28,29]. An insulator-metal transition has been 

reported for Au and Ag nanocrystals by Aslam et al. [29].

Studies on both electrical and optical properties of single 

semiconductor nanocrystals have been carried out [30-33]. All 

these studies have shown that a single excess charge on a 

nanociystal can greatly influence its properties. Klein et al. [34] 

have reported the fabrication of a single-electron transistor from a

■Nanocrj'stals-
*

•Au Leads 
Linker Molecules

Si02 Insulating Layer
■rv: ' "

D6|)ed Si SubstiWe:’?®

Figure 1.3. Diagram of a single-electron

colloidal nanocrystal of CdSe. In Figure 1.3 is given a diagram of 

their device. This device structure actually enables the number of

12



Nanomaterials

charge carriers on the nanocrystal to be tuned directly, and in turn 

the measurement of energy required for the addition of successive 

charge carriers. Such measurements are invaluable in 

understanding the energy-level spectra of small electronic systems.

The optical properties of a super lattice of semiconductor 

nanocrystals are different from those of the individual nanocrystals 

due to their interparticle interactions [35]. The absorption spectra 

of nanocrystals get broadened and red-shifted when in a close- 

packed association, and have been attributed to the interparticle 

dipolar interactions [36]. Gaponenko and co-workers have shown 

that the optical properties of an ensemble of small CdSe 

nanocrystals are similar to those of bulk CdSe due to the complete 

delocalization of the electronic states o f individual nanocrystals 

37].

1.4 One-dimensional nanostructures

One-dimensional (ID ) nanostructures have attracted much 

attention as well-defmed building blocks to fabricate nanoscale 

electronic, and optoelectronic devices [38-42]. The formation of 

various ID  semiconductor nanostructures is believed to be of 

importance in tailoring the optical, electronic, electrical, magnetic, 

and chemical properties of ID  nanostructures. In comparison to 

the zero-dimensional nanostructures (OD), the one-dimensional

13
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nanostructures pose as better model systems for investigating the 

dependence of electronic transport, optical and mechanical 

properties on the size confinement and dimensionality [41]. They 

also represent critical components in various nanoscale devices. 

The synthesis of nanowires with controlled composition, size, 

purity and crystallinity is no easy task and requires a proper 

understanding of the nucleation and grov^^h process at the 

nanometer regime [43]. Many nanolithographic techniques [44], 

such as proximal-probe patterning [45], electron-beam [46] or 

focused ion-beam writing [47], etc, have been employed for the 

synthesis of nanowires and other ID  nanostrctures. Since these 

physical methods are generally slow and costly, researchers have 

been investigating chemical routes towards the synthesis of ID  

nanostructures [48,49]. The common chemical methods include 

solution and vapor based methods.

1.4.1 Synthesis of nanowires

Crystallization is the essence of one-dimensional nanostructure 

formation [50]. When the concentration of the building blocks 

(atoms, ions or molecules) of a solid becomes sufficiently high, 

homogenous nucleation takes place, leading to the formation of 

small nuclei or clusters. Subsequently, larger clusters are formed 

from these small clusters, which serve as seeds. The formation of a

14
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perfect crystal requires a reversible pathway between the building 

blocks on the solid surface and those in a fluid phase (vapor, 

solution or melt). These conditions allow the building blocks to 

easily adopt correct positions in developing the long-range ordered, 

crystalline lattice. Also, to attain homogeneous composition and 

uniform morphology, the building blocks have to be supplied at a 

well-controlled rate.

Vapor-phase growth of nanowires

Vapor-phase synthesis is the most extensively investigated 

approach to the formation of ID  nanostructures such as whiskers, 

nanowires and nanorods, due to its simplicity and accessibility. 

This vapor-phase growth was first observed in the formation of Hg 

nanofibers by Volmer and Estermann in 1921, when Hg vapor was 

condensed on a glass surface cooled below the melting point of 

mercury [51]. An important factor which determines the 

morphology o f the product here is the level of supersaturation. A 

low supersaturation is required for whisker growth whereas a 

medium supersaturation leads to bulk growth. At high 

supersaturation, powders are formed by homogeneous nucleation 

in the vapor-phase. The two main mechanisms involved in the 

growth of nanowires in the vapor-phase are (a) vapor-solid and (b) 

vapor-liquid-solid mechanism.

15
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Vapor-liquid-solid growth

The most extensively studied among the vapor-phase methods is 

the vapor-liquid-solid (VLS) method. This mechanism was proposed 

by Wagner in 1960’s during his studies on the grov^th of

A

vapor
melat alloy \  V >  
catalysts liquid

Inanowire

1 II III

I /  T
/nudeation i r 

II growth 
III

360 "C

2000 20 40 60 S  100
Au Weight %Ge Ge

Figure 1.4: (a) Schematic illustration of VLS nanowire growth mechanism Including three 
stages; (I) alloying (II) nudeation, and (III) axial growth, (b) Binary phase diagram of Au-Ge 
system.

single-crystalline whiskers of Si and of the metals Pt, Ag, Pd, Cu 

and Ni [52]. This process has been employed for the synthesis o f 

nanowires of many semiconducting materials such as Si [53], Ge 

[54,55], ZnO [56], CdS [57], etc. According to this mechanism, a

16
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liquid alloy acts as the nucleation site for the formation of the 

nanowires. First, the gaseous reactant undergoes dissolution into 

the nanosized liquid droplets of an impurity metal catalyst, and 

forms a liquid alloy at a temperature higher than the eutectic point. 

Since the liquid surface has a large accommodation coefficient, it 

becomes the preferred deposition site for the incoming vapors of 

the reactant material. After the liquid becomes supersaturated with 

vapor, the nanowire growth occurs by precipitation at the liquid- 

solid interface. The different steps involved in the VLS growth are 

illustrated schematically in Figure 1.4(a).

The selection of a proper metal impurity for the VLS growth 

is an important criterion. The equilibrium phase diagram helps in 

the prediction of the catalyst materials to be used, as well as the 

reaction conditions for the growth of the nanowires. As an example, 

the Figure 1.4(b) shows the binary phase diagram of the Au-Ge 

system. Diameter o f the nanowires formed by the VLS method is 

determined by the size of the catalyst particles, which act as soft 

templates to limit the lateral growth of an individual nanowire. 

Thus, this method helps in the synthesis of uniform-sized 

nano wires; and also patterned nano wires through the patterned 

deposition of catalyst particles.

17
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Vapor-solid growth

Apart from the VLS mechanism, ID  nanostructures have also been 

grown via the classcal vapor-solid (VS) mechanism [58]. In a typical 

vapor-solid process, the vapor-species is first generated by physical 

evaporation, chemical reduction, and other kinds of gaseous 

reactions. These species are subsequently transported and 

condensed onto the surface of a solid substrate placed in a cooler 

zone. A large number of single-crystalline metal oxide nanowires 

have been grown via this mechanism. Due to the presence of trace 

amounts of oxygen in reaction systems, majority o f the products 

reported are oxides. Thus, nanowires of oxides o f Zn, Mg, Ga, In, Si 

etc have been synthesized by this method [48]. Apart from 

nanowires, this process has been adopted for the growth of 

nanobelts also which are single-crystalline [59].

Carbothermal method

Another very useful and versatile chemical method employed 

for the synthesis of nanowires is the carbothermal method. 

Nanowires of a number of oxides such as MgO, ZnO, SnOa, Ga2 0 3 , 

nitrides such as SisN4, AIN and carbides, such as SiC have been 

synthesized by this method [60-62]. In a typical carbothermal 

method a carbon source is heated with a metal oxide in a flowing 

gas. The carbon sources generally used are activated carbon or
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charcoal (which are easily oxidized on heating in air) and carbon 

nanotubes or graphite (which are more stable to oxidation on 

heating). First, carbon reduces the metal oxide to give a suboxide. 

The suboxide when heated in the presence of either O2, N2/NH3 or 

C, gives rise to oxide, nitride or carbide nanowires respectively. In 

this method, the flow rate of the gas is an important factor, which 

determines the morphology of the fmal products.

Metal oxide + C — ► Metal suboxide + CO 

Metal suboxide + O2 — ► Metal oxide nanowires 

Metal suboxide + NH3 —► Metal nitride nanowires

Solution-based growth of nanowires

The other set of chemical methods adopted for the synthesis 

of inorganic nanowires is solution-based. This synthetic strategy 

involves mainly reactions that are confined and directed by 

templates or by th e , use o f appropriate capping agents. In the 

template-based technique, the template serves as a scaffold against 

which other kinds of materials, with morphologies complimentaiy 

to that of the template, are generated.

The channels of the templates are filled using a solution 

route, sol-gel technique or an electrochemical route to produce 

nanowires. After the reaction, the nanowires could be released from
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the templates by selectively removing the template from the host 

matrix. Nanowires of various inorganic materials such as SnOa, 

ZnO, Ag, Pt, etc, electronically conducting polymers: polypyrrole 

and polyaniline, and carbon nanotubules, have been prepared 

using anodic aluminum oxide membranes (AAMs) [63]. Apart from 

AAMs and polymer membranes, mesoporous silica have also been 

used as templates for the synthesis of polymer and inorganic 

nanowires. Mesophase structures self-assembled from surfactants 

provide another class of versatile templates for the synthesis of 

nanowires in large amounts. Carbon nanotubes (CNTs) have been 

used as templates for the synthesis o f inorganic nanowires. By 

coating CNTs with oxide gels and then burning off the carbon, 

nanowires of a variety of metal oxides including Zr02 [64], Si02 [65] 

and M0O2 [66] have been prepared.

Apart from the template-based methods, non-template 

methods, making use of the anisotropic bonding in the 

crystallographic structures, have also been adopted for the 

synthesis of inorganic nanowires o f Se, Te, molybdenum 

chalcogenides and polysulfur nitride (SNx) [67-70].

1.4.2 Properties of nanowires and their applications

Nanowires show very distinct electric, optical, and thermal 

properties due to their large surface area and possible quantum
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confinement, when compared with their bulk counterparts. The 

thermal stability o f nanowires is of critical importance for their 

implementation as building blocks in nanoscale electronic and 

photonic devices. It is well documented that the melting point of a 

solid material will be greatly reduced when it is processed as 

nanostructures [71]. In their investigations on the melting and 

recrystallization of Ge nanowires encapsulated by carbon-sheaths, 

Yang and co-workers [72,73] observed the melting point to be 

inversely proportional to the diameter of the nanowire.

Once the diameter o f a nanowire has been reduced below a 

critical value, size-confinement plays an important role in 

determining its energy levels. Absorption edge of Si nanowires was 

found to be considerably blue-shifted when compared with the 

indirect band gap of bulk Si (-1.1 eV), observed by Korgel et al. 

[74]. They also observed sharp, discrete features in the absorption 

spectra and relatively strong band-edge photoluminescence, arising 

due to quantum confinement effects with additional contributions 

from the surface states. Lieber and co-workers have shown 

anisotropy in PL (photoluminescence) intensities in single InP 

nanowires in directions parallel and perpendicular to the axis of 

the nanowire [75].

Nanowires and nanotubes are ideal building blocks for 

nanoscale electronics and optoelectronics. Nanowires of
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semiconducting elements such as Si and Ge, as well as those of 

ZnO, InP, GaN, CdS, etc have been studied extensively, towards 

their applications in nanotechnology. These nanowires have been 

assembled into nanometric scale devices including FETs, LEDs, p- 

n junction diodes, logic gates and sensors.

1.4.3 Carbon nanotubes

With the revolutionary discoveries of the Ceo molecule [76] 

and carbon nanotubes [77], carbon nanomaterials have become the 

building block of the entire field o f nanotechnology. Exhibiting 

interesting electronic, mechanical and structural properties; 

Carbon nanotubes (CNTs) are extremely promising for applications 

in materials science, engineering and medicinal chemistry. CNTs 

consist of graphitic sheets, which have been rolled up into a 

cylindrical shape. The length o f CNTs goes up to hundreds of 

micrometers and their diameters range from 1-50 nm.

Carbon has long been known to exist in three forms: 

amorphous carbon, graphite, and diamond [78]. Depending on how 

the carbon atoms are arranged, their properties vary. For example, 

the most common form of carbon, graphite, is soft, black, and 

stable. In graphite, the carbon atoms are located at the corners o f 

regular and fused hexagons arranged in parallel layers and its 

density is 2.26 g/cm^. However, diamond is hard and transparent
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due to its regular repetitive pattern, where each carbon atom is 

bound to four other carbon atoms and its density of 3.51 g/cm^ is 

greater than that of graphite. The Noble-Prize-winning discovery of 

buckminsterfullerene created an entirely new branch of carbon 

chemistry. The subsequent discovery of carbon nanotubes by lijima 

77] opened up a new era in materials science and nanotechnology 

[79-81]. Nanodiamonds and nanographenes are the most recent 

additions to members of the carbon family.

Fullerenes were discovered by Kroto et al. [76] in 1985 while 

investigating the nature o f carbon present in interstellar space. The 

coordination at every carbon atom in fullerenes is not planar, but 

slightly pyramidalized, with some sp3 character present in the 

essentially sp2 carbons. The key feature is the presence of five- 

membered rings, which provide the curvature necessary for 

forming a closed-cage structure. Ceo having truncated icosahedral 

structure formed by 12 pentagonal rings and 20 hexagonal rings. 

Carbon nanotubes are concentric graphitic cylinders closed at 

either end due to the presence of five-membered rings. Nanotubes 

can be multi-walled with a central tubule of nanometric diameter 

surrounded by graphitic layers separated by -3.4 A. Unlike the 

multi-walled nanotubes (MWNTs), in single-walled nanotubes 

(SWNTs), there is only the tubule and no graphitic layers. Whereas, 

Double-walled carbon nanotubes (DWNTs) occupy a position
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between MWNTs and SWNTs, consist of two concentric cylinders of 

rolled graphemes, a smallest MWNT. A transmission electron 

microscope (TEM) image of a MWNT is shown in Figure 1.5(a). In 

this nanotube, graphite layers surround the central tubule. Figure 

1.5(b) shows the structure of a double-walled nanotube formed by 

two concentric graphitic cylinders. A single-walled nanotube can be 

visualized by cutting Ceo along the center and spacing apart the 

hemispherical corannulene end-caps by a cylinder of graphite of 

the same diameter. Figure 1.5c shows the bundles of SWNTs. 

Carbon nanotubes are the only form of carbon with extended 

bonding and yet with no dangling bonds. Since carbon nanotubes 

are derived from fullerenes, they are referred to as tubular 

fullerenes or bucky tubes.

Figure 1.5 shows TEM images of (a) multi-walled, (b) double­
walled and (c) single-walled carbon nanotubes

1.4.3.1 Synthesis of carbon nanotubes

Ever since the discovery of the carbon nanotubes [77], 

several ways of preparing them have been explored. CNTs have
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been prepared by various methods e.g. electric arc discharge, laser 

evaporation and chemical vapor deposition. These methods are 

described in following sections.

Electric-arc discharge

Carbon nanotubes (CNTs) are commonly prepared by striking 

an arc between graphite electrodes in an inert atmosphere (argon 

or helium), the process that also produces carbon soot containing 

fullerene molecules [76]. The carbon arc provides a convenient and 

traditional tool for generating the high temperatures needed to 

vaporize carbon atoms into a plasma (>3000 °C) [82-84]. The yield 

of CNTs depends on the stability o f the plasma formed between the 

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

electrodes and chamber [82,84]. For the MWNTs production, the 

conditions are optimized so that during the arc evaporation, the 

amount of soot production is minimized and 75% of the evaporated 

carbon from a pure graphite anode is made to deposit onto the 

facmg graphite cathode surface. The optimized synthesis 

conditions 20-25 V, 50-100 Amp. d.c. (direct current) and the 

helium pressure maintained at 500 torr. Arc discharge is a simple 

process, and it is an excellent method to obtain structurally high 

quality CNTs.

In the arc discharge method, synthesis of MWNTs requires 

catalyst, catalyst species are however, necessary for the growth
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o f SWNTs. The first report on the production  o f SW NTs w as by 

Ijim a and Ichihashi [85]. These authors produced SW NTs m ateria l 

by arcing Fe-graphite electrode in a m ethane+argon atm osphere. A 

hole was made in the graphite anode, w hich  was filled w ith  a 

composite m ixture o f m etal and graphite powders, w hile the 

cathode being pure graphite. The catalyst generally used to prepare 

isolated SWNTs include transition m etals such as Fe, Co, Ni and 

rare earth m etals such as Y and Gd [85-89], whereas com posite 

catalyst such as Fe/Ni and Co/Ni have been used to synthesize 

ropes (bundles) o f SW NTs [90]. In these experim ents, the tubes 

exhibited an average d iam eter o f 1.2 nm. Saito et al [91] com pared 

SWNTs produced by using d ifferent catalysts and found that a Co 

or a Fe/Ni bimetallic catalyst gives rise to tubes form ing a h ighw ay- 

junction  pattern. Ni catalyst yield  long and thin tubes rad ially 

growing from the m etal particles. H igh yield  o f SW NTs has been 

synthesized by d.c. arc discharge under low  pressure o f helium  gas 

(100 torr) with a small am ount o f a m ixture o f Ni, Fe and graph ite 

powders [92]. In addition, they introduced su lfur prom oter to 

im prove the yield, which gave rise to again the h ighest y ie ld  at low  

gas pressure.
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Laser vaporization

An efficient route for the synthesis of bundles of SWNTs with 

a narrow size distribution is the laser evaporation technique. In 

this method, a piece of graphite target is vaporized by laser 

irradiation under high temperature in an inert atmosphere. 

