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Preface 

Nitrides are the materials of great interest due to their potential 

applications in various fields of science and technology. A great deal of 

research is being carried out on their synthesis and properties in order to 

understand them better. Chapter 1 gives a brief overview of the nitrides. 

Chapter 2 deals with the synthesis of the binary nitrides BN, TiN and 

NbN by urea route and their characterization. Importantly, the products 

show interesting nanostructural features, as revealed by electron 

microscopic studies. 

In chapter 3 synthesis of ternary nitrides by urea route has been 

discussed. The ternary nitrides so obtained has been characterized by 

various physical methods. 

Chapter 4 deals the synthesis of super conducting molybdenum nitrides 

by urea route. It is noteworthy that the nitrides in nanoparticulate 

regime exhibit superconductivity along with room temperature 

ferromagnetism, a surface property characteristic of nanoparticles. 

Chapter 5 deals with the coating of BN on one-dimensional 

nanostructures by emplo5dng a reaction between urea and boric acid. 

The BN coating has been characterized by electron microscopic 

techniques. 
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CHAPTER 1 

A brief overview of nitrides 

1,1 Introduction 

Binary nitrides have considerable utility, yet the search for new 

nitrides has, until recently, been almost completely neglected. R Juza 

and Y Laurent in Europe and DL Ward in the USA were among the few 

who published studies of ternary nitrides in the 60s, 70s and early 80s. 

In the past half dozen years or so, the systematic study of ternary and 

more complex nitrides has really accelerated. These studies, initiated 

principally in the groups of R. Kniep and H. Jacobs in Germany and F. J. 

DiSalvo in the USA, and now continued by these and many other groups, 

show that the sjrntheses and structural features of nitrides are often 

quite different from those of oxides, sulphides or phosphides. Indeed, 

unique features are often encountered in nitrides. 

Nitrogen, the main component of the atmosphere, is omnipresent. 

The lightest element in the fifth mail group plays an important role in 

chemical compounds, in particular in the nitrides in which the oxidation 

state of nitrogen is -III. As shown in Figure 1.1, non-molecular binary 



nitrides are not as extensive as binary compounds of oxygen, sulphur or 

phosphorous, all of which combine with a wider variety of metals, such 

as the alkali metals, most of the late transition metals, and heavy main-

group metals [1-4]. 
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Figure 1.1: The periodic table showing the occurrence of the 

common binary nitrides. 



Inspite of this relatively small number, the nitrides include some 

extremely useful compounds, for example boron nitride (BN) is used as a 

high-temperature crucible material, as a lubricant and in abrasives 

sector. This is because BN does not interact with molten metals and have 

higher oxidation resistance than carbon [5,6]. Such excellent properties 

promote the broad applications of BN, which include high-temperature 

insulators, self-lubricating and heat dissipating coatings, passivation 

layers, diffusion masks and wear-resistant coatings [7-8]. 

Among the theoretically possible binary nitrides, many are either 

nonexistent or have until now not been applied in a pure and well-

defined form because of their low stability. LiaN exhibits an unusually 

high tendency for formation, the reaction between lithium metal and 

molecular nitrogen starts at room temperature and atmospheric 

pressure. In contrast, there is no reliable evidence for the existence and 

the stability of analogous compounds of the heavier alkali metals. 

Apparently in the nitrides M3N (M = Na, K, Rb, Cs) the high formal charge 

of the nitride ion make it impossible to form a stable ionic compound. 

For the alkaline earth metals, binary nitrides with the composition M3N2 

are known for all elements. 

In contrast to the ionic structures of the nitrides of lithium and 

alkaline earth metals, the elements from the third group onwards form 

nitrides with more covalent character. As the group number increases. 



the heavier homologues in their highest oxidation state show a clearly 

decreasing tendency towards the stable binary nitride formation. 

In the synthesis of nitrides, the dominant factor in nitride 

thermodynamics is the strong Na triple bond (941 kJ mol-i versus 500 

kJmol"i for O2, for example). The enthalpy of dissociation of N2, which is 

about two times larger than that of the O2 molecule makes direct 

reaction with nitrogen sometimes difficult. This also implies that 

nitriding reactions are generally high-temperature reactions and that 

they often involve nitrogen containing species, such as ammonia, which 

are more reactive than molecular nitrogen [9]. 