MWNTs were obtained when a pure graphite target was used [93]. 

The quality and yield of these products have been found to depend 

on the reaction temperature. The best quality is obtained at 1200

O
C reaction temperature. At lower temperatures, the structure 

quality decreases and the CNTs start presenting many defects. As 

soon as small quantities (few percents or less) of transition metals 

(Ni, Co) playing the role of catalysts are incorporated into the 

graphite pellet, the yielded products undergo significant 

modifications and SWNTs are formed instead of MWNTs. The yield 

of SWNTs strongly depends on the type o f the metal catalyst used 

and is seen to increase with furnace temperature, among other 

factors. A high yield with about 50% conversion of transition- 

metal/graphite composite rods to SWNTs was reported in the

condensing vapor in a heated flow tube (operating at 1200 °C) [94]. 

Depending on the metal catalyst used, the yield on the mono or 

bimetal catalysts are ordered as follows: Ni>Co>Pt>Cu or Nb and 

Co/Ni, Co/Pt>Ni/Pt>Co/Cu, respectively. A remarkably high 

nanotube yield of 50% on a Co/Ni run might have resulted from
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som e u n ce rta in ty  in  th e p ro cess  o f  c a ta ly s t  p re p a ra t io n  a n d  

p re trea tm en t [95 .

U n fo rtu n a te ly , th e  la s e r  te ch n iq u e  is  n o t  e c o n o m ic a lly  

a d va n tageou s  b eca u se  th e  p ro cess  in vo lv e s  h ig h -p u r ity  g ra p h ite  

rods , th e la ser  p o w ers  req u ired  a re  h igh  (in  so m e  ca se s  tw o  la se r  

b eam s a re  req u ired ), an d  th e  a m o u n t o f  C N T s  th a t  ca n  b e  

p rod u ced  per d ay  is  n o t as h igh  as a rc  d is ch a rg e  m e th o d .

Chemical vapor deposition

C h em ica l va p o r  d ep os it io n  (C V D ) is  on e  o f  th e  m o s t p o p u la r  th in  

film  d ep o s it io n  m eth od s . C V D  is v e ry  d if fe re n t  from  th e  o th e r  tw o  

com m on  m e th o d s  u sed  fo r  C N T  p ro d u c tio n , n a m e ly  e le c tr ic  a rc  

d isch a rge  and  la se r  va p o r iza tio n  [96 ,9 7 ]. A rc  d is c h a rg e  a n d  la s e r  

va p o riza tion  can  be c la ss ified  as h igh  te m p e ra tu re  (> 3 0 0 0  °C ) a n d  

sh ort tim e rea c tion  (p s -m s) te ch n iq u es , w h e re a s  c a ta ly t ic  C V D  is a  

m ed iu m  tem p era tu re  (5 0 0 -1 1 0 0  °C ) an d  lo n g  t im e  r e a c t io n

(typ ica lly  m in u tes  to  h ou rs ) te ch n iq u e . T h e  m a in  te c h n o lo g ic a l 

d raw b ack s  w ith  a rc  d is ch a rge  an d  la se r  v a p o r iz a t io n  a re  th a t  th e  

C N Ts are p rod u ced  as s tan d  a lon e  on  th e ir  o w n  [9 8 ,9 9 ]. T h e  C N T s  

do n ot g row  on  a  co n ven tio n a l o r  p a tte rn ed  su b s tra te .

A  m a jo r a d va n tage  o f  C V D  is th a t th e  C N T s  ca n  be u sed  

d irec tly  w ith o u t fu rth er  p u r ific a tion  u n le s s  th e  c a ta ly s t  p a r t ic le  is 

req u ired  to be rem oved . In  C V D  m eth o d , C N T s  a re  g ro w n  by
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decomposing an organic gas over a substrate covered with metal 

catalyst particles. Some CVD methods are reported, such as: 

thermal CVD, plasma enhanced CVD and catalytic pyrolysis of 

hydrocarbon.

A thermal CVD reactor is simple and inexpensive to 

construct and consists of a quartz tube enclosed in a furnace. The 

substrate material may be Si, mica, silica, quartz or alumina. The 

nature and yield of the deposit obtained in the reaction are 

controlled by varying different parameters such as the nature of 

the catalytic metals and their supports, the hydrocarbon sources, 

the gas flows, the reaction temperature, and the reaction time, etc.

By selecting proper conditions, both the physical (e.g. length, 

shape, diameter) and chemical properties (e.g. defects, 

graphitization) of CNTs can be designed in advance. Most of the 

thermal CVD methods employed for the production of MWNTs use 

acetylene (C2H2) or ethylene (CgH^) gas as the carbon feedstock and

Fe, Ni or Co nanoparticles as the catalyst. The growth temperature

is typically in the range 500-900 °C. At these temperatures, the 

carbon atoms dissolve in the metal nanoparticles, which eventually 

become saturated. The carbon then precipitates to form CNTs, the 

diameters of which are determined by the sizes of the metal 

particles, which act as catalyst. When other elements (e.g. Cu, Cr,

6 ^ .  n

Po>
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Mn) are used, only a negligible am ount o f CNTs is form ed [100- 

102].

Plasm a-enhanced chem ical vapor deposition (PECVD) is a 

prom ising up-com ing growth technique for the selective position ing 

and vertical alignment o f CNTs. Vertical a lignm ent is im portant in 

applications. This is very useful in field em itters, w hich  are 

currently being considered for use in flat panel displays. The 

conventional w isdom  in choosing plasm a processing is that the 

precursor is dissociated by highly energetic electrons and as a 

result, the substrate tem perature can be substantially low er than 

that in therm al CVD. The CNTs have been deposited from  various 

plasm a techniques such as hot filam ent PECVD, m icrow ave 

PECVD, d.c. (glow discharge) PECVD, and inductively coupled 

PECVD and r f PECVD. It is clearly evident from  these m ethods that 

PECVD is a high yield and controllable m ethod o f producing 

vertically aligned CNTs [103].

Catalytic Pyrolysis o f Hydrocarbon is the com m on ly used 

technique for the bulk production o f CNTs by CVD. The m ain 

advantage o f using this technique is that pu rification  is not 

required to recover CNTs from the substrate. Th e sim plest m ethod 

is to inject catalyst nanoparticles (e.g. in the form  o f a 

colloidal/particle suspension or organom etallic  precursors w ith  a 

carbon feedstock) directly into the CVD cham ber. O rganom eta llic
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compounds (e.g. metallocenes, iron pentacarbonyl and iron (II) 

phthalocyanine) are often used as precursors for the catalyst [104- 

110]. These precursors on heating usually get sublimed and 

catalyst nanoparticles are formed in situ when the compound is 

decomposed/reduced by heat or hydrogen. A double stage furnace 

is typically needed because of the different temperatures needed for 

organometallic sublimation and nanotube growth. In general, the 

sublimation of metallocenes offers little control over the structural 

parameters of the nanotubes such as length and diameter. 

However, it has been shown that by varying the reactive 

concentration of the metallocene to carbon in the gas phase the 

average diameter of the structures may be changed [110-111.

1.4.3.2 Chemically modified nanotubes

Doping with boron and nitrogen

Since the discovery of the carbon nanotubes, there has been 

interest in substituting carbon with other elements. Accordingly, 

boron-carbon (B-C), boron-carbon-nitrogen (B-C-N) and carbon- 

nitrogen (C-N) nanotubes have been prepared and characterized. 

Boron-substitution in the carbon nanotubes gives rise to p-type 

doping and nitrogen-doped carbon nanotubes correspond to n-type 

doping. Novel electron transport properties are expected of such
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doped nanotubes [ 1 1 2 ]. Boron-doped carbon nanotu bes have been 

synthesized by carrying out the pyrolysis o f m ixtu res o f acety lene 

and diborane and characterized by em ploying m icroscop ic  and 

spectroscopic techniques [113]. B -C-N  nanotubes have been 

prepared by striking an arc between a graph ite anode filled  w ith  B- 

N and a pure graphite cathode in a helium  atm osphere [114]. B-C- 

N nanotubes have also been obtained by laser ab la tion  o f a 

composite target contain ing B-N, carbon, Ni and Co at 1000 °C 

under flow ing nitrogen [115]. Terrones et al. [116] pyro lyzed  the 

addition com pound CHaCNiBCls over Co powder at 1000°C to 

obtain B-C-N nanotubes. B -C-N  as w ell as C-N nanotubes w ere 

prepared by Sen et al. [117] by the pyrolysis o f appropriate 

precursors. Pyrolysis o f aza-arom atics such as pyrid ine over Co 

catalysts gives C-N nanotubes (C 33N on average). Pyrolysis o f the 

1:1 addition com pound o f B H 3 w ith  (CHajaN produces B -C -N  

nanotubes. Furtherm ore, considerab le variab ility  ex ists in the 

com position in any given batch  o f B-C, B -C-N  or C -N  nanotu bes 

obtained by the pyrolysis o f precursors.

Nath et al. [118a] have obtained a ligned  ca rbon -n itrogen  

nanotube bundles by the pyrolysis o f pyrid ine over so l-ge l-derived  

iron/silica or cobalt/silica substrates. E m p loy in g  anod ic  a lum ina, 

Sung et al. [118b] synthesized the C-N n anotu bes by electron  

cyclotron resonance CVD, using C 2H 2 and N 2 . Su enaga  et al. [119]
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carried out CVD of Ni-phthalocyanine to obtain aligned C-N 

nanotubes.

1.4.3.3 Characterization and Properties of Carbon 

Nanotubes

MWNTs can be conceived as multi-layered concentric 

cylinders o f single graphitic (graphene) sheets. The diameter of the 

inner tube is of the order of a few nanometers while the outermost 

tubes could be as large as 10-30 nm. Helicity is introduced during 

the curling of a graphene sheet which is well-established by the 

electron diffraction studies. This suggests that the growth of the 

nanotubes occurs as in the spiral growth of crystals. Concentric 

cylinders in MWNTs are separated by about 3.45 A, which is close 

to the separation between the (002) planes of graphite. CNTs being 

capped by dome-shaped hemispherical fullerene-type units don’t 

have dangling bonds at their tips as is generally expected of the 

graphitic cylinders. SWNTs can be visualized by cutting the Ceo 

structure across the middle and adding a graphite cylinder of the 

same diameter. Two types of non-chiral nanotubes occur in nature: 

armchair and zigzag. If Ceo is bisected normal to a five fold axis, an 

armchair tube is formed, and if it is bisected normal to a three-fold 

^ i s  then a zigzag tube is formed. Apart from these, various chiral
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tubes can be form ed w ith  the screw  axis a long the axis o f the tube. 

The m odels o f the three types o f nanotubes: z igzag, a rm ch a ir and 

chiral nanotubes shown in F igure 1.6.

A  ch iral angle 0 and a ch ira l vector C is u sed  to define a 

nanotube. Equation  1.1 below  gives the va lu e o f C in term s o f a i 

and a2 w hich  are u n it vectors in a 2D graphene la ttice and n and m 

are integers.

C = n a i+ m a 2 (1.1)

Two crysta llograph ica lly  equ iva len t sites on a 2D graphen e 

sheet are connected by the vector C and the ch ira l angle is the 

angle it m akes w ith  respect to the zigzag d irection  (F igure 1.7). a  

tube is form ed by rolling up the graphene sheet in such a w ay that 

the two points connected by the ch ira l vector co incide. M any 

num ber o f chiral vectors can be envisaged  in term s o f pa irs  o f

(6,6) (6 ,4)

Figure 1.6 atomic structures of (12, 0) zigzag, (6, 6) 
armchair and (6, 4) chiral nanotubes

inetegers (n,m), the lim iting cases be ing n = m  5̂ 0 (a rm ch a ir tube) 

and n 5̂ 0, m =0 (zigzag tube). For a nanotu be defined  by the in dex
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(n, m), the diameter, d, and the chiral angle, 0, are given in 

following equations 1.2 and 1.3, where a=1.42 (3)^/2 and 0 < 0 < 

30°.

D= a (m2 + mn + n2)i/2/n 

6 =  arctan (- (3)1/2 m )/2n + m)

.(1.2)

.(1.3)

H

" * '^1  ' j 

^^:cco::o
-  i\ I.of Y zjg/4ig

Y  V-* ' Y  V" ’'Y ''T " T* '' V'•1̂
■̂Tj

Figure 1.7 The construction o f a CNT from  
a single graphene sheet. By rolling up the 
sheet along the wrapping vector C, that is, 
such that the origin (0,0) coincides with  
point C, a nanotube indicated by indices 
(11, 7) is formed. W rapping vectors along  
the dotted lines lead to tubes that are 
zigzag or armchair

Am ong the various characterization techniques, Raman 

spectroscopy, electron m icroscopy, diffraction techniques, UV-Vis
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spectroscopy are the most extensively used. The XRD pattern of 

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

reflections [120]. Lot of information regarding the structure of the 

nanotubes can be (and has already been) acquired from Raman 

spectroscopy. Using a zone-folding model, Jishi et al. [121] have 

calculated the Raman active phonon modes in the nanotubes. The 

diameter and the chiral angle of the tube determine the frequency 

of the allowed modes. Rao et al. [122] observed the diameter 

selective resonance behavior of SWNTs. Resonant Raman 

spectroscopy on isolated nanotubes has been used to determine 

the index (n, m) of the nanotube [123].

Several growth mechanisms are proposed for the formation of 

CNTs by the pyrolysis of hydrocarbons on the metal surfaces. The 

one suggested by Baker and Harris [124] has four steps in it. First 

step involves the decomposition of hydrocarbon on the metal 

surface to release hydrogen and carbon, which dissolves in the 

particle. In the second step, carbon diffuses through the metal 

particle and precipitates on the rear face to form the body of the 

filament. In step three, carbon forms a skin around the main 

filament body due the surface diffusion which helps in removing 

the carbon from the front face and hence keeps the active surface 

unblocked. Fourth step witnesses the overcoating and deactivation 

of the catalyst and subsequent termination of the tube growth.
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Oberlin et al. [125] proposed a mechanism in which bulk diffusion 

is insignificant and carbon is entirely transported around the 

particle by surface diffusion while Dai et al. [126] proposed a 

mechanism wherein carbon forms a hemispherical graphene cap 

on the catalyst particle and the nanotubes grow from such a 

yarmulke. An important feature of this model is that it avoids 

dangling bonds at all stages o f growth.

Apart from the above models, a number of growth models 

have also been proposed for the growth o f MWNTs in the arc 

discharge method. Endo and Kroto [127] suggested that the tube 

formation process is a consequence of formation of fullerenes. 

Smalley, however pointed out that only the growth of outer layers is 

possible through such a mechanism. lijima [128], on the other 

hand suggested that the termination of incomplete layers of carbon 

seen on the surface may arise because of the extension and 

thickening of the nanotubes by the growth of graphite islands on 

the surfaces of existing tubes. The nucleation of pentagons and 

heptagons on the open tube ends results in a change in the 

direction of the growing tube and some novel morphologies, 

including one where the tube turns around 180° during the 

growth, have been observed.
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1.4.3.4 Applications of carbon nanotubes

The wide range of fascinating properties o f carbon nanotubes 

provides attractive opportunities for potential technological 

applications [129,130].

Carbon nanotubes can be used as electron sources for field- 

emission (FE) displays. Electrons can be easily emitted from CNT 

tips when a potential is applied between the CNT surface and an 

anode [131-138]. In particular, B-doped CNTs could exhibit 

enhanced field emission when compared to pristine CNTs. This 

phenomenon arises from the preferentisd presence of B atoms at 

the nanotube tips, which results in an increased DOS close to the 

Fermi level.

Because of the high electrochemically accessible surface area 

of porous nanotube arrays, combined with their high electronic 

conductivity and useful mechanical properties, these materials are 

attractive as electrodes for devices that use electrochemical double­

layer charge injection. Examples include supercapacitors, which 

have giant capacitances in comparison with those o f ordinary 

dielectric-based capacitors, and electromechanical actuators that 

may eventually be used in robots [139-142 .

SWNTs have also been grown directly onto atomic force 

microscope tips [143] to offer significant improvements in lateral 

AFM resolution, as compared with commercial silicon AFM tips.
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The resistance of SWNTs has also been found to be sensitive 

to various gases [144] implying sensor applications. It has been 

demonstrated by various groups [145,145] that pure carbon 

SWNTs and MWNTs can be used to detect toxic gases and other 

species, because small concentrations are capable of producing 

large changes in the nanotubes conductance, shifting the Fermi 

level to the valence band, and generating hole-enhanced 

conductance. Hovi^ever, N-doped MWNTs have proved to be more 

efficient in this context.

SWNTs have nano-sized channels v^hich can facilitate 

adsorption of liquids or gases. The adsorption properties of SWNTs 

with respect to methane, benzene and nitrogen have been studied 

[147]. The studies indicate that SWNTs are good microporous 

materials with a total surface area above 400 m^/g. The unique 

hexagonal packing of the SWNTs in the bundles offers ideal 

channels, thus allowing the realization of one-dimensional (ID) 

adsorbates.
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Chapter 2 

Solvothermal Synthesis of ZnO 

Nanoparticles and Pure and Nitrogen- 

Doped ZnO Nanorods*

Summary

This chapter of the thesis deals with the s}mthesis of nanoparticles

and nanorods of Zinc oxide (ZnO). Nanoparticles and nanorods of ZnO

have been prepared by solvothermal route. It has been possible to obtain

nitrogen-doped ZnO nanorods by this method.

The reaction of aliphatic alcohols such as methanol, ethanol and t-

butanol with zinc powder at 330 °C under solvothermal conditions

produces ZnO nanoparticles. The reaction involves the cleavage of the C-

0  bond of the alcohols, which occurs readily on the Zn metal surface.

A ddition  o f e th ylen ed iam in e to the reactio n  m ixtu re  y ie ld s  n an orod s, the

amine acting as a shape-controlling agent. N-doped ZnO nanorods have

been synthesized by adding liquid ammonia to a mixture of zinc acetate,

ethylenediamine and ethanol under solvothermal conditions.

*Papers based on this study have been published in J. Clust. Sci. 
(dedicated to Professor Dieter Fenske), 2007, 18(3), 660-670. Mater. Res. 
Bull. 2007, 42, 2117-2124.



___________  Chapter 2

2.1 Introduction

Zinc oxide (ZnO) is a Ilb-VI compound semiconductor. The 

lack of a centre of symmetry in wurtzite, combined with large 

electromechanical coupling, results in strong piezoelectric and 

pyroelectric properties and the consequent use of ZnO in mechanical 

actuators and piezoelectric sensors. In addition, ZnO is a wide band-gap 

(3.37 eV) compound semiconductor that is suitable for short wavelength 

optoelectronic applications. The high exciton binding energy (60 meV) in 

ZnO crystal can ensure efficient excitonic emission at room temperature 

and room temperature ultraviolet (UV) luminescence. ZnO crystallizes 

preferentially in the hexagonal wurtzite-type structure. It occurs in 

nature with the mineral name zincite. The mineral usually contains a 

certain amount of manganese and other elements and is o f yellow  to red 

colour. Due to its large band gap, pure ZnO is colourless and clear [1-3].

The possibility to grow epitaxial layers, quantum wells, nanorods 

and related objects or quantum dots and on, gave the hope to obtain:

(a) A material for blue/UV optoelectronics, including light-em itting or 

even laser diodes in addition to (or instead of) the GaN-based structures

(b) A radiation hard material for electronic devices in a corresponding 

environment

(c) A material for electronic circuits, which is transparent in the visible 

region
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(d) A diluted or ferromagnetic material, when doped with Co, Mn, Fe, V or 

sim ilar elements, for semiconductor spintronics

(e) A transparent, highly conducting oxide (TCO), when doped with Al, 

Ga, In or similar elements, as a cheaper alternative to indium tin oxide 

(ITO).

For several o f the above-mentioned applications, a stable, high, and 

reproducible p-doping is obligatory. Progress has been made in this 

crucial field, which has been outlined below.

Crystal Structure and Chemical Binding of ZnO

Zinc oxide crystallises in the hexagonal wurtzite-type structure 

shown in Figure 2.1. It has a polar hexagonal axis, the c axis, chosen to 

be parallel to z. The point group is in the various notations 6 mm or Cev, 

the space group P53mc or Cev One zinc ion is surrounded tetrahedrally 

by four oxygen ions and vice versa. The primitive unit cell contains two 

formula units o f ZnO. The ratio c/a o f the elementary translation vectors, 

with values around 1.60, deviates slightly from the ideal value c/a=

1.633. In contrast to other II^-VI semiconductors, which exist both in the 

cubic zinc blende and the hexagonal wurtzite- type structures (like ZnS, 

which gave the name to both structures), ZnO crystallises with great 

preference in the wurtzite-type structure. The cubic zinc blende-type 

structure can, to some extent, be stabilized by epitaxial growth of ZnO on 

suitable cubic substrates, while the rock salt structure is stable only
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under pressure [3]. The tetrahedrally coordinated diamond, zinc blende,

and wurtzite-type crystal structures are characteristic for covalent

chemical bonding with sp3 hybridisation. While the Group IV element

semiconductors like diamond, silicon and germanium have completely

covalent bonding, one has an increasing admixture of ionic binding when

0
1

o

going from the Group IV over the III-V 

and Ilb-VII to the I^-VII 

semiconductors, ending with 

completely ionic binding for the II^V I 

and I®-VII insulators like MgO or 

NaCl, which frequently crystallise in

Figure 2.1 Unit ceil of the crystal , , , , ,
structure of ZnO . The light grey pheres the rock salt structure[3]. 
corresponds to oxygen, the dark ones to 
zinc.

ZnO already has a substantial ionic bonding component, which 

shows ZnO in the “centre of solid state physics”. Because of this fraction 

of ionic binding, the bottom of the conduction band, or the lowest 

unoccupied orbital (LUMO), is formed essentially from the 4s levels of 

and the top of the valence band, or highest occupied molecular 

orbital (HOMO), from the 2p levels of Ô -. The band gap between the 

conduction and valence bands is about 3.437 eV at low temperatures [31-
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2.2 Scope of the present study

(a) Nanoparticles and Nanorods of Zinc oxide

Nanostructured ZnO materials have received broad attention due 

to their distinguished performance in electronics, optics and photonics. 

From the 1960’s, synthesis of ZnO thin films has been an active field 

because of their applications as sensors, transducers and catalysts. In 

the last few decades, study of zero dimensional (OD) and one dimensional 

(ID) materials has become a leading edge in nanoscience and 

nanotechnology. With reduction in size, novel electrical, mechanical, 

chemical and optical properties are introduced, which are largely 

believed to be the result of surface and quantum confinement effects. 

Nanowire-like structures are the ideal system for studying the transport 

process in one-dimensionally (ID) confined objects, which are of benefit 

not only for understanding the fundamental phenomena in low 

dimensional systems, but also for developing new generation nanodevices 

with high performance [1,2].

Nanoparticles of ZnO have been prepared by both physical 

methods and soft chemical methods [3-9]. In example, ZnO nanoparticles 

have been prepared by the solvothermal route in the presence of various 

capping agents, using Zn2+-cupferron complex as the precursor [5]. 

Precipitation of Zn2+ by OH- ions in alcoholic solutions gives 

nanoparticles of ZnO [6], while precipitation through acid-catalyzed 

esterification of zinc acetate dihydrate with 1-pentanol at 130 °C also
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yields ZnO nanoparticles [7]. Decomposition of Zn(II)acetylacetonate in 

acetonitrile under solvothermal conditions at 100 °C gives ZnO 

nanoparticles [8]. Organic-capped ZnO nanocrystals have been prepared 

by injecting Zn/0 precursors into trioctylphosphineoxide (TOPO) [9]. ZnO 

nanostructures are obtained by solvent evaporation from a reaction 

mixture containing an organozinc compound in tetrahydrofuran, the 

shape depending on the solvent, ligand and concentration [10]. Sol-gel 

process has also been employed by several workers to prepare ZnO 

nanoparticles [11-13]. This method involves the hydrolysis of zinc salts 

with strong bases in an alcoholic medium and the polycondensation of 

the metastable hydroxide into ZnO crystals.

A great deal of work has been carried out on 1-D ZnO 

nanostructures (nanorods and nanowires) due to their tunable electronic 

and optoelectronic properties [2, 14-18]. Some of the methods developed 

to produce ZnO nanorod arrays are chemical vapor deposition [19-20], 

physical vapor deposition [21-23], metal-organic vapor phase epitaxy 

24], and use of anodic aluminum oxide templates [25-26]. Haidong et al. 

[27] developed a low-temperature chemical-liquid-deposition method to 

grow oriented ZnO nanorods by continuously supplying Zn ions from Zn 

foil to the ZnO-thin film coated substrate in aqueous formaldehyde 

solution. Reaction of a Zn2+ precursor with an organic base iri 

alcohol/water solution gives 1-D nanostructures of ZnO [28]. Reaction of 

zinc acetate with NaOH in the presence of polyvinylpyrrolidone (PVP)
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80 °C in ethanol, under solvothermal conditions, gives ZnO nanorods 

29]. Hydrothermal reactions have been used for the preparation of the 

ZnO nanorods as well. Thus, heating zinc nitrate hexahydrate and NaOH 

in a mixture of ethylenediamine and water at 180 °C for 20 h gives rise to 

thin (~50nm dia) ZnO nanorods [30]. In the presence of ethylenediamine, 

reaction of a Zn metal foil in water at 150-230 °C yields arrays of ZnO 

nanorods [31]

Generally, most of the above methods require relatively high 

temperatures or involve the use of expensive chemicals or apparatus. It 

is therefore of value to find simple methods to produce ZnO 

nanostructures employing inexpensive chemicals. A detailed study of the 

interaction of alcohols with Zn metal has shown that the C-O bond of the 

alcohol is readily cleaved on Zn metal surfaces giving hydrocarbons and 

the oxidic species on the metal surface [32, 33]. We therefore sought to 

examine the simple reaction of alcohols with Zn metal to fmd out 

whether we can obtain ZnO nanostructures by this means. Interestingly, 

we have found that ZnO nanoparticles are readily produced by the 

reaction of aliphatic alcohols at 330 °C in the absence of any surfactant. 

Addition of ethylenediamine to the alcohols gives rise to ZnO nanorods.

(b) Nitrogen-doped Zinc oxide nanorods

ZnO has a strong potential for various short-wavelength 

optoelectronic device applications. In order to attain the potential offered
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by ZnO, both high-quality n- and p-type ZnO are indispensable. ZnO

wit±i a wurtzite structure is naturally an n-type semiconductor because

of a deviation from stoichiometry due to the presence of intrinsic defects

such as oxygen vacancies (Vo) and Zinc interstitials (Zni). n-type doping

of ZnO is relatively easy compared to p-type doping. Group-Ill elements

Al, Ga, and In as substitutional elements for Zn and group-VII elements

Cl and I as substitutional elements for O can be used as n-type dopants

[34].

It is veiy difficult to obtain p-type doping in wide-band-gap 

semiconductors. The difficulties can arise from a variety o f causes. 

Dopants may be compensated by low-energy native defects, such as Z n i 

or Vb, [35] or background impurities (H). Low solubility o f the dopant in 

the host material is also another possibility [36]. Deep impurity level can 

also be a source of doping problem, causing significant resistance to the 

formation of shallow acceptor level.

Known acceptors in ZnO include group-1 elements such as lithium 

[37-39], Na, and K, copper [40], silver [41], Zn vacancies, and group-V  

elements such as N, P, and As. However, many of these form deep 

acceptors and do not contribute significantly to p-type conduction. It has 

been believed that the most promising dopants for p-type ZnO are the 

group-V elements, although theory suggests some difficulty in achieving 

shallow acceptor level [42]. A number of theoretical studies have 

addressed the fundamental microscopic aspects o f doping in wide band'
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gap semiconductors. The majority o f these studies have dealt with the 

manner in which dopant solubility [43,44] or native defects [45,46] such 

as vacancies, interstitials, and antisites interfere with doping.

In ZnO, p-type doping may be possible by substituting either 

group-I elements (Li, Na, and K) for Zn sites or group-V elements (N, P, 

and As) for O sites. It was shown that group-I elements could be better p- 

type dopants than group-V elements in terms o f shallowness of acceptor 

levels [42]. However, group-I elements tend to occupy the interstitial 

sites, in part mitigated by their small atomic radii, rather than 

substitutional sites, and therefore, act mainly as donors instead [47]. 

Moreover, significantly larger bond length for Na and K than ideal Zn -0  

bond length (1.93 A) induces lattice strain, increasingly forming native 

defects such as vacancies which compensate the very dopants. These are 

among the many causes leading to difficulties in attaining p-type doping 

in ZnO. A similar behavior is observed for group-V elements except for N. 

Both P and As also have significantly larger bond lengths and, therefore, 

are more likely to form antisites to avoid the lattice strain. The antisites, 

Azn, are donorlike and provide yet another unwelcome possible 

mechanism for compensating acceptors. It then appears that perhaps the 

best candidate for p-type doping in ZnO is N because among the group-V 

impurities, N has the smallest ionization energy, it does not form the 

antisite, and the AX  center of N is only metastable [42].

In the literature, thin films of N-doped ZnO have been prepared by
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metal organic chemical vapor deposition (MOCVD) [48] or by the arc

method [49]. In the MOCVD method, N-doped ZnO films were grown on a

sapphire substrate in a horizontal MOCVD reactor by using dimethyl

zinc, t-butanol and diallylamine as zinc, oxygen and nitrogen sources,

respectively, with hydrogen as a carrier gas at a temperature between

420 and 480 °C. N-doped ZnO thin films have also been deposited on

silicon or quartz substrates by the filtered cathodic vacuum arc method

from a zinc target in an oxygen/nitrogen atmosphere at 350 °C at lO-'*

Torr pressure. N-doped ZnO nanorods have been prepared recently by

combining a wet-chemical process with post treatment by NHa plasma

[50]. In this method, p-type Si (100) substrates are initially sputter-

coated with a ZnO film and the film was placed in a glass bottle filled

w ith  0.01 M a q u e o u s  so lu tio n  o f z in c(II)n itrate  h e x a h y d ra te  a n d

hexamethylenetetramine (mole ratio, 1:1) at 75 °C for 10 h. The ZnO

nanorods which formed perpendicular to the substrate were exposed to

NH3 plasma for different times to obtain N-doped ZnO nanorods. N-doped

ZnO nanorods have also been prepared by the dc thermal plasm a

technique, wherein the Zn powder is fed into plasma flame generated by

nitrogen and argon with air as the carrier gas [51].

We have found that nitrogen-doped ZnO nanorods can 

conveniently prepared by the solvothermal reaction by adding 

ammonia to a reaction mixture of zinc acetate w ith ethanol in 

presence of ethylenediamine at 200 °C.
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2.3 Experimental and related aspects

(a) Synthesis o f  ZnO nanoparticles

In a typical s}aithetic procedure for the nanoparticles, 10 mg of Zn 

metal powder (Ranbaxy; - 1 0  pm dia) was added to 10 ml of anhydrous 

alcohol (methanol, ethanol or t-butanol). The reaction mixture was 

sonicated for 10 minutes, transferred into a stainless steel autoclave 

(Swagelok) o f 20 ml capacity and sealed under inert conditions inside a 

glove box. The reaction mixture was heated slowly (1 °C /min) to the 330 

°C and maintained at this temperature for 18 hours. The resulting 

suspension was centrifuged to retrieve the product, washed with ethanol 

for three times and dried.

(b) Synthesis o f  ZnO nanorods

ZnO nanorods could be prepared by the addition of 1ml 

ethylenediamine to a mixture of 10 mg of Zn metal powder and 10 ml of 

the anhydrous alcohol (ethanol or f-butanol) and heating the mixture in a 

Swagelok autoclave (1 °C/min) to 330 °C. The reaction mixture was 

maintained at that temperature for 18 hours.

(c) Synthesis o f  nitrogen-doped ZnO nanorods

N-doped ZnO nanorods were prepared by the addition of 1ml of 

liquid ammonia to the reaction mixture of 300 mg zinc acetate, 6 ml 

ethylenediamine, 4 ml of ethanol taken in a teflon-lined autoclave, the 

autoclave was heated at 200 °C for 20 h. The resulting suspension were
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centrifuged to retrieve the product, washed w ith ethanol for three tim es

and dried.

Techniques used for characterization

X-ray diffraction (XRD): X-ray diffraction (XRD) patterns o f the sam ples 

were recorded in the 0-20 Bragg-Bretano geom etry w ith a S iem ens 

D5005 diffractometer using Cu Ka (A=0.151418 nm) radiation.

Scanning electron microscone (SBM): Scanning electron m icroscope 

images of the samples were recorded using a LEICA S440i scanning 

electron microscope.

Field emission scanning electron microscope (FESBM): FESEM  

images were recorded with a FEI NOVA NANOSEM  600.

UV-Vis absorption and Photoluminescence: U V-V is absorption

m easurements were carried out at room  tem perature w ith  a Perkin- 

Elmer model Lam bda 900 UV/Vis/NIR spectrom eter.