Compared with the corresponding oxides, the thermal dissociation 

of many nitrides with evolution of N2 occurs at much lower temperatures. 

Thus, the elimination of N2 from Si3N4 occurs at atmospheric pressure at 

about 2173 K, while SiOa can heated above 2273 K [10]. The affmity of 

most elements for oxygen is larger than that for nitrogen, thus the bond 

energies for element-oxygen bonds are generally higher than those of the 

corresponding element-nitrogen bonds. The formation of oxides is thus 

an important side reaction in the synthesis of nitrides. Thus, the 

preparation of nitrides in a pure state requires the complete exclusion of 

oxygen and this has certainly played an important role in hindering a 

detailed investigation of nitrides. 



The above factors often make the solid state chemistry of the 

nitrides unusual and sometimes unique. 

1.2 Ternary nitrides 

Ternary nitrides have largely been the focus of recent synthetic 

research in nitrides, and recent partial reviews of synthetic methods are 

available [4,9]. The vast majority of recently reported ternary nitrides 

contain an electropositive element along with a transition metal or later 

main-group metal. The electropositive element is included to increase the 

stability of a given nitride, via the inductive effect [11]. A particularly 

clear example of the stabilizing influence of the electropositive element is 

the difference between NiaN and CaNiN, both formally containing Ni+. 

NiaN decomposes to N2 and Ni even under one atmosphere of N2 pressure 

by 973 K. In contrast, CaNiN [12] is made from Ca3N2 and Ni metal at 

1273 K, and remains stable under N2 to about 1373 K. Studies of ternary 

nitride materials have become important because of their potential 

technological applications [3]. Interstitial ternary nitride materials are 

interesting as they combine the physical properties of ceramics and 

electronic properties of metals [13]. Unfortunately, ternary nitride class 

of compounds is not explored much because of their synthetic 

challenges. 



1.3 Synthetic strategies for nitrides 

In this session only two basic methods for the preparation of the 

nitrides are described. They both resort to a gas + solid reaction. 

The first method consists of synthesizing a nitride through the 

direct combination of elements. This method is commonly used with 

electropositive metals such as rare earth metals. The nitriding 

temperature is generally between 1073 K and 1473 K and depends on 

the mutual reactivity of both elements. The difficulty in preparing these 

nitrides lies mainly in the precautions which need to be taken, since 

traces of both moisture and oxygen must be avoided. At a given 

temperature, the reactivity of an element for oxygen is always greater 

than that for nitrogen. Thus, under nitriding conditions, a very low 

oxygen partial pressure is enough to irreversibly cause the displacement 

of nitrogen and the formation of an oxygenated product. 

The second method concerns the reaction of ammonia with an 

oxide. This process can be used to prepare both nitrides and oxynitrides. 

Ammonia acts both as a reducing and as a nitriding agent. The reaction 

is carried out in flowing gas, and not under a static atmosphere as in the 

first method. The rate of ammonia flow depends on the temperature of 

the reaction: the higher the temperature, the higher the rate, because the 

dissociation of NH3 into nitrogen and hydrogen must be minimized before 

there is any contact with the product. It has been shown that an 



equivalent mixture of nitrogen + hydrogen has no effect on oxides under 

the same conditions. The general equation is: 

MOx + NHa • MNy + H20 

It is clear that the reaction is not total: part of the ammonia is 

dissociated, and nitrogen and hydrogen coming from this dissociation 

help drive away the water produced by the reaction. This method, which 

uses, from a thermodynamic point of view, an out-of equilibrium 

reaction, is especially well-suited for the nitriding of refractory oxides. 

1.4 Nanostnictures 

As atoms are brought together in a periodic arrangement to form a 

crystalline solid they lose their identity. This in turn provides structural 

anisotropy in crystalline materials that reflects in properties like 

magnetic moment and electrical conductivity. Thus there exists a cross­

over region where the individual atomic wave functions tend to lose their 

identity in order to achieve the wave function of bulk solids. This cross­

over region is generally is in the 'nano' regime. The word 'nano' refers to 

10" .̂ The objects which have dimensions in the range of hundreds of 

nanometers are named as nanomaterials. 



Nanomaterials are differentiated by their dimensionality. 

Nanocrystals are zero-dimensional (OD), nanowires and nanotubes are 

one-dimensional (ID) and thin films are two-dimensional (2D) materials. 

1.5 Synthetic strategies for nanocrystals 

Nanocrystals, nanowires and nanotubes of a large number of 

inorganic materials have been synthesized and characterized in the last 

few years [14-16]. There are two different synthetic approaches to the 

synthesis of nanomaterials. The first one is the 'top-down' approach, 

where a bulk material is divided into small pieces to produce 

nanostructures. Different physical methods such as laser ablation, 

reactive sputtering, and vacuum evaporation have been employed in this 

approach. The other procedure is the iDottom-up' approach. In this, the 

nanostructures are prepared by controlled assembly of constituent 

atoms. This method mainly involves chemical routes where different 

precursors are reacted in presence of suitable stabilizing agents for 

controlled growth of nanostructures. In the following section we discuss 

some of the important synthetic strategies for the preparation of the 

nanostructures. 

Preparation of OD nanocrystals by means of top-down approach 

has not been a success due to the high energy associated with the 

process and the particles always tend to aggregate to give bigger crystals. 



Because of its inherent simplicity, the bottom-up approach is attractive. 

The first report on nanoparticles was the controlled precipitation of dilute 

colloidal solutions [16-19]. In a t5^ical synthesis, bare ions or atoms are 

reacted with each other at high temperature in a solution. This is done 

by rapid injection of one reagent into a hot solution containing other 

reagent in a required molar ratio. The growth process is known as 

Ostwald ripening. Successful controlled synthesis of colloidal particles is 

restricted to metals, metal oxides and metal chalcogenides. However 

there are a few reports on the preparation of some arsenide and 

phosphide nanocrystals [20]. 

Solvothermal technique: 

It is a soft chemical process for the preparation of nanocrystals. In 

this technique the reaction is carried out in an autoclave with suitable 

reactants and solvent which is then heated to the desired temperature. 

This method can effectively prevent the products from oxidizing and have 

used to synthesize a number of compounds. Synthesis of TiN and NbN 

nanocrystals by the benzene-thermal route (using TiCU in the case if TiN 

and NbCls for NbN and NaNa) is an example for the solvothermal route 

[21,22]. 



1,6 Synthetic strategies for nanowires 

The ID nanowire of a material is formed by the crystallization in 

mainly one direction. The growth of a crystal from a vapor, liquid or solid 

phase involves two fundamental steps, namely nucleation and growth. As 

the concentration of the building units becomes sufficiently high, they 

aggregate and nucleation takes place. These nuclei serve as seed for 

further growth to form larger clusters. It is not trivial to control this 

phase transition process. When developing a synthetic method for 

nanostructures, the most important features that have to be controlled 

are dimension, shape and uniformity. Anisotropic nature of the 

crystallographic structure of solids can be promoted for ID growth [23]. 

Introduction of a solid-liquid interface can also result in preferential one-

dimensional growth [24]. Another simple way of synthesizing ID 

nanostructure is to use one-dimensional porous templates [25]. 

Controlling the super saturation of a seed can modify the growth 

preferentially in one direction [26]. Usage of capping agents can 

kinetically control the growth rates of various facets of a crystal [27]. 

Self-assembly of OD nanocrystals can also lead to ID nanostructures 

[28]. And finally reducing the size of a microstructure by a top-down 

approach can result in ID nanostructure formation [29]. Thus some of 

the well established routes for the synthesis of nanaowires are laser-

10 



assisted catalytic growth, chemical vapor deposition, template-assisted 

synthesis and vapor-liquid-solid (VLS) growth process. 

Vapor-liquid-solid mechanism; 

The growth of one-dimensional crystalline structures by 

introduction of a liquid-solid interface in vapor phase was observed and 

extensively studied by Wagner and Ellis in 60s [30-31]. They proposed 

that the symmetry of the isotropic crystal breaks if three phases are 

present in equilibrium in a system. This is VLS process. Following this 

mechanism a number of one-dimensional nanostructures have been 

synthesized. In the VLS process, a metal particle is used which forms a 

liquid alloy (at a temperature higher than the eutectic point) with the 

material supplied in vapor phase. The liquid alloy gets super-saturated 

when more growth material is supplied at this temperature. This results 

in nucleation and growth in one direction at the solid-liquid interface. 