Photolum inescence (PL) m easurem ents were carried out at room  

temperature with a Perkin-Elm er m odel LS50B lum inescence 

spectrometer. The excitation wavelengths used depends on the sam ples 

studied. The samples were prepared by sonicating the product in CCU to 

form dispersion.

Raman spectroscopy: Raman spectra were recorded w ith LabRAM  HK 

high resolution Raman spectrometer (Horiba Jobin Yvon) using He-N^ 

Laser (A=630 nm).
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Transmission electron microscorty (TEM): T ran sm issio n  electron 

m icro sco p e  (TEM) im ag es w ere obtained  w ith a  JE O L  JE M  3 0 10 ,  

o p eratin g  w ith  an  acce lera tin g  voltage o f 30 0  kV. The sam p les were 

p rep ared  by d isp e rs in g  the prod u ct in CCU. A drop of the su sp en sion  

w a s  then  p u t on a  h oley carb o n  coated C u grid and allowed to evaporate 

slow ly.

2.4 Results and Discussion

(a) ZnO nanoparticles

In F ig u re s  2 .2  a  an d  b, w e sh ow  the low an d  h igh  m agnification  

F E S E M  im ag e s o f the ZnO  n a n o p artic le s  obtain ed  b y  the reaction  of Zn

'9- 2.2 Low (a) and high (b) magnification Fig- 2.3 Low (a) and high (b) magnification FESEM
tSElVI images of ZnO nanoparticies prepared images of ZnO nanoparticles prepared at 330 °C by

(g. °C by reaction with methanol. Inset in reaction with ethanol. Inset in (b) shows the particle
> shows the particle size distribution, histogram, size histogram.
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m e ta l p o w d e r w ith  m eth an o l u n d e r  so lvo th erm a l c o n d it io n s  a t  3 3 0  °C .

T h e  n a n o p a r t ic le s  a re  not en tire ly  sp h e rica l in  s h a p e  a n d  h a v e  d ia m e te r s

Fig. 2.4 TEM images of ZnO nanoparticles Fig. 2.5 High (a) and low (b) magnification  
prepared at 330 °C by reaction with (a) ethanol FESEM images of ZnO nanoparticles  
and (b) t-butanol. Insets at the top right hand prepared at 330 °C by reaction with t- 
sides of (a) and (b) show the ED patterns. Inset butanol. Inset in (a) shows the particle size 
in the bottom right hand side in (a) shows the distribution, histogram, 
particle size distribution, histogram.

v a ry in g  b etw een  5 0  a n d  3 0 0  n m , w ith  a n  a v e ra g e  d ia m e te r  o f  1 5 0  n m  a s  

c a n  b e see n  from  th e  in se t  o f F ig . 2 .2  a . In  F ig u r e s  2 .3  a  a n d  b , w e  sh o w  

th e  low  a n d  h ig h  m ag n ifica tio n  F E S E M  im a g e s  o f  th e  Z n O  n a n o p a r t ic le s  

p re p a re d  so lv o th e rm a lly  a t  3 3 0  °C  b y  re a c tio n  w ith  e th a n o l. T h e  im a g e s  

re v e a l sh o rt  ro d -lik e  ZnO  n a n o p a r t ic le s  w ith  a n  a v e ra g e  d ia m e te r  o f  1 7  

n m  a n d  a v e ra g e  len g th  o f 3 5  n m  (see in s e t  o f F ig . 2 .3 b ) .  T h u s , th e  

a v e ra g e  p a rt ic le  size o f th e ZnO  n a n o p a r t ic le s  o b ta in e d  fro m  th e  r e a c t io n  

w ith  e th a n o l i s  sm a lle r  th a n  th a t  o b ta in ed  w ith  m e th a n o l. In  F ig . 2 .4 a ,  

w e sh o w  a  T E M  im ag e  o f the ZnO  n a n o p a r t ic le s  p r e p a r e d  b y  u s in g  

e th a n o l. T h e  d ia m e te r  o f the ZnO  n a n o p a r t ic le s  r a n g e s  fro m  1 0 - 4 0  n n i ’
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with an average value of 17 nm as seen from the inset in Fig. 2.4a. The 

selected area electron diffraction pattern shown as an inset in Fig. 2.4a 

confirms the crystalline nature of the ZnO nanoparticles.

In Figures 2.5 a and b, we show the high and low magnification 

FESEM images of the ZnO nanoparticles obtained by the reaction of Zn 

powder with i-butanol at 330 °C. The nanoparticles are nearly spherical 

in shape with variable size in the 20-180 nm range. The average diameter 

of the particles is 50 nm. In some regions we notice that big 

nanoparticles (average diameter ~ 650 nm) are surrounded by smaller 

nanoparticles (average diameter ~ 50 nm) as shown in Fig. 2.5b. In Fig. 

2.4b, we show a TEM image of the ZnO nanoparticles obtained with t- 

butanol. The diameter of the ZnO nanoparticles ranges from 40 to 100 

nm. The selected area electron diffraction pattern shown in the inset 

o f Fig. 2.4b confirms the crystalline nature of the ZnO nanoparticles. We 

have also observed the presence of short nanorods (average diameter ~ 

125 nm with the length varying form 400 nm to 700 nm) occasionally in 

the TEM images.

(b) ZnO Nanorods

Addition of 1 ml o f ethylenediamine to the reaction mixture of zinc 

metal powder and alcohol gives ZnO nanorods. In Figures 2.6 a and b, 

We show the FESEM images of the ZnO nanorods obtained by the 

addition of ethylenediamine to ethanol and t-butanol respectively. The 

^anorods obtained with ethanol have an average diameter of 250 nm and
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lengths up to several micrometers. We also observe the occurrence of

smaller ZnO nanorods with an average diameter of 9 nm and average

length of 150 nm (see inset of Fig, 2,6a). The nanorods obtained with t-

butanol have diameters ranging from 25 to 120 nm with lengths going up

to 1-2 pm. The effect of addition of ethylenediamine to the alcohols

suggests the shape-directing effect of the amine in agreements with the

literature [30,31 .

The XRD patterns of the ZnO 

nanoparticles and nanorods could 

be indexed to the hexagonal 

wurtzite structure (space group: 

PGamc; a = 0.3249 nm, c =0,5206 

nm, JCPDS card no, 36-1451). 

The UV absorption spectrum of 

the ZnO nanoparticles gives a 

band around 375 nm as shown in
Fig. 2.6 FESEM  im ages o f  ZnO  nanorods prepared
at 330 °C by the addition o f  1 ml o f  ethylenediam ine Fig. 2.7a. The S p e c t r u m  s h o W S
to the reaction m ixture containing (a) ethanol and 
(b) t-butanol,

well-defmed exciton absorption 

peaks characteristic of ZnO, with a significant blue shift compared to 

bulk ZnO [52], The room-temperature PL spectrum of the ZnO 

nanoparticles (Fig, 2.7b) shows a UV emission at 380 nm and broad 

bands centered at 424 nm, 445 nm, 485 nm and 528nm. The 

emission corresponds to exciton recombination related near-band edge
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Fig. 2 .7. (a) T y p ica lly  U V -V is spectrum  o f  Z nO  nanoparticles, (b) P hotolum incscence spectrum  
o fZ n O  nanopartic les.

Raman shift (cm’ )̂

Fig. 2 .8  R am an spectrum  o f  Z nO  nanoparticles.

emission [53] and the deep-level visible emission originates from the 

localized levels in the band gap [31]. The visible emission is considered to 

originate from the electron transition from a singly ionized oxygen 

vacancy to the photoexcited hole [54]. ZnO nanoparticles exhibit Raman 

bands at 331, 378, 436 cm-i (Fig. 2.8). The bands at 435 and 378 cm-  ̂

are attributed to E2 (high) mode and A1 (TO) modes respectively and the 

band at 331 cm-i could arise from a multiphonon process [53].
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The following schem e describes the seq u en ce  o f ev en ts  in the

reaction  o f alcohols (ROH, R^CHa, C 2H5 and  i-C4H9) w ith  zinc.

Zn(s) + ROH ---- ► Zn  + ROH(a)

ROH(a) ---- ► RO(a) + H(a)

2RO(a) ---- ► 20(a) + R 2(g)

0(a) + 2e- ---- ► 02-(s)

Here (s), (a) and (g) re p re sen ts  solid , ad so rb ed  sp e c ie s  a n d  g a s  

respectively. 0(a) is  adsorbed  on Zn  la ter form ing ZnO .

(c) Nitrogen-doped ZnO nanorods

B y  adding a  sm all am o u n t o f liqu id  am m o n ia  to the re a c tio n  

m ixture of zinc(ll)acetate, eth ylen ed iam in e, eth an o l an d  c a rry in g  o u t th e  

reaction  at 20 0  °C  a t a  slow  h eatin g  rate  o f 1 °C /m in , w e o b ta in ed  

h em isp h erica l agg lom erates o f N -doped ZnO  ro d s  a s  revea led  b y  th e  S E M  

im age in  Fig. 2 .9 a . We a lso  find ran d o m ly  d istr ib u te d  n a n o ro d s  w ith  

d iam eters in  the range 30 0  n m  to 2  jum a n d  len gth  a ro u n d  2 0  a s  

show n in  Fig. 2 .9 b . The X RD  p attern  o f the N -doped ZnO  n a n o ro d s  w a s  

close to th at of the ZnO  n an orod s. T he U V -V is ab so rp tio n  sp e c tru m  (Fig- 

2 .10 )  show ed a ban d  at 3 5 2  nm , w ith  in c re as in g  fe a tu re le s s  absorption 

w ith in cre asin g  w avelength  in the 4 0 0 - 15 0 0  n m  region . In th is  region , 

ZnO n an o ro d s show  d ecrease  in ab so rp tion  w ith  in c re a s in g  w avelen gth - 

The R am an  sp ectru m  of N-doped ZnO n an o ro d s is  s ig n ifica n tly  d iffe ren t 

from  th at of ZnO  n an orod s a s  can  be seen  from  Fig . 2 . 1 1 .  We o b serv e  

fo u r add ition al b an d s at 2 7 5 , 5 0 7 , 5 7 9  an d  6 4 2  cm -i. T h e se  m o d e s
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correspond to the silent modes o f wurtzite-ZnO and arise from the 

breakdown o f the translational crystal symmetry induced by defects and 

impurities [55].

Fig. 2.9 (a and b) SEM images of 
N-doped ZnO nanorods.

Wanelength(nm)

Fig. 2.10 UV-Vis absorption spectra of N-ZnO nanorods

Raman Shift(cm ')
Fig. 2.11 R am an  sp cctru m  o f  p u re  and  N -d op ed  Z nO  nan orod s.

Photoluminescence spectra o f ZnO and N-doped ZnO nanorods 

show significant differences as can be seen from Fig. 2.12. The spectrum 

of the ZnO nanorods (Fig. 2.12a) shows a strong UV emission at 384 nm
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and weaker bands in the 400-550 nm region. The bands are red-shifted 

in the PL spectrum of N-doped ZnO nanorods (Fig. 2.12b) and we observe 

bands centered at 407 nm, 432 nm, 456 nm in addition to a small band 

centered at 815 nm. The intensity of the 432 nm band is higher than 

that of 407 nm. On heating the sample at 950 °C for 10 h in oxygen, the 

intensity of the 407 nm band dominates (see inset of Fig. 2.12b). All 

spectroscopic features of N-doped ZnO nanorods are compared here with 

undoped ZnO nanorods, which are prepared at similar conditions with 

out adding ammonia to the reaction mixture.

wavelength(nm)

I I--------1------- 1-I----1-------1----- -—  1 ----- 1 / /  ~~\----------------1 ■ I • I • «
350 400 450 500 550 600 700 750 800 850 900

Wavelength(nm)

Fig. 2.12 Photolum inescence spcctra o f  (a) ZnO  nanorods and (b) N -dopcd Z nO  nan orod s. In set in (b) N- 
doped ZnO  nanorods after annealing at 950 °C  in oxygen.

2.5 Conclusions

Solvothermal reaction of aliphatic alcohols such as methanol, 

ethanol and butanol with zinc powder provides a simple procedure to 

produce nanoparticles of ZnO. This is in accordance with the finding that
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the C-O bond of alcohols is readily cleaved by Zn metal [32, 33]. Addition 

of ethylenediamine to the reaction mixture helps to obtain ZnO 

nanorods. By taking a small amount of liquid NHs in the reaction 

mixture of zinc acetate, etylenediamine and ethanol, N-doped ZnO 

nanorods are obtained under solvothermal conditions. N-doped ZnO 

nanorods exhibit different spectroscopic properties from those of pure 

ZnO nanorods.
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Chapter 3

A Simple Method to Prepare ZnO and 

A1(0H)3 Nanorods by the Reaction of the 

Metals with Liquid Water*

Summary

Reaction o f liquid water with Zn and A1 powders and foils have 

been investigated in the 25-75 °C range. The reaction of Zn metal powder 

w ith w ater in this tem perature range yields ZnO nanorods. The diameter 

o f the nanorods decreases slightly with the increase in the reaction 

tem perature, accom panied by an increase in the relative intensity o f UV 

em ission band. Zn m etal foils also yield ZnO nanorods on reaction with 

w ater in the 25-75 °C range. Reaction o f A1 metal powder or foil with 

w ater in the 25-75 °C range 3delds Al(OH)3 nanorods. The formation of 

ZnO  and A l(O H )3 nanorods by the reaction o f the metals with water is 

suggested to occur because o f the decom position o f water by the metal 

g iving hydrogen.

*Paper based on these studies has been published in J. Solid State 
Chem ., 2007,180 (11), 3106-3110.



__________________________________________  ________ Chapter 3

3.1 Introduction

Zinc oxide is an important solid state material of contemporary 

interest, possessing several properties such as piezoelectricity, field 

emission and lasing action with potential technological applications [1,2]. 

One-dimensional (ID ) nanostructures of ZnO have been of particular 

interest due to their tunable electronic and optoelectronic properties [ 1- 

7]. The methods employed to produce ZnO nanorods include chemical 

vapor deposition [8,9], physical vapor deposition [10-12], metal-organic 

vapor phase epitaxy [13] and the use of anodic aluminum oxide 

templates [14,15]. A low-temperature chemical-liquid deposition method 

has been employed to grow oriented ZnO nanorods by continuously 

supplying Zn ions from a Zn foil to a ZnO-coated substrate in aqueous 

formaldehyde solution [16]. Reaction of a Zn^+ salt with ethyl alcohol in 

the presence of an amine gives ID  nanostructures of ZnO [17]. 

Solvothermal reaction of zinc acetate with NaOH in the presence of 

polyvinylpyrolidone in ethanol has been employed to obtain ZnO 

nanorods [18]. Hydrothermal reactions have been used for the 

preparation of the ZnO nanorods as well. Thus, heating zinc nitrate and 

NaOH in a mixture of ethylenediamine and water at 180 °C for 20 h gives 

rise to ZnO nanorods [19]. In the presence of ethylenediamine, the 

reaction of Zn metal foil with water under hydrothermal conditions (150" 

230 °C) is also reported to yield ZnO nanorods [20].
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3.2 Scope of the present study

It has been found recently that the C -0  bond of the aliphatic 

alcohols is readily cleaved on zinc metal surfaces, giving rise to ZnO 

nanoparticles [21], which has been described in previous chapter. It 

occurred to us that the reaction of Zn metal with liquid water may also 

produce ZnO nanostuctures, since the reaction would be associated with 

the evolution of hydrogen [22,23]. We have, therefore, investigated the 

reaction of Zn metal powder and Zn foils with water at room temperature 

as well as with water maintained at a temperature in the 25-75 °C range. 

Here, we have examined the interaction of zinc metal with liquid water at 

or close to room temperature with out any additives. The literature 

methods generally use amines and other additives or zinc compounds 

and employ higher temperatures. Encouraged by the results obtained by 

the reaction Zn metal with water, we have also examined the reaction of 

aluminum metal with water. The present study provides a very simple 

method of generating nanorods of ZnO and A1(0H)3 by the reaction of 

liquid water with the metals.

3.3 Experimental and related aspects

(a) Synthesis of ZnO nanorods

In a typical synthesis of the ZnO nanorods from Zn metal powder 

(Ranbaxy, >10 pm diameter), 10 mg of Zn the powder was taken in a vial
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containing 10 ml of double distilled water (pH 6.5). The reaction mixture

was kept at a desired temperature. At 25 °C (room temperature), the

reaction mixture was kept for 72 h. Reaction of zinc foils with double

distilled water carried out by immersion the foil in 10 ml of water and

maintained the temperature at desired value at 25 °C for 72 h. At 50 and

75 °C, the reaction mixture was kept for 24 h. The Zn+H20 reaction was

also carried out at 25 °C by adding ethylenediamine (1 ml) to 10 ml of

water.

(b) Synthesis of Al(0H)3 nanorods

In a typical synthesis, 10 mg of A1 metal powder (Ranbaxy, >10 pm 

diameter), was taken in a vial containing 10 ml of double distilled water 

(pH 6.5). The reaction mixture was kept at a desired temperature at 25 

°C (room temperature), the reaction mixture was kept for 120 h. Reaction 

of A1 foils with double distilled water carried out by immersion of the foil 

in 10 ml of water and maintained the temperature at desired value at 25 

°C for 120 h. At 50 and 75 °C, the reaction mixture was kept for 24 h.

Techniques used for characterization

X -ra y  d if f ra c t io n  (XRD): X-ray diffraction (XRD) patterns of the samples 

were recorded in the 0-20 Bragg-Bretano geometry with a S iem ens 

D5005 diffractometer using Cu Ka (A=0.151418 nm) radiation.
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F ie ld  e m is s io n  s ca n n in g  e le c tro n  m ic ro s co p e  (FESEM ): FESEM 

im ages w ere recorded w ith a FEI NOVA NANOSEM 600.

UV-V is a b s o ry t io n  a n d  P h o to lu m in e s c e n ce : UV-Vis absorption

m easurem ents were carried out at room temperature with a Perkin- 

E lm er m odel Lam bda 900 UV/Vis/NIR spectrometer.

Photolum inescence (PL) m easurem ents were carried out at room 

tem perature w ith a Perkin-E lm er model LS50B luminescence 

spectrom eter. The excitation wavelengths used depends on the samples 

studied. The sam ples were prepared by sonicating the product in CCU to 

form  dispersion.

R a m a n  s p e c tro s co p y : Raman spectra were recorded with LabRAM HR 

high resolution Raman spectrom eter (Horiba Jobin Yvon) using He-Ne 

Laser (A=630 nm).

In f r a r e d  s p e c tro s c o p y  (IR ): IR  spectra were recorded on KBr pellet with 

B ruker IFS-66V.

T ra n s m is s io n  e le c t r o n  m ic ro s c o p y  fTEM ): Transm ission electron 

m icroscope (TEM) im ages were obtained with a JEOL JEM  3010, 

operating w ith an accelerating voltage o f 300 kV. The samples were 

prepared by d ispersing the product in CCU. A drop o f the suspension 

w as then put on a holey carbon coated Cu grid and allowed to evaporate 

slowly.
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3.4 Results and discussion

(a) ZnO nanorods

In Figs. 3.1-3.3, we show FESEM images of ZnO nanorods 

obtained by the reaction of Zn metal powder with water at different 

temperatures. Of these, Figs. 3.1 a, b show FESEM images o f the

Fig. 3.1 high (a) and low (b) magnification FESEM images of ZnO 
nanorods prepared at 25 °C by the reaction of Zn metal with water. 
Inset in (a) shows a diameter distribution, histogram.

Fig. 3.2 high (a) and low (b) magnification FESEM images of ZnO nanorods 
prepared at 50 °C by the reaction of Zn metal with water. Inset in (a) shows a 
diameter distribution, histogram.
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nanorods obtained after the reaction at 25 °C for 72 h. The nanorods 

have d iam eters varying between 40 and 150 nm, w ith an average 

diam eter o f around 75 nm, and an average length o f 300 nm  (see inset in 

Fig. 3.1a). FESEM  im ages o f the ZnO nanorods obtained a fter reaction at

50 °C for 24 h are shown in Fig. 3.2. These nanorods have diam eters in 

the range 20-100 nm, w ith an average diam eter o f 50 nm  and the length 

ranging from  1 to 3 (see inset in Fig. 3.2a). The nanorods prepared at 

75 °C  have d iam eters in the 20-140 nm  range, w ith an average diam eter

-----------------  (a)

F ig . 3.3 h igh  (a ) and  lo w  (b ) m a gn ifica tion  
FESEM  Im a ges  o f  ZnO  n an o rod s  p rep a red  
by  75 °C by reac tion  o f  Zn m eta l w ith  w ater. 
In se t In (a ) s h o w s  th e  d iam ete r d istribu tion , 
h is tog ram

Fig. 3.4 TEM  (a) and HREM  (b) im ages of 
ZnO  nanorods prepared at 50 °C by 
reaction  o f Zn m etal w ith  w ater. Inset in (a) 
show s the SA ED  pattern
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of 40 nm and the length in the 1-3 jum range (Fig. 3.3). Inset in Fig. 3.3a

shows the particle size distribution, histogram. In Fig. 3.4, we show TEM

images o f a ZnO nanorod (diameter~40 nm) prepared at 50 °C. The

selected area electron diffraction (SAED) pattern shown as an inset in

Fig. 3.4a and high resolution TEM image in Fig. 3.4b confirm  the single

crystalline nature of the nanorod. The XRD patterns o f the ZnO nanorods

(Fig. 3.5) obtained from the different preparations could be indexed on

the hexagonal wurtzite structure (space group: PGsmc; a = 0.3249 nm, c

= 0.5206 nm, JCPDS card no. 36-1451). Our studies o f the reaction o f Zn

powder with liquid water in the 25-75 °C range indicate that the average

Fig. 3.5 XRD patterns of ZnO nanorods along with the starting m etal sam ple

diameter of the ZnO nanorods decreases with the increase in 

temperature, accompanied by an increase in the aspect ratio. W e have 

examined the effect of addition of ethylenediamine on the form ation  o f 

ZnO nanorods by the reaction of water with Zn metal powder. By adding
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1 ml o f ethylenediam ine to 10 ml o f water, we found that the reaction 

occurs faster. Thus, at 25 °C, ZnO nanorods were produced (Fig. 3.6) ju st 

a fter 36 h. The d iam eter o f the nanorods was, however, a little larger.

Fig. 3.6 high (a) and low (b) magnification FESEM images of ZnO nanorods prepared at 
25 °C by the reaction of Zn metal with water by adding 1 ml ethylenediamine

Fig. 3.7 FESEM images of Zn foil (a and b) and of ZnO nanorods ( c and d) obtained 
at 50 °C by the reaction of water with the Zn foil.
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In Fig. 3.7 a and b, we show the FESEM image of a Zn foil. In Fig. 3.7

c and d, we show a FESEM image of ZnO nanorods obtained by the

reaction of the Zn foil with water at 50 °C. The diameter o f the nanorods

varies between 80 and 400 nm, with an average value o f 150 nm. The

average length of the nanorods is 1 |am. The XRD pattern of these

nanorods was also characteristic of the wurtzite structure.

The UV-Vis absorption spectrum of the ZnO nanorods gives the

characteristic band round 365 nm (see Fig. 3.8a) [24]. The room-

3
re

V)ca>

0.

(b)

\ A 25 ^ C j

/  ^ \ A
\ /  /  \ \ /

\  /  /  V  ' /  '

X
\\)
\  75 ° C

V /  V
400 450 500

Wavelength (nm)Wavelength (nm)
Fig. 3.8 (a) Typical UV-Vis spectrum of ZnO nnaorods (b) PL spectra of ZnO 
nanorods obtained at 25 °C and 75 °C

temperature PL spectra of the ZnO nanorods (Fig. 3.8b) show a UV

emission band at 380 nm due to the radiative recombination between the

electrons in the conduction band and the holes in the valence band

[20,25], and broad bands in the 420-530 nm range. The visible emission

originates from the localized levels in the band gap [20]. The UV emission

band is present prominently in the sample prepared at 75 °C, but is
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Fig. 3.9 Raman spectra o f  Zn O  nanorods obtained at 25 °C  and 75 °C

w eak in the one prepared at 25 °C. The intensity o f the UV emission 

band increases w ith the tem perature o f preparation o f the nanorods, 

where as the intensity o f the bands in the visible region decreases (Fig. 

3.8b). Th is variation correlates well w ith that o f the 580 cm-^ Raman 

band (Fig. 3.9) which arises from  intrinsic lattice defects [26]. The 

in tensity o f the 580 cm-^ Ram an band decreases w ith the increasing 

tem perature o f the reaction. The Raman bands at 433 and 378 cm-^ are 

attributed to E2 m ode and A i (TO) modes, respectively [25,27]. The band 

at 331 cm'^ could arise from  a m ultiphonon process [27]. The mechanism 

o f the form ation  o f ZnO nanorods can be described as follows. Zinc metal 

on reaction  w ith  w ater slow ly gives out hydrogen. The oxygen liberated 

reacts w ith  Zn m etal to give the oxide as given by the follow ing reaction:
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Zn(s) + H20(1) ZnO(s) + H2(g)

Here (s), (1) and (g) represent solid, liquid and gas, respectively. It m ay be 

noted that the evolution of hydrogen accompanying the reaction o f Zn

Fig. 3.10 low (a) and high (b ) magnification FESEM  images o f  Zn metal pow der

metal with water has been documented in the literature [22,23]. In the 

reaction o f zinc metal with water, it is reported that ZnO is form ed first 

and Zn(OH )2 at a later stage [28,29]. The growth o f ZnO nanorods 

probably occurs by making use o f the oxide nuclei (Fig. 3.10) that m ay be 

present on the metal surface.

(b) A1(0H)3 nanorods

We have carried out the reaction of A1 metal powder w ith water. 

Fig. 3.11a shows a FESEM image of the A1 metal surface. Fig. 3.11b 

shows a FESEM image of the nanorods obtained by the reaction o f Al 

powder with water at 75 °C. The nanorods are uniform  in diam eter 

varying between 7 and 14 nm, with an average diam eter o f 10 nm  and an 

average length of 300 nm. Fig. 3 .11 c  shows a TEM  image

92



Fig. 3.11 a and b F E S E M  images o f  the A I metal surface and A ! (O H ) 3  nanorods 
obta ined  by the reaction o f  A l  metal pow der  with w a te r  at 75 ° C  respectively, c 
and d are  T E M  images o f  the A l ( O H ) 3  nanorods obtained at 50 °C  and 75 °C  
respectively.

o f A 1 (0 H )3 nanorods obta ined  at 50 °C and d shows a TEM  im age o f the 

A 1 (0 H )3 nanorods ob ta ined  at 75 °C. Th e d iam eters o f the nanorods are 

in the 8 -1 4  nm  range w ith  an average length o f 250 nm. The XRD 

pattern s o f the n an orods (Fig. 3.12)

w ere ch aracter is tic  o f the bayerite phase o f A l(O H )3 (a = 0.501 nm, c =

0 .469  nm , JC PD S  data, card no. 12-0457).

Th e fo rm ation  o f A l(O H )3 nanorods by the reaction o f Al metal 

w ith  w a ter  can  be exp la ined  as follows. A l m etal also gives hydrogen on 

reaction  w ith  w a ter [22,23]:
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C h ap ter  3

2Al(s) + 3 H 2 0 (1) — ► A 1 (O H )3 (s) + 3 /2 H 2 (g)

0

Fig. 3.12 X R D  patterns o f  A I (O H ) 3  nanorods a long w ith  the s ta rt in g  m eta l sam p le

Unlike the reaction  o f Zn m etal w ith  w ater, th e reaction  o f  A1 m eta l 

w ith  w ater gives rise to the hydrox ide instead  o f the ox ide. F o rm ation  o f 

A 1 (0 H )3 by  reaction  o f A1 m etal w ith  w ater has been  rep orted  in  the 

literatu re [30,31]. The form ation  o f A l(O H )3 is a lso  p rom oted  by the 

presence o f A I2O 3 [32].

W e have con firm ed the form ation  o f A l(O H )3 by  IR  sp ec troscop y  

(see Fig. 3.13) as w ell as Ram an spectroscopy (see F ig. 3 .14 ). In  the 

fu ndam en ta l hydroxyl stretch ing region, w e are ob served  p eak s  in  IR  

spectra  (Fig. 3.13a) at 3648, 3618, 3540, 3453 and 3402  cm -i. B a ye r ite  

m id -IR  spectra  (Fig. 3.13b) show h igh in tense b a n d s  a t 1020 cm*^ 

(hydroxyl deform ation ), 976, 768 cm-i (hydroxyl tran s la tion ), an d  535 

and m ed ium  intense bands at 717, 586, 560, 4 7 5  and  424  cm -i.
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W avenum ber (cm '^)

Fig. 3.13 n ea r- IR  (a )  and m id - IR  (b )  spectra o f  A I (O H ) 3  nanorods

G ibbsite and bayerite (polytypes o f alum inum  tryhydroxides) have 

the sam e structu ral sheet-like unit, w hich consists o f a layer o f 

a lum in iu m  ions sandw iched betw een two layers o f hexagonally packed 

hydroxyl ions, in the plane defined by the a and b axes. The oxygens o f 

one layer lie d irectly  above the oxygens at the top o f the layer below. The 

sheet-like u n its are stacked a long the c axis [34-36]. The difference in 

structu re betw een  gibbsite and bayerite is that one can be generated 

from  the other by  a rotation  about the c axis o f one o f the sheet-like units 

by 60° [36]. Th e  R am an bands (see Fig. 3.14) agree w ith  those reported in 

the litera tu re [33,37]. Ram an spectrum  o f the bayerite nanorods shows 

three m ajor bands at 3653, 3541 and 3418 cm-i and three shoulder 

bands at abou t 3624, 3450 and 3439 cm-i (Fig. 3.14a) are sim ilar w ith 

those found  by R aou l Island in New  Zealand [37]. Bayerite consists o f the 

sam e h exagon a lly  packed hydroxyl group as does gibbsite. The crystal 

s tru ctu re  o f both  m inera ls is m onoclin ic, P 2 l/ n . D ifferences in the
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Ram an spectra in the stretching vibration region  re flect the A1— OH

distance of 1.74-2.06 A  for bayerite compared with 1 .73 -2 .14  A  for

gibbsite, and the OH— OH distance of 2.92-3 .24  A  for bayerite compared

with 2.75-3.24 A  for gibbsite [33]. The shoulder peaks at 3450 and 3 4 3 9

cm-i m ay be attributed to surface hydroxyl groups in the bayerite

Raman Shift (cm'^)

Raman Shift (cm"’’ ) Raman Shift (cm'^)

Fig. 3.14 Raman spectra o f  h igh-wavenumber region (a )  and low -w a ven u m b er  
region (b  and c) o f  A l (O H ) 3

structure. The bayerite spectrum  in the low -w avenu m ber reg ion  (Fig- 

3.14 b and c) is not as com plex as the gibbsite spectru m  and  th ese  tw o 

phases are therefore well distinguished, a lthough  bands at 1005, 976, 

890, 433 and 322 cm-i may overlap w ith  the g ibbsite ban ds at 1019,
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980, 892, 444 and 321 cm-^. However, other bands o f bayerite are well 

reso lved  and are d is tin ctly  d ifferen t from  those o f gibbsite. The bands 

w ith  grea test in tens ity  are at 542 and 296 cm-i [33].

3.5 Conclusions

In conclusion , we have found a new  and sim ple m ethod for 

p reparin g  ZnO  nanorods by the reaction  o f the zinc pow der or zinc foils 

w ith  w ater at re la tive ly  low  tem peratures. Addition  o f ethylenediam ine to 

w ater favors  the form ation  o f the ZnO  nanorods. Thus, the reaction time 

is con sid erab ly  reduced  in the presence o f ethylenediam ine. Reaction o f 

A l pow der or A l fo ils  w ith  w ater gives rise to A l(O H )3 nanorods. The 

fo rm ation  o f ZnO  and A l(O H )3 nanorods from  the m etals are both 

governed  by  the basic reaction  betw een  the m etals and w ater giving 

hydrogen . The grow th  o f the nanorods could be occurring at the small 

ox ide nu cle i that m ay  be presen t on the m etal surfaces.
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Chapter 4 

Carbon Nanostructures and Graphite-

Coated Metal Nanostructures Obtained

by the Pyrolysis of Ruthenocene and

Ruthenocene-Ferrocene Mixtures*

Summary

Pyro lysis o f ru thenocene carried out in an atm osphere o f argon or 

hydrogen  is found to give rise to spherical nanoparticles o f carbon w ith 

d iam eters in the 10-200 nm  range. Pyrolysis o f ru thenocene as well as 

m ix tu res  o f ru thenocene and ethylene in hydrogen gives rise to spherical 

nanopartic les , w h ich  contain  a h igh proportion  o f sp^ carbon. Under 

certa in  conditions, pyrolysis o f ru thenocene gives rise to graphite coated 

ru then iu m  nanopartic les  as w ell as w orm -like carbon structures. 

Pyro lys is  o f m ixtures o f ru thenocene and ferrocene gives rise to 

n an opartic les  or nanorods o f FeRu alloys inside carbon nanotubes.

* Paper based  on th is study has been published in B u ll Mater. Set,
2007 , 30  (1), 23-29.