Validity of this process was demonstrated by Wu et al. who monitored 

high-temperature growth stages of Ge nanowires in the presence of Au 

catalyst in-situ in TEM [32]. Metal particles act as catalyst as they are 

never consumed during growth and can therefore be seen at the tips of 

the nanowires. This provides a control over the diameter of the structure 

that is now dictated by the size of the catalyst particle and remains 

essentially unchanged during the entire growth. 

11 
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CHAPTER 2 

Synthesis of nanostructures of BN, 

TiN and NbN* 

Summary 

This chapter of the thesis deals with the synthesis and characterization 

of the nanostructures of the binary nitrides BN, TiN and NbN. By heating 

mixtures of H3BO3, TiCU, and NbCls with urea in 1:6 molar ratios in the 

1173-1273 K range, nanoparticles of BN, TiN and NbN have been 

obtained respectively. The nanoparticles are crystalline and have been 

characterized by electron microscopy and other techniques. By carrying 

out the urea reaction over Au islands deposited on Si substrates, 

nanowires of TiN could be obtained. 

* Paper based on this work has been published in Mater. Res. Bull. 
(2006) 
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2.1 Introduction 

Hexagonal boron nitride (BN) has a layered, graphite-like 

structure, consisting of B3N3 hexagons. Besides its high-temperature 

stability, chemical inertness and hardness, BN also exhibits potential 

applications [1-4] as UV-detectors, cold cathode materials and gate-

insulators for metal-insulator-semiconductor field-effect-transistors 

(MISFETs). Titanium nitride (TiN) which crystallizes in a Bl structure, 

space group Fm3m, may occur in a wide range of compositions [5-6]. TiN 

exhibits a very broad range of interesting and potentially valuable 

physical and chemical properties. TiN has been utilized to provide wear-

resistant coatings for cutting tools [7] and diffusion barriers in silicon 

semiconductor devices [8]. Its optical properties, similar to those of gold, 

make it of special interest for solar energy applications [9]. Among the 

transition metal nitrides, niobium nitride (NbN) has received a great deal 

of attention, owing to its high hardness [10], high wear resistance [11], 

high melting point [12], good temperature stability, good chemical 

stability at high temperature [13] and superconducting properties [14]. 

2.2 Scope of the present study 

Exploring synthetic methods for binary metal nitrides such as BN, 

TiN, and NbN is of interest because of the useful properties of these 

materials. These nitrides have been prepared by various means in bulk 

form and in some instances in the form of nanostructures. Chopra et al. 

16 



[15] reported the synthesis of BN nanotubes by arc discharge between a 

BN-packed tungsten rod and a cooled copper electrode. 8501 thesis of BN 

nanotubes starting from boron powder, iron oxide and ammonium 

chloride has been reported [16]. Deepak et al. [17] have reported 

MWNT/activated carbon assisted synthesis of BN nanotubes and 

nanowires from boric acid. The synthesis of single-crystalline TiN 

nanorods by the metathesis reaction between TiCU and NaNa was 

reported recently by Joshi et al. [18], while the preparation of TiN 

nanocrystals by the reaction of TiCU and NaNH2 was reported by two 

groups [19,20]. The metathesis reaction involving TiCla and Ca3N2 also 

produces TiN nanorods [21]. Niobium nitride (NbN) nanocrystals were 

prepared by the reaction of NbCls with NaNa by Shi et al. [22]. The 

benzene-thermal route has also been employed to synthesize NbN [23]. 

We have sought to develop a simple synthetic method for BN, TiN, 

and NbN, with specific interest in their nanostructures. For this purpose, 

we have chosen the urea route which involves heating a mixture of urea 

with an appropriate compound of boron, titanium and niobium at an 

appropriate temperature. In the past few years, there has been some 

effort to prepare metal nitrides using urea (NH2CONH2), which is readily 

available and is environmentally benign. The idea behind using urea is 

motivated by the fact that heating urea at 423 K is known to yield NH3 

and thereby can replace hazardous precursors used as traditional 

17 



nitrogen sources. Pure urea decomposes endothermically in several 

stages [24]. 