_________________________________________  Chapter 4

4.1 Introduction

Pyrolysis of organometallic precursors has been employed to 

prepare novel carbon structures by several workers [1-5]. Thus, pyrolysis 

of metallocenes such as ferrocene, cobaltocene and nickelocene in the 

presence or absence of other hydrocarbons gives carbon nanotubes with 

out any external metal catalyst [6 ]. Such pyrolysis also gives rise to metal 

particles such as Co and Fe covered by graphite sheets or carbon coated 

metal nanoparticles [7]. The nature of the pyrolysis of hydrocarbons such 

as benzene in an inert atmosphere gives rise to fine uniform size 

spherical particles of carbon, which are established to be graphite type 

[8 ]. Even though several studies have been carried out on the 

preparation of ruthenium particles decorated on carbon structures [9- 

1 1 ], there has been no systematic study on the pyrolysis o f ruthenocene, 

Ru(C5Hs)2, to generate carbon-supported metal structures. Like other 

metallocenes, ruthenocene also sublimes and by using an inert carrier 

gas one can transport and decompose this ruthenocene vapor at high 

temperatures.

4.2 Scope of the present study

We have carried out the pyrolysis of ruthenocene to study the nature of 

nanoparticles obtained from the decomposition of ruthenocene. Pyrolysis 

of ruthenocene with different carbon sources (hydrocarbons).
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different carrier gases and temperatures have been studied. We have also

studied the incorporation of Ru and Fe inside the carbon nanotubes by

pyrolysis o f different molar ratios of ruthenocene and ferrocene.

4.3 Experimental and related aspects

The two procedures used for the pyrolysis of ruthenocene are as follows. 

(a) Synthesis o f  carbon spheres

In Procedure 1, typically 100 mg of ruthenocene was taken in a 

stainless steel autoclave (Swagelok) of 20 ml capacity and then sealed in 

an argon atmosphere. The autoclave was then placed inside a horizontal 

tube furnace maintained at 1000 °C for 10 min (in an inert atmosphere) 

and then cooled to room temperature. After opening the autoclave the 

black pyrolyzed product was collected and analyzed. This procedure is 

similar to that reported by Shanmugam and Gedanken [ 1 2 ] for the 

preparation of carbon nanotubes by the pyrolysis of Ru(III) 

acetylacetonate.

(b) Synthesis o f  Ru containing carbon materials

In Procedure 2, Ru containing carbon materials were prepared by 

the pyrolysis o f ruthenocene along with ethylene using a procedure 

similar to that for the synthesis of carbon nanotubes [6 ]. A known 

quantity o f ruthenocene was placed in a quartz boat located at one end of 

a narrow quartz tube ( 1 0  mm inner diameter) which in turn was placed 

a duel (two-stage) furnace system. The part of the quartz tube
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containing the ruthenocene was in the first furnace and ruthenocene was

sublimed by raising the temperature to 400 °C at a heating rate o f 50 

°C/min. Argon (hydrogen in the case of synthesis of elongated particles) 

was used as a carrier gas for carrying the ruthenocene vapors into the 

second furnace. The role of ethylene was to provide an additional carbon 

source. Ethylene was admitted into the reaction tube ju st before the 

sublimation of ruthenocene. The flow rates of the gases were controlled 

using the UNIT mass flow controllers. Pyrolysis takes place inside the 

second furnace and its temperature was maintained constant for each 

reaction and was varied from 900 °C to 1300 °C (from one reaction to 

other). Pyrolysis yielded profuse quantities o f carbon deposits at the 

centre and outlet of the second furnace. The samples were collected from 

the interior of the quartz reaction tube gives elongated carbon spheres, 

carbon coated metal particles and worm-shaped carbon structures. 

Similar experiments were carried out to prepare FeRu metal alloy 

nanorods inside the carbon nanotubes (CNTs). In this case, we used 1:1,

1.4 and 4:1 (molar ratios) of ruthenocene-ferrocene m ixtures for the 

pyrolysis.

Techniques used for characterization

X :ray  d if fra c t io n  (XRD): X-ray diffraction (XRD) patterns o f the sam ples 

were recorded in the 6-20 Bragg-Bretano geom etry w ith a Siemens 

D5005 diffractometer using Cu Ka (A=0.151418 nm) radiation.
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Scanning electron microscope fSEM): Scanning electron m icroscope

im ages o f the sam ples w ere recorded using a LEICA S440i scanning 

electron  m icroscope.

Field  em ission scanning electron microscope (FESEM): FESEM 

im ages w ere recorded  w ith  a FEI NOVA NANOSEM  600.

Ram an spectroscopy: Ram an spectra were recorded with LabRAM HR 

high reso lu tion  Ram an spectrom eter (Horiba Jobin Yvon) using He-Ne 

Laser (A=630 nm).

Transmission electron microscopy (TEM): Transm ission electron 

m icroscope (TEM) im ages were obtained w ith a JEO L JEM 3010, 

opera tin g  w ith  an accelerating voltage o f 300 kV and JEO L JEM 3010 

and FEI Tecna i S30 operating at 300 kV. The sam ples were prepared by 

d ispers ing  the p roduct in CCU. A  drop o f the suspension was then put on 

a h o ley  carbon  coated  Cu grid and allowed to evaporate slowly.

Vibrating sample m agnetometer fVSM): M agnetic m easurem ents were 

carried  ou t for d ifferen t sam ples by using the vibrating sample 

m agn etom eter (VSM ) in PPM S (Physical Property M easurem ent System).

4.4 Results and Discussion

SEM  im ages  o f the carbon  spheres obtained by the pyrolysis o f 

ru th en ocen e in  an A r atm osphere at 1000 °C, using procedure 1, are 

show n  in figu re 4 .1a  and b. These unconnected  spheres are graphitic,
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Fig. 4.1. low (a) and high (b) magnification SEM images of ruthenium supported carbon 
spheres prepared by pyrolysis of ruthenocene at 1000 °C in argon atmosphere using 
Procedure 1

with having diameters ranging from 500 nm to 1 |am. Carbon spheres o f 

uniform size were also obtained by the pyrolysis o f ruthenocene in the 

presence or absence o f hydrocarbons using procedure 2. Figure 4 .2 a 

shows a SEM image of uniform-sized carbon spheres o f ~ 300 nm 

diameter obtained in the presence o f 2 0 0  seem (sccm= standard cubic 

centimeter per minute) o f argon carrier gas at 1300 °C. Reactions carried 

out using procedure 2 at different tem peratures in the 1000°C - 1300°C 

range, under similar conditions jdelded sim ilar carbon spheres o f 

uniform size. However, pyrolysis o f the ruthenocene-ethylene m ixture at 

1350 °C (with hydrogen and ethylene flow rates o f 150 and 50 seem 

respectively) gives connected carbon spheres o f around 70 nm diameter, 

as shown in the FESEM image of figure 4.2b. Interestingly, these carbon 

spheres are different from the spheres obtained in the absence o f the

106



Chapter 4

Fig. 4.2. (a) SEM images of ruthenium supported carbon spheres prepared by 
pyrolysis of ruthenocene at 1300 °C in the presence of argon 200 seem by using 
Procedure 2, (b) FESEM images of rutheniumsupported carbon spheres prepared 
by pyrolysis of ruthenocene at 1350 °C in the presence of hydrogen and ethylene 
flow rates 150 and 50 seem respectively, by using Procedure 2.

hydrocarbon (shown in Fig. 4.1 and Fig. 4.2a). The Raman spectrum of 

these carbon spheres is shown in figure 4.3a. We observe intense bands 

at 1340 and 1593 cm-^, the former being due to sp  ̂ carbon as in 

diamond and the latter due to graphitic (sp2) carbon. The relative 

intensities of these two bands indicate the dominance of sp3 carbon over 

sp2 carbon and the material looks almost pure glassy carbon or 

diamond-like carbon. Pyrolysis o f ruthenocene with a mixture of argon 

and ethylene with flow rates of 150 and 50 seem respectively at 1100 °C 

gives carbon spheres with diameters in the 500-800 nm range, as shown 

in figure 4.4a. The Raman spectrum of these spheres is shown in figure 

4.3b which shows bands at 1330 and 1593 cm-’̂ of similar intensities, 

indicating the presence of equal amount of sp^ and sp^ carbon. In figure 

4.4b we show a TEM image of amorphous carbon-coated ruthenium
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nanoparticles. EDAX analysis shows the presence o f ruthenium. The

inset in figure 4.4b shows a TEM image of a carbon-coated Ru particle.
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4.3. Raman spectra of Ru-supported carbon spheres prepared under different 
conditions: (a) by pyrolysis of ruthenocene at 1350 °C in a mixture of hydrogen 
and ethylene gases with flow rates 150 and 50 seem respectively, (b) by pyrolysis 
of ruthenocene in argon and ethylene mixturewith flow rates of 150 and 50 seem  
respectively at 1100 °C and (c) pyrolysis ofruthenocene in argon (150 seem) with a 
mixture of 50 seem of ethylene bubbled through thiophene at 950 °C.
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Fig. 4.4. (a) FESEM images of carbon spheres prepared by pyrolysis of ruthenocene 
at 1100 °C in the presence of argon and ethylene with flow rates 150, 50 seem 
respectively, (b) shows a TEM image of the spheres, the inset showing a single 
sphere of carbon coated ruthenium.

3

wc
<D

Fig. 4.5. XRD patterns of (a) ruthenium supported carbon spheres (b) FeRu 
(1:1) binary alloy nanowires inside carbon nanotubes and (c) iron nanowires 
encapsulated inside carbon nanotubes (asterisk corresponds to carbon 
nanotube peak).
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The electron diffraction pattern as well as the XRD pattern (see figure

4.5a) of these nanospheres confirms the HCP structure of Ru (a= 2.698 A

and c= 4.272 A, JCPDS file; 02-1258).

Worm-like carbon structures were obtained by the pyrolysis of 

ruthenocene at 950 °C in the presence of thiophene, argon and ethylene 

at flow rates of 150 seem and 50 seem respectively. In these experiments 

ethylene was bubbled through thiophene through out the reaction. SEM 

and TEM images of the worm-like carbon structures are shown in figure 

4.6a and b respectively. The elongated structures have a diameter of 

around 1 ^m. EDAX analysis shows the presence of Ru. The Raman 

spectrum of these carbon structures (figure 4 .3 c) shows that sp3 carbon 

is in majority rather than sp2 carbon.

Fig. 4.6. (a) SEM image of carbon structures prepared by pyrolysis of 
ruthenocene with a mixture of argon (150 seem) and 50 seem of ethylene bubbled 
through thiophene at950 °C and (b) shows the TEM image of these structures

By using ferrocene instead of ruthenocene, under the conditions of 

procedure 2 , we obtained carbon nanotubes rather than carbon spheres
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as in the case o f ru thenocene [1,2]. Th is m ay be due to the higher

stab ility, d iffu sion  as w ell as the solubility o f carbon in Fe w ith a lower

eu tectic  tem perature. The Fe-C phase diagram  shows a m aximum

solub ility  o f carbon  in Fe to be around 7%. The eutectoid composition is

Fe-0 .83 w t% C  and at th is com position  the h igh-tem perature austenite

phase w ill undergo  the eutectoid reaction at 723 °C and at this

tem peratu re y-Fe, a -Fe and carbon or (FeaC) m ay coexist [13]. Also, the

Ru-C phase d iagram  is a sim ple eutectic w ith a eutectic tem perature o f

1940 °C and eu tectic  concentration  o f ~ 18 at% C and maximum

solub ility  o f C is ~0.37 w t%  C. Since RuC is unstable w ith decreasing

tem peratu re carbon  precip itates in the form  o f graphite on the basal

p lanes. A lthough  Ru does not form  carbides at room  temperature,

so lub le carbon  (~0.04 w t.%  C at room  tem perature) strongly effect

hardness and resistiv ity, and im pairs w orkability [14]. Thus, the Fe-C

phase d iagram  seem s to ind icate the form ation o f Fe catalyzed growth of

carbon  nanotubes. Since ru then ium  itse lf is not incorporated and

form ing  carbon  nanotubes, we thought it in teresting to see the effect o f

add ition  o f ru thenocene to ferrocene on the growth o f carbon nanotubes.

It w as a lso o f in terest to see w hether Ru particles decorate the carbon

nanotu be surface or get encapsu lated inside the nanotubes.

In teresting ly , w e found b im eta llic  FeRu nanostructures which get

en capsu la ted  ins ide the nanotubes as seen in the figures 4.7, 4.8 and

4.9. W e w ere  able to get FeRu a lloy nanorods inside the carbon
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nanotubes as well as carbon-coated FeRu alloy nanoparticles by the

pyrolysis of a mixture of ruthenocene and ferrocene mixtures of different

molar ratios (1:1, 1:4, 4:1) in the presence of argon and ethylene (500

and 50 seem respectively) at 900 °C. Due to relatively high temperature

involved in the sjnithesis, we are expected to obtain the HCP structure

for all the above compositions of FeRu alloy nanostructures [15]. The 1:4

FeRu alloy nanostructure have the lattice constants, a= 2.70 A and c=

4.27 A (JCPDS file: 40-1147)) and the 1 : 1  FeRu alloy nanostructure has

Fig. 4.7 SEM images of RuFe alloy nanorods inside the aligned 
carbon nanotubes (a) 1:1 (b) 1:4 (c) 4:1 (molar ratios) of ruthenocene- 
ferrocene mixtures for the pyrolysis.

the lattice constants, a= 2.60 A and c= 4.17 A. A systematic decrease in

the d-spacing was also observed in all FeRu alloy nanostructures as
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co m p ared  to pu re  Ru, con firm in g  the sm aller Fe a tom s are indeed

in co rp o ra ted  in  the la rge r  Ru la ttice.

(a ’)

nu

1
10000 15000

Energy(ev)

............ .20000 25000

Energy(e.V)

Fig, 4.8. The h igh  m agn ification  TEM  im ages o f FeRu alloy nanoparticles and 
nan orods (inside the carbon  nanotubes) obtained by  the pyrolysis o f a mixture o f 
ru thenocene and ferrocene (1:1) in the presence o f A r and ethylene (500 and 50 
seem  respective ly ) at 900 °C (a) a lloy  nanorods inside the carbon nanotube (b) 
a lloy  nan opartic le , (a ') and (b ') show  the corresponding EDAX  patterns.

F igu re  4 .7  sh ow s S E M  im a ges  o f the a lloy  n an orod s ins ide the aligned 

ca rb on  n a n o tu b es  s ta rt in g  w ith  1:1 (Fig. 4 .7a), 1:4 (Fig. 4.7b) and 4:1 

(F ig. 4 .7 c) m o la r  ra t io s  o f ru th en ocen e -ferrocen e  m ixtu res for the 

p y ro ly s is . T h ese  n a n o tu b es  are grow n  a lign ed  for severa l m icrom eters 

an d  len g th s  a re  in  th e o rd er o f severa l m icrons. F igu re 4 .8a  show s a 

typ ica l h igh  re so lu t io n  T E M  im age o f the 1:1 a lloy  nanorod  show ing a d- 

sp a c in g  o f  2.1 A . F igu re  4 .8 b sh ow s a  h igh  reso lu tion  TE M  im age o f 1.4
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(a)

Fig. 4.9. (a-b) Low magnification TEM images of iron-ruthenium alloy nanorods 
inside carbon nanotubes

FeRu alloy nanoparticle showing a d-spacing of 2.4 A, confirming the 

single-crystalline nature. From EDAX analysis (figure 4.8), the Ru:Fe 

ratio was found 1:1 in the case of nanorods formed inside the CNTs and 

4:1 in the case of encapsulated nanoparticles. The electron diffraction 

patterns shown as insets in figures 4.8a and b corresponds to the alloys 

and indicate the nanostructures to be single crystalline. The carbon 

coating in the FeRu nanoparticles is graphitic as can be seen from the 

TEM image. Figures 4.9a and b show the low magnification TEM images 

of metal alloy (1:1) nanorods formed inside the CNTs.

Magnetic measurements were carried on the different carbon 

nanostructures prepared by the pyrolysis of ferrocene, ferrocene- 

ruthenocene mixtures and ruthenocene in the presence as well as in the 

absence of hydrocarbons. Magnetic measurements on aligned carbon 

nanotubes obtained from the pyrolysis of ferrocene-hydrocarbon

114



____________________________________________________________________ Chapter 4

mixtures have been reported earlier [16], wherein the M vs H curves

showed a smooth S-shaped loop with saturation magnetization of -24

emu/g, which is smaller than that of bulk iron [16]. In the present

measurements a maximum field of ~1 T was applied from the start,

swept through zero fields, and the direction of the field reversed to get M

Vs H hysteresis loops. Figure 4.10 shows t)^ical hysteresis (M Vs H)

curves. It is observed that the saturation magnetization decreases from

pure iron nanowire encapsulated in carbon nanotubes (prepared by

ferrocene pyrolysis) to carbon coated/encapsulated binary FeRu (4:1,

1:4, 1:1) alloy nanostructures (prepared by ferrocene-ruthenocene

pyrolysis) and to carbon-coated Ru particles (prepared by ruthenocene

pyrolysis) respectively. The saturation magnetization (Ms) of 26, 7, 1.2,

10.7, 0.007 emu/g for the samples such as iron nanowires encapsulated

inside carbon nanotubes, FeRu (4:1, 1:1, 1:4) binary alloy nanowires

inside carbon nanotubes and carbon coated Ru nanoparticles

respectively, while the corresponding coercivity (He) of 507, 205, 157,

194, and 20 Oe. In the case of carbon coated Ru nanoparticles, we have

observed very low magnetization. Bulk Ru is nonmagnetic where as in

nanosize domains it shows ferromagnetism. Recently universal

ferromagnetism has been found in nanoparticles [17]. In nanosize

particles, surface magnetism dominates at low fields and shows

hysteresis. At high fields, diamagnetism dominates. It is also known that
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Fig. 4.10. Hysteresis loops (M vs H curves) recorded on samples: (a) iron 
nanowires encapsulated inside carbon nanotubes (b) FeRu (1:1) binary alloy 
nanowires inside carbon nanotubes and (c) carbon coated Ru nanoparticles
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magnetic elements such as Fe, Co and Ni in nanoscale show enhanced

moments due to the reduced coordination of atoms and localization of

electrons as compared to the case of bulk materials [18]. The spin and

orbital contribution to surface magnetism in the 3d elements have been

reported [19]. Several groups have studied magnetism of 4d elements

nanoclusters and thin films [20-26]. Hence most of the studies points

that magnetism in nanoregime is a surface phenomena.

4.5 Conclusions

Unlike the pyrolysis of ferrocene, cobaltocene and nickelocene where 

carbon nanotubes are readily obtained, pyrolysis of ruthenocene mainly 

gives rise to carbon nanospheres. Under certain conditions carbon 

coated Ru nanoparticles were also obtained. Mixtures of ruthenocene 

with ferrocene also give rise to FeRu metal nanoparticles and also 

nanorods covered by carbon, the later being encapsulated inside carbon 

nanotubes. The pyrolysis method gives rise to useful means to produce 

nanoparticles of Ru and FeRu alloys. It may be noted that carbon 

spheres themselves can be obtained by the pyrolysis of hydrocarbon [8]. 

In view of this it appears as though during the pyrolysis of ruthenocene, 

cyclopentadienyl radicals undergo decomposition just as in the case of 

decomposition of pure benzene giving rise to pure carbon structures, 

with the ruthenium particles forming separate nanoparticles. In the case

117



___________________________________________________________________Chapter 4

of Fe, Co and Ni they appear to be better catalysts than Ru to form

nanotubes

18



____________________________________________________________________ Chapter 4

References

1. C. N. R. Rao, B. C. Satishkumar, A. Govindaraj and M. Nath 

ChemPhysChem. 2001, 2, IS .

2. A. Govindaraj and C. N. R. Rao Pure Appl. Chem. 2002, 74, 1571.

3. R. Andrews, D. Jacques, A. M. Rao, F. Derbyshire, D. Qian, X. Fan, 

E. C. Dickey and J. Chen, Chem. Phys. Lett. 1999, 303, 457.

4. S. Huang, L. Dai and A. W. H. Mau, J. Phys. Chem. B 1999, 103, 

4223.

5. S. Huang, A. W. H. Mau, T. W. Turney, P. A. White and L. Dai, J. 

Phys. Chem. B_2000, 104, 2193.

6. C. N. R. Rao, A. Govindaraj, R. Sen and B. C. Satishkumar, Mat. 

Res. Innovat. 1998, 2, 128.

7. R. Sen, A. Govindaraj and C. N. R. Rao, Chem Phys. Lett. 1997,

267, 276.

8. A. Govindaraj, R. Sen, B. V. N. Raju and C. N. R. Rao, Phil. Mag. 

Lett. 1997, 76, 363.

9. J. Garcia, H. T. Gomes, Ph. Serp, Ph. Kalck, J. L. Figueiredo and J. 

L. Faria, Carbon 2006, 44, 2384.

10. J. Qiu, H. Zhang, X. Wang, H. Han, C. Liang, C. Li, Reaction 

Kinetics and Catalysis Lett. 2006, 88, 269.

11. M -C. Tsai, T -K. Yeh, C -H. Tsai, Electrochem. Commum. 2006, 8, 

1445

12. S. Shanmugam and A. Gedanken, J. Phys. Chem. B2006, 110,

119



2037.

13. H. Kim and W. Sigmund, Carbon 2005, 43, 1743.

14. E. M. Savitskii, V. P. Polyakova, N. B. Gorina, Vyrashchivanie 

Monokrist. Tugoplavkikh Redk. 1973 Metal, Conference 

Proceedings written in Russian 90

15. H -J . Moon, W. Kim, S. J. Oh, J. Park, J- G. Park, E Cho, J. I.

Lee and H -C. Ri, J. Kor. Phys. Soc. 2000, 36, 49.

16. B. C. Satishkumar, A. Govindaraj, P. V. Vanitha, A. K. 

Raychaudhuri, C. N. R. Rao, Chem. Phys. Lett. 2002, 362, 301.

17. A. Sundaresan, R. Bhargavi, N. Rangarajan, U. Siddesh and C. N.

R. Rao, Phy. Rev. B2006, 74, 161306(R).

18. I. M. L. Billas, A. Chatelain and W. A. de Heer, Science 1994, 265, 

1682.

19. O. Eriksson, A. M. Boring, R. C. Albers, G. W. Fernando, B. R. 

Cooper, Phy. Rev. B  1992, 45, 2868.

20. W. C. Wang, Y. Kong, X. He and B. X. Liu, App. Phy. Lett. 2006,

89, 262511.

21. A. J. Cox, J. G. Louderback, S. E. Apsel, L. A. Bloomfield, Phy. Rev. 

1994, 49, 12295.

22. V. L. Moruzzi and P. M. Marcus, Phy. Rev. B 1990, 42, 10322.

23. B. Piveteau, M -C, Desjonqueres, Andrzej, M. Oles and Daniel 

Spanjaard, Phy. Rev. B 1996, 53, 9251.

24. A. E. Garcia, V. Gonz^ez-Robles and R. Baquero, Phy. Rev. B

_________________________________________________________________Chapter 4

120



1999, 59, 9 3 9 2 .

2 5 .  I. Cabria, B. Nonas, R. Zeller and P. H. Dederichs, Phy. Rev. B

2002, 65, 0 5 4 4 1 4 .

26 . Y. C. Bae, H. Osanai, V. Kumar and Y. Kawazoe, Phy. Rev. B2004, 

70, 1 9 5 4 1 3 .

___________________________________________________________________________ Chapter 4

121





Chapter 5

Nitrogen- and Boron-Doped Double­

walled Carbon nanotubes*

Summary

This chapter o f the thesis deals with the synthesis and 

spectroscopic characterization o f doped (nitrogen and boron) and 

undoped double-walled carbon nanotubes (DWNTs), prepared by using 

combustion catalyst.

Double-walled carbon nanotubes (DWNTs) doped with nitrogen and 

boron have been prepared by the decomposition of a CH4+Ar mixture 

along with pyridine (or NH 3) and diborane, respectively, over a 

Moo.iFeo.gMgiaO catalyst, prepared by the combustion route. The doped 

DWNTs bave been characterized by transmission electron microscopy 

(TEM), X-ray photoelectron spectroscopy, electron energy loss 

spectroscopy, and Raman spectroscopy. The dopant concentration is 

around 1 atom % for both boron and nitrogen. The radial breathing modes

*Paper based on these studies has been published in ACS Nano (2008)
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in the Raman spectra have been employed along with TEM to obtain the

inner and outer diameters of the DWNTs. The diameter ranges for the

undoped, N-doped (pyridine), N-doped (NH3), and B-doped DWNTs are

0.73-2.20, 0.74-2.30, 0.73-2.32, and 0.74-2.36 nm, respectively, the

boron-doped DWNTs giving rise to a high proportion of the large diameter

DWNTs. Besides affecting the G-band in the Raman spectra, N- and B-

doping affect the proportion of semiconducting nanotubes.
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5.1 Introduction

(a) Double-walled carbon nanotubes

Double-walled carbon nanotubes (DWNTs), first observed in 1996, 

constitute a unique family of carbon nanotubes (CNTs) [1,2]. DWNTs 

occupy a position between the single-walled carbon nanotubes (SWNTs) 

and the multiwalled carbon nanotubes (MWNTs), as they consist of two 

concentric cylinders of rolled graphene. DWNTs possess useful electrical 

and mechanical properties with potential applications. Thus, DWNTs and 

SWNTs have similar threshold voltages in field electron emission, but the 

DWNTs exhibit longer lifetimes [3]. Unlike SWNTs, which get modified 

structurally and electronically upon functionalization, chemical 

functionalization of DWNTs surfaces would lead to novel carbon 

nanotube materials where the inner tubes are intact. The stability of 

DWNTs is controlled by the spacing of the inner and outer layers but not 

by the chirality of the tubes [4]; therefore, one obtains a mixture of 

DWNTs with varying diameters and chirality indices of the inner and 

outer tubes. DWNTs have been prepared by several techniques, such as 

arc discharge [5] and chemical vapor deposition (CVD) using a mixture of 

ferrocene with a hydrocarbon or alcohol (tj^Dical hydrocarbons are 

methane, alcohol, n-hexane, and benzene) [5-10]. DWNTs have also been 

prepared by a sulfur-assisted CVD method using methane as the carbon 

source [11,12].
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(b) Doped carbon nanotubes

Applications of CNTs based on their electrical properties strongly 

depend on the diameter and helicity as well as parity [2,13]. Doping of 

CNTs by boron and nitrogen renders them p-type and n-type, 

respectively. MWNTs and SWNTs doped with nitrogen [14-17] and boron 

[18,19] have been reported. Boron-doped carbon nanotubes appear to 

exhibit enhanced electron field emission due to the presence of the boron 

atom at the nanotube edges [20,21]. N-doped CNTs show n-type behavior 

regardless of tube chirality [22].

5.2 Scope of the present study

We were interested in the s5nithesis and characterization of boron- 

and nitrogen-doped DWNTs in view of their potential applications. We 

have focused on the low doping regime (~1 atom %), where the 

fundamental band structure is expected to be unchanged relative to the 

all-carbon model. To our knowledge, except for a report on the 

preparation of nitrogen-doped DWNTs by using a mixture of methane, 

ammonia, and argon over an iron-molybdenum catalyst [23], there has 

been no detailed study of these materials. We have prepared nitrogen- 

doped DWNTs by the thermal decomposition of a CH4 + NH3 + Ar mixture 

as well as a CH4 + pyridine + Ar mixture over a Moo.iFeo.gMgiaO catalyst, 

prepared by a new procedure. It may be noted that pyridine has been 

found to be a good nitrogen source to prepare N-doped MWNTs [16]. We
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have prepared boron-doped DWNTs by the thermal decomposition of a

CH4 + B2H6 + Ar mixture over the Moo.iFeo.gMgiaO catalyst at 950 °C. The

various DWNTs have been characterized with respect to composition and

structure. In particular, the effect of B- and N-doping on the dimensions

of the nanotubes has been examined by Raman spectroscopy.

5.3 Experimental and related aspects

(a) Preparation o f  catalyst (Moo.iFeo.gMgiaO)

The oxide precursors required to prepare the catalyst for the 

synthesis of DWNTs were prepared by the combustion route [30,31]. The 

required amount of (NH4)6Mo7024-4H20 was added to an aqueous 

solution containing ferric nitrate (Fe(N0 3 )3-9 H2 0 ) and magnesium nitrate 

(Mg(N0 3 )2'6 H2 0 ) in a Pyrex dish, keeping the molar ratio of Mo:Fe:MgO at

0.1:0.9:13. To this mixture was added an appropriate amount of urea 

(three times the stoichiometric ratio), which acts as the fuel in the 

combustion process. The mixture was dissolved by using a minimum 

amount of distilled water and kept in an oven at 70 °C for 12 h. The 

Pyrex dish containing the solution was placed in a furnace preheated at 

550 °C. The thick orange-red solution immediately started boiling and 

underwent dehydration. The resulting thick paste frothed and blazed 

with a white flame, with the production of a light material which then 

swelled to the capacity of the Pyrex dish. The total combustion process 

was over in 10 min. The combustion product was baked at 550 °C for 3 h
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and ground to a fine powder. Preparation of the catalyst by conventional

methods, such as wet impregnation or co-precipitation, yields

inhomogeneous catalyst particles, whereas the combustion route

employed here gives homogeneous catalyst particles.

(b) Synthesis o f double-walled carbon nanotubes

Synthesis of DWNTs was carried out in a quartz tube reactor. For 

each synthesis, 200 mg of the supported Fe-Mo catalyst (Fe-Mo/MgO) 

was placed in a quartz boat by spreading it uniformly. The quartz boat 

was inserted into the center of the quartz tube (25 mm dia. and 1 m long) 

mounted inside an electrical tube furnace. Subsequently, the furnace 

was heated to 950 °C in an argon atmosphere at a heating rate of 3 

°C/min. A mixture of methane and Ar gas was introduced into the 

reactor. The flow rates of methane and Ar were maintained at 50 and 150 

seem (standard cubic centimeters per minute), respectively. After 20 min, 

the reactor was cooled to room temperature in an Ar atmosphere. The 

resulting black dense mat contained a homogeneous dispersion of 

carbon nanotubes around the oxide grains. This crude material was 

carefully collected from the boat and subjected to purification.

(c) Synthesis o f nitrogen-doped double-walled carbon nanotubes

For obtaining nitrogen-doped DWNTs, the procedure was similar to 

that used for undoped DWNTs, expect that ammonia or pyridine vapor 

was taken in mixture with CH4 [16]. For doping nitrogen by using 

ammonia, the supported Fe-Mo catalyst (200 mg) was placed in a quartz
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boat at the center of the quartz reactor tube. The quartz tube was heated

to 950 °C in an Ar atmosphere. Subsequently, CH4 (50 seem), NH3 (5

seem), and Ar (150 seem) were mixed and introduced at the inlet of the

reactor tube. After 20 min, the reactor was cooled to room temperature in

an Ar atmosphere. For N-doping using pyridine, the supported Fe-Mo

catalyst (200 mg) was placed in a quartz boat at the center of the quartz

reactor tube. The quartz tube was heated to 950 °C in an Ar atmosphere.

Subsequently, 40 seem of CH4 was passed through a bubbler containing

pyridine, which carries the pyridine vapor to the furnace. These vapors

were mixed with 150 seem of Ar and passed over the MgO-supported

catalyst, maintained at 950 °C for 20 min.

(d) Synthesis o f boron-doped double-walled carbon nanotubes

For the synthesis of boron-doped DWNTs, diborane (B2H6) was 

used as the boron source, the rest of the procedure being similar to that 

for undoped DWNTs. B2H6 vapor was generated by the addition of BF3- 

diethyl etherate to sodium borohydride in tetraglyme [18]. 50 seem of 

CH4 was mixed and passed along with B2H6 vapors. These vapors were 

further mixed along with 150 seem of Ar and passed over the MgO- 

supported catalyst powder, maintained at 950 °C for 20 min.

(e) Purification o f  undoped as well as doped double-walled carbon 

nanotubes

In order to dissolve the metal nanoparticles in the DWNTs, the as- 

prepared nanotubes were treated with concentrated HCl at 60 C for 24
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h. The product was washed with distilled water, dried, dispersed in

ethanol under sonication, and filtered using Millipore (0.2 |um) filter

paper. The filtered product was dried in an oven at 100 °C for 2 h and

heated to 850 °C in a furnace at a rate of 3 °C per minute in flowing

hydrogen at 100 seem and held at that temperature for 6 h to remove the

amorphous carbon present on the nanotube walls [32]. The resulting

sample was again stirred in concentrated HCl at 60 °C for 3 h and heated

in a furnace at 850 °C for 6 h in flowing hydrogen (100 seem). The same

procedure was employed to purify doped DWNTs, except that dilute HCl

was used instead of concentrated HCl.

Techniques used for characterization

We have characterized the undoped and doped DWNTs by various 

techniques.

Scanning electron microscope (SEM): Scanning electron microscope 

images of the samples were recorded using a LEICA S440i scanning 

electron microscope.

Field emission scanning electron microscope fFESEM): FESEM 

images were recorded with a FEI NOVA NANOSEM 600.

UV-Vis absorption and Photoluminescence: UV-Vis absorption

measurements were carried out at room temperature with a Perkin- 

Elmer model Lambda 900 UV/Vis/NIR spectrometer.
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Raman spectroscopy: Raman spectra were recorded with LabRAM HR

high resolution Raman spectrometer (Horiba Jobin Yvon) using He-Ne

Laser (A=630 nm).

Transmission electron microscopy fTEM): Transmission electron 

microscope (TEM) images were obtained with a JEOL JEM 3010, 

operating with an accelerating voltage of 300 kV. The samples were 

prepared by dispersing the product in CCU. A drop of the suspension 

was then put on a holey carbon coated Cu grid and allowed to evaporate 

slowly.

EELS: EELS were recorded with a transmission electron microscope 

(FEI, TECNAI F30) equipped with an energy filter for EELS operating at 

300 kV.

Therm oqrav im etH c analxisis (TGA): Thermogravimetric analysis was 

carried out using a Mettler Toledo TGA 850 instrument.