NH2CONH2 • HCNO + NH3 (413 K) 

NH2CONH2 • H2CN2 + H2O (413 K) 

NH2CONH2 + HCNO • H2NCONHCONH2 (453 K, biuret) 

In oxygen free atmosphere non-oxygen containing products, 

H2CN2, H4C2N4 and HeCaNe are also formed. On heating to higher 

temperatures however, all the nitrogen compounds decompose. In 1995 

Podsiadlo et al. [24,25] demonstrated that when urea reacts with Ga or 

In metal in a N2 atmosphere it forms a mixture of metal nitrides and 

oxides. They could obtain pure GaN only by reacting Ga metal with urea 

in an ammonia atmosphere at 1123 K. In another experiment they 

obtained a mixture of InN, In203 and In metal at 973 K by the reaction of 

In metal with urea. The formation of pure InN took place only when the 

reaction was performed in an ammonia atmosphere. 

We have attempted to investigate whether this simple procedure of 

urea route could be used to synthesize the binary nitrides of boron, 

titanium and niobium and we have successfully prepared BN, TiN and 

NbN. Importantly, the products show interesting nanostructural 

features, as revealed by electron microscopic studies. 
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2.3 Experimental and related aspects 

(a) Synthesis of nitrides 

The basic synthetic procedure employed for the three nitrides was 

to heat a compound of boron, titanium or niobium with urea at an 

appropriate temperature. The compounds used for this purpose were 

H3BO3, TiCU, and NbCb. 

In the synthesis BN, 100 mg of H3BO3 and 600 mg of urea, taken 

in the molar ratio 1:6 was ground to give an intimate mixture. The 

mixture was then taken in an alumina boat and heated in a tube furnace 

at 1273 K for 3 h in a N2 atmosphere. 

In the case of TiN, a TiCU-urea complex (titanium:urea:: 1:6) was 

prepared by mixing TiCU in acetonitrile with urea. In order to S5nithesize 

the TiCU-urea complex, about 0.2 ml of TiCU was dissolved in 

acetonitrile to give a yellow solution and to this was added 700 mg of 

urea dissolved in acetonitrile. The solution was stirred for 2 h to ensure 

the completion of the reaction. Then the complex was heated at 1173 K 

for 3 h in a N2 atmosphere. The golden yellow product obtained at the 

end of the reaction was collected for further analysis. 

TiN nanowires were prepared by thermal decomposition of TiCU-

urea complex in the presence of gold nanoclusters as catalyst. First 10-

20 nm thick films of Au nanoclusters were deposited using DC sputtering 
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technique on selected area os Si (100) substrates by the help of a mask. 

In each reaction approximately 30-50 mg of the TiCU-urea complex was 

placed on the top of the Au coated Si (100) substrates on an alumina 

boat. Figure shows the schematic of the experimental set up. 

TiCU-Urea complex 

Si (100) 

Au 

Figure 2.1: Schematic of the strategy used for the growth of 

TiN nanowires. 
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To synthesize NbN nanoparticles, a mixture of 100 mg NbCls and 

150 mg urea taken in the molar ratio 1:6 was ground well and the 

resulting mixture was heated at 1173 K for 3 h in a N2 atmosphere. The 

resulting product was silver-grey in color. 

(b) Characterization Techniques 

X-ray Diffraction: X-ray diffraction (XRD) patterns of the nitrides were 

recorded using Cu Ka radiation on a Rich-Siefert XRD-3000-TT 

diffractometer. 

Scanning electron microscopy: Scanning electron microscope (SEM) 

images were obtained using a LEICA S440i SEM. 

Transmission electron microscopy: For transmission electron 

microscopy, the nitrides were dispersed in CCI4 and dropped on to the 

holey carbon-coated copper grids. The grids were allowed to dry in the 

air. Transmission electron microscope (TEM) images were obtained with a 

JEOL JEM 3010, operating with an accelerating voltage of 300 kV. 

Thermogravimetric analysis: Thermogravimetric analysis (TGA) was 

carried out on a Mettler-Toledo-TG-850 instrument. 
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X-ray photoelectron spectroscopy: X-ray photoelectron spectra (XPS) 

were recorded with an ESCALAB MKIV spectrometer employing AlKa 

radiation (1486.6 eV). 

Raman spectroscopy: Raman spectra were recorded with a LabRAM HR 

with the 633 nm line from HeNe laser. The excitation wavelength is 632.8 

nm. 

Magnetic properties: Magnetic measurements of the as-prepared 

powder samples were carried out with a vibrating sample magnetometer 

in Physical Property Measurements System (PPMS, Quantum Design). 

2.4 Results and Discussions 

(a) Characterization of the BN nanoparticles 

The TGA curve shown in Figure 2.2 is of the mixture of H3BO3 and 

urea in 1: 12 molar ratio recorded under N2. It showed the end product 

to be BN. 
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Figure 2.2: TGA curve of H3B03:urea::l:12 in a N2 atmosphere giving 

BN as the final product. 

The formation of h-BN by heating H3BO3 and urea mixture is ascertained 

by the XRD pattern given in Figure 2.3. The pattern could be indexed 

with the space group Pds/mmc (JCPDS card no: 34-0421). From the 

pattern it is seen that the lines are rather broad and it may be due to 

small particle size. By making use of the line widths, the average particle 

size of the h-BN is calculated from Scherrer formula and it is estimated 

to be 10 nm. The lattice parameters of the 10 nm particle of h-BN are a = 

2.57 A and c = 6.70 A. 
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Figure 2.3: XRD pattern of BN nanoparticles. 

In Figure 2.4 is given the electron microscope images of the BN 

nanoparticles. Figure 2.4 (a) is the SEM image of the BN nanoparticles. 

In Figures 2.4 (b) and (c), we have given the TEM images of the BN 

nanoparticles the particles appear to be rod-like and -10 nm long in 

agreement with that estimated from XRD data. Figure 2.4 (d) is the high 
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Figure 2.4: (a) SBM image of the BN particles, (b) and (c) TEM images 

of the BN nanoparticles. (d) HREM image of the BN 

nanoparticles. 

resolution electron microscope (HREM) image of the BN nanoparticles 

and it shows a lattice spacing of 0.33 nm corresponding to the spacing 

between the (002) planes of h-BN. 
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We have characterized the nanoparticles of BN by XP spectrum. Figure 

2.5 gives the XP spectrum of the nanoparticles which gives the 

characteristic binding energy (B.E) of 190 eV for B (Is) and 397.8 eV for 

N(ls). 

Figure 2.5: X-ray photoelectron spectrum of BN 

Figure 2.6 gives the Raman spectrum of the BN nanoparticles. The 

spectrum shows a dominant peak centered at 1372 cm-i, corresponding 

to the E2g vibrational mode of h-BN. 

wavenumber (cm') 

Figure 2.6: Raman spectrum of BN nanoparticles 
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Heating the 1:6 HaBOa-urea mixture for a longer duration of 12 h at 

1273 K produced BN nanotubes. Figure 2.7 (a) and (b) give the TEM 

images of the BN nanotubes so obtained. The inset in the Figure 2.7 

(b) shows the selected area electron diffraction (SAED) pattern of the 

BN nanotubes with an interlayer spacing 0.33 nm characteristic of 

the (002) planes. 

Figure 2.7: (a) and (b) TEM images of the BN nanotubes with the 

inset in (a) showing the SAED pattern of a tube. 
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fb) Characterization of the TiN nanoparticles 

The golden yellow product of heating a 1:6 mixture of TiCU and 

urea gave a XRD pattern shown in Figure 2.8, characteristic of cubic TiN. 

The pattern could be indexed with the Fm3m space group (38-1420) with 

the lattice parameter a = 4.17 A. From the Scherrer equation based on 

XRD line-widths the particle size is estimated to be 35 nm. 

26 (deg) 

Figure 2.8: XRD pattern of TiN nanoparticles. 
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In Figure 2.9 (a) we show a TEM image of TiN nanoparticles. The average 

particle size is around 35 nm and is comparable to that estimated from 

the XRD pattern. The SAED pattern shown in Figure 2.9 (b) shows the 

rings corresponding to (111), (200) and (220) planes. 

Figure 2.9: (a) TEM image of TiN nanoparticles. (b) SAED pattern of 

the TiN nanoparticles. 
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We characterized the TiN nanoparticles by XPS. The