X-ray photoelectron spectroscopy (XPSh X-ray photoelectron 

spectroscopy was recorded using a VG scientific ESCA Laboratory V 

spectrometer.

5.4 Results and Discussion

While the decomposition of the CH4 + Ar over the Moo.iFeo.gMgiaO 

catalyst at 950 °C yielded undoped DWNTs, decomposition of the CH4 + 

NH3 + Ar and CH4 + pyridine + Ar mixtures gave nitrogen-doped DWNTs. 

Decomposition of the CH4 + BH3 + Ar mixture over the catalyst at 950 °C
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Fig 5.1. HREM images of undoped 
DWNTs

Fig 5.2. TEM (a) and HREM (b-d) 
images of N-doped DWNTs using 
ammonia as the nitroeen source.

Fig 5.3. TEM (a) and HREM (b-d) 
images of N-doped DWNTs using 
pyridine as the nitrogen source

Fig 5.4. HREM images of B-doped 
DWNTs.

yielded boron-doped DWNTs. The N- and B-doped DWNTs could not be 

produced at temperatures lower than 950 °C. The combustion method 

employed for the preparation of the catalyst seems to help in producing 

DWNTs exclusively with only a very small or negligible proportion of 

SWNTs.
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We have used both transmission electron microscopy (TEM) and

Raman spectroscopy to characterize the different DWNTs samples. TEM

allows direct imaging of the DWNTs and gives indications for the

presence of other species along with the DWNTs. In the TEM images, we

seldom encountered SWNTs or MWNTs. Besides providing information on

the nature and dimensions of DWNTs, Raman spectroscopy helps to

characterize the purity and quality of the DWNTs. Electron energy loss

spectroscopy (EELS), carried out in a high-resolution electron

microscope, and X-ray photoelectron spectroscopy have been employed

to determine the elemental composition of the DWNTs.

Undoped DWNTs obtained by us generally had outer tube 

diameters of 2.2-2.8 nm and inner tube diameters of 1.4-2.1 nm, as 

shown by the high-resolution TEM (HREM) images in Figure 5.1. In 

Figure 5.2 and 5.3, we show typical HREM images of purified nitrogen- 

doped DWNTs synthesized by using NH3 and pyridine as the nitrogen 

source, respectively. In Figure 5.4, we show HREM images of the boron- 

doped DWNTs. The HREM images indicate that the purified samples of 

the DWNTs have well-resolved walls and that most of the amorphous 

carbon was eliminated from the surface during the purification process. 

HREM images reveal that the outer tube diameters of the N-doped 

DWNTs prepared by using NH3 as the nitrogen source are in the 1.7-3.2 

nm range and the inner tube diameters are in the 1-2.4 nm range. The 

interlayer spacing is around 0.38 nm. In the case of N-doped DWNTs
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prepared by using pyridine as the nitrogen source, the outer tube

diameters are generally in the 1.6-2.6 nm range, while the inner tube

diameters are in the 0.9-1.8 nm range. The interlayer spacing ranges

from 0.34 to 0.41 nm. From the HREM studies, we surmise that the

diameters of the N-doped DWNTs obtained by using pyridine are smaller

than those obtained with NH3. Thus, the diameters of the N-doped

DWNTs appear to depend on the nitrogen source and the reaction

conditions employed.

HRTEM images of the boron-doped DWNTs show that they 

possess larger diameters than the undoped DWNTs as well as the N- 

doped DWNTs (Figure 5.4). The outer tube diameters of the B-doped  

DWNTs range from 2.5 to 4.7 nm, and the inner tube diameters are in 

the 1.8 -3.9 nm range. The interlayer spacing ranges from 0.35 to 0.41 

nm. Figure 5.4b shows the HREM image of a  large diam eter B-doped  

DWNT with an outer diameter of 4.7 nm and an inner diameter of 3.9 

nm.

It has been reported in the literature that boron and nitrogen arc 

incorporated to SWNTs to a smaller extent than in MWNTs [14-19]. We 

have estimated the compositions of the N- and B-doped DWNTs p rep ared  

by us by employing X-ray photoelectron spectroscopy. A core-level X-ray 

photoelectron spectrumf the N-doped DWNTs obtained by using NH3 as 

the N-source is shown in Figure 5.5a. The C Is  signal is at 284.3 eV, 

while the N Is  signal is centered at 399.6 eV, indicating of nitrogen
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substitution in the graphene sheet. It is possible that there is a small

amount of amorphous carbon, as suggested by the asymmetry of the C

Is signal, although most of it gets removed on treatment with hydrogen

(see Experimental Section). The asymmetric shape of the N Is peak

indicates the existence of at least two components and could be

deconvoluted into two peaks at 398 and 401.3 eV. The 398 eV feature is

characteristic of pyridinic nitrogen (sp2 hybridization), while the peak

centered at 401.3 eV is due to nitrogen present in graphene sheets [15 .

CCIs)
t

\
(a)

\

a o  3BS a o  

B ln lin i  e n e r i i

Fig. 5.5. (a) C Is and N Is XPS signals of N-doped DWNT prepared using ammonia, 
(b) C Is and B Is signals of B-doped DWNTs.

The areas of the two bands bear a ratio of 1:1. On the basis of the total N 

Is  and C Is  intensities, the nitrogen-to-carbon ratio in the nanotubes
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samples was calculated by taking the photoionization cross sections of

the is  levels into account. The average composition was thus found to

correspond to 1.3 atom % nitrogen. This value is lower than that

reported in the literature for DWNTs (-2.9 atom%) [13] and MWNTs (3-10

atom %) [16]. The N Is spectrum of N-doped DWNTs obtained by using

pyridine as the nitrogen source shows mainly the band at 398 eV, the

intensity of the 401.3 eV band being very small. Thus, there is an

intrinsic difference in the nature of N-substitution between the N-doped

DWNTs prepared by using NH3 and pyridine.

Figure 5.5b shows the core-level spectra of the B-doped DWNTs. 

The B Is feature is at 191.4 eV, and the C Is  signal is at 284.3 eV. The 

shift of the B i s  signal toward higher binding energy compared to that of 

pure boron (188 eV) indicates that boron is in the sp2 carbon network. 

The slight asymmetry of the B Is  signal would, however, suggest the 

presence of another possible mode of substitution. The boron content 

works out to be 1 atom %. Around 3 atom % B-doped MWNTs have been 

reported [18]. EELS measurements in a high resolution electron 

microscope confirmed the presence of nitrogen as well as boron in the 

respective doped DWNTs. The %B and %N were found to be small (~1 

atom %), consistent with the XPS data.

The resonance Raman spectrum of DWNTs shows three main 

features: the G band, the D band, and bands due to the radial breathing 

modes (RBMs). The tangential stretch G-band modes are in the 1550-
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1600 cm-i range. The disorder-induced D-band is observed between

1200 and 1450 cm-i. The D-band is activated in the first-order scattering 

process by the presence of in-plane substitutional heteroatoms, 

vacancies, grain boundaries, or other defects and by finite size effects, all 

of which lower the crystalline symmetry of the quasi infinite lattice [24], 

RBM frequencies provide information about the nanotube diameter in the 

case o f SWNTS and DWNTs. We have recorded the Raman spectra of the 

undoped as well as the N- and B-doped DWNTs by using 632.8 nm 

excitation using a He-Ne laser. The spectra were collected in a 

backscattering geometry at room temperature. Figure 5.6a shows the G- 

bands of the pure as well as doped DWNTs. The G-band of the N-doped 

DWNTs (Py) appears at a lower frequency (1574 cm-i) compared to that of 

undoped DWNTs (1575 cm-i), whereas the G-band of the B-doped 

DWNTs appears at a higher frequency (1579 cm-i). The G-band of the N- 

doped DWNTs (NHs) also appears at a lower frequency (1571 cm-i). Thus, 

the shifts o f the G-band are opposite for n- and p-doping of the DWNTs. 

Such shifts o f the G-band have been reported for B- and N-doped SWNTs 

by Yang et al. [25] and McGuire et al. [26]. The small-intensity shoulder 

around 1540 cm-i seen in the spectra of undoped DWNTs shows a 

decrease in intensity in the N-doped DWNTs and is negligible in the case 

o f B-doped DWNTs. This band is related to the metallic nature of the 

nanotubes [27] and its near absence in N- and B-doped DWNTs suggests
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Raman Shift (ctti'^) Raman Shift (cm"

Fig .5.6 The G-bands (a) and D-bands (b) in the Raman spectra of undoped and 

doped DWNTs

a greater prevalence of semiconducting nanotubes. Figure 5.6b shows 

that the intensity of the D-band is high in the case o f the B-doped 

DWNTs and low in the case of the N-doped DWNTs. The 7(D)/7(G) ratios 

are 0.04, 0.05, and 0.16 for undoped, N-doped (py), and B-doped DWNTs 

respectively.

We observe several RBM bands in the DWNTs (Figure 5.7), 

resulting from various sizes of the nanotubes, just as in earlier reports 

[28]. By using the relation 0=248/d, where q is the RBM frequency in 

cm-i and d is the nanotube diameter in nm, we have obtained the 

diameters of the DWNTs [28]. The RBM frequencies and the 

corresponding diameters are tabulated in Table 1 for undoped as well as 

N- and B-doped DWNTs, along with [n,m) indices for the intense features. 

From the table, we see that the diameter distribution of the nanotubes is

138



__ ___________________________________________________________________ Chapter 5

markedly affected by N- and B-doping. The undoped DWNTs show the

highest intensity RBM bands centered at 213 and 189 cm- ,̂

corresponding to diameters o f 1.16 and 1.31 nm, respectively. The

slightly lower intensity or medium-intensity RBM bands are at 158, 143,

and 132 cm-i, corresponding respectively to diameters of 1.57, 1.73, and

Fig. 5.7 RBM bands of undoped and doped DWNTs

1.88 nm. The N-doped DWNTs (Py) show the highest intensity RBM 

bands centered at 220 and 214 cm-^, corresponding to diameters of 1.13 

and 1.16 nm, respectively. The slightly lower intensity bands centered at
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160 and 142 cm'^ correspond to 1.55 and 1.75 nm diameters,

respectively. The diameters o f the N-doped DWNTs (Py) are somewhat

smaller compared to those of the undoped DWNTs. This is, however, not

the case with N-doped DWNTs prepared using NH3 as the nitrogen

source. The DWNTs (NH3) show the highest intensity RBM band at 158

cm-i, corresponding to a diameter of 1.57 nm. The slightly lower intensity

bands centered at 213, 152, and 147 cm-^ correspond to diameters of

1.16, 1.63, and 1.69 nm, respectively. Since the nature o f N-substitution

as well as the nature o f the defects is different in the N-doped DWNTs

prepared by using NH3 and pyridine.

The B-doped DWNTs exhibit a high proportion of large-diameter 

DWNTs compared to the undoped or N-doped DWNTs. The most intense 

RBM bands o f the B-doped DWNTs are at 217, 151, and 118 cm-i, 

corresponding to diameters of 1.14, 1.64, and 2.1 nm, respectively. The 

slightly lower intensity bands centered at 201, 189, and 130 cm-  ̂

correspond to diameters of 1.23, 1.31, and 1.91 nm, respectively. Due to 

a cutoff filter, the peaks below 100 cm-^ were not detected.

The diameters o f the various DWNTs calculated from the RBM 

modes are comparable with those obtained from the TEM images, but the 

larger diameter nanotubes seen in the TEM images are not registered in 

the Raman spectra since the RBM modes below 100 cm-i could not be 

recorded by us. We can identify DWNT pairs by taking the difference 

between the inner and outer diameters to be around 0.7 nm. The
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frequencies (cm'^) of such pairs of the RBM bands in the case of undoped

DWNTs are (252,143), (213,132), and (189,113).

Table-1
RBM frequencies of undoped and N- and B-doped doped DWNTs

DW NTs N -D W N T s (Py) M N -D W N Ts (NH3) W B-DW NTs W

KBM, cm'* (dia. nm ) EBM , cm"' (dia. nm ) KBM. cm'* (dia. nm ) RBM. cm'* (dia, nm )

338(0.73) 337(0.74) 334(0.73)
336(0.74)

252(0.98) 241(1.03) 308(0.81) *217(1.14)

*213(1.16) *220(1.13) 281(0.88) **201(1.23)

199(1.25) *214(1.16) 247(1.0) **189(1.31)

*189(1.31) 191(1.30) **213(1.16) 177(1.40)

175(1.42) **160(1.55) 199(1.25) 163(1.52)

171(1.45) **142(1.75) 191(1.30) *151(1.64)

**158(1.57) 134(1 .85) *158(1.57) **130(1.91)

**143(1.73) 125(1.98) **152(1.63) *118(2.10)

**132(1.88) 118(2.10) **147(1.69) 105(2.36)

113(2.20) 108(2.30) 1 3 4 ( 1 .85 )

107(2 .32 )

* highest intensity medium intensity

The possible (n. m) values for the intense bands are as follow s

U2 [(18̂ 9)̂ ’(2r5)̂ ]̂ ’

(b) 220 [(4. 12)], 214 [(7 , 10)]. 160 [(18, 3), (6 , 16)]. 142 [(20 .4 ); (7, 18)].

(c) 213 [(7. 10)]. 158 [(7 . 10)], 152 [(13. 11); (12, 12)], 147 [(21 .1 ); (6, 18)].

(d) 217 [ (1 .1 4 ) ] . 201 [(3 . 14); (7. 11)]. 189 [(3 .1 5 )]. 151 [(18, 5); (15, 9)],
130 [(16. 1 2 )]. 118 [(5 . 24); (15, 16)].

The metallic (m) and semiconducting (s) natures of these pairs are 

respectively (s,m), (m,m) or (m,s), and (m,s) or (s,s). In the N-doped
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DWNTs (py), the pairs are (241,142), (214,125), (220,134), and (160,108),

and they are (s,s), (m,s), (s,s), and (m,m) or (m,s), respectively.

For N-doped DWNTs (NH3), the pairs are (281,158), (247,147), 

(213,134), and (152,107), and these pairs are respectively (s,s), (s,s) or 

(s,m), (m,s), and (m,m) or (m,s) or (s,m) or (s,s). In the B-doped DWNTs, 

the pairs are (217,130), (177,118), (189,118), and (151,105), and these 

pairs are (s,s), (m,s) or (s,s), (m,s), and (m,m) or (m,s) or (s,m) or (s,s), 

respectively. Taking the semiconducting and metallic nature of all the 

RBM bands, the ratio of semiconductor to metallic nanotubes in the case 

of undoped DWNTs works out to be 2:1, while it is 2:1, 2.2:1, and 2:1, 

respectively, in the case of N-doped DWNTs (py), N-doped DWNTs (NH3), 

and B-doped DWNTs. Thus, the RBM modes predict a greater proportion 

of semiconducting nanotubes in the doped DWNTs as well.

The electronic absorption spectra of undoped as well as doped 

DWNTs (Figure 5.8) show bands in the 900-1200 nm region due 

overlapping £2 2  ̂ {s = semiconductor) features of the outer tubes and £ 1 1® 

of inner tubes [29]. The absorption bands in the 1600-2400 nm regions 

are due to £u s of the outer tubes. The absorption bands due to En (m 

= metal) of the outer tubes are found in the 400-600 nm region. The 

metallic feature seems to be prominent in the undoped DWNTs. 

Accordingly, the 1540 cm-  ̂ G+-band in the Raman spectrum is less 

prominent in the doped nanotubes.
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Fig. 5.8 Electronic absorption spectra of undoped and doped DWNTs

The smaller diameter carbon nanotubes are known to be less 

stable than their larger diameter counterparts and tend to oxidize at 

lower temperatures. Amorphous carbon and carbon nanotubes with 

defects undergo combustion at lower temperatures. In Figure 5.9, we 

show the thermogravimetric analysis (TGA) curves of undoped as well as 

N- and B-doped DWNTs. The decomposition temperatures of all these 

doped DWNTs are comparable to but slightly lower that the 

decomposition temperature o f pure DWNTs. Derivative TGA curves also 

shows the same trend. The slight increase in mass at high temperature 

may be due to the small metallic impurity.
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Temp (°C)

Fig. 5.9 TGA curves of undoped and doped DWNTs

3.5 Conclusions

In conclusion, the Moo.iFeo.gMgisO catalyst prepared by the 

combustion route preferentially yields DWNTs, the proportion o f SW N Ts 

being very small or negligible. The use o f this catalyst has enabled the 

synthesis of 1 atom % N- and B-doped DWNTs. The diameters o f the 

nanotubes obtained from the Raman RBM modes and transmission 

electron microscopy are comparable. The N-doped nanotubes show the 

G-band in the Raman spectrum at a lower frequency than the undoped 

ones, while the B-doped nanotubes show an increase in the frequency. 

The proportion of the metallic nanotubes appears to decrease on N- or B-
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doping, but the average diameter is substantially larger in the B-doped

DWNTs.
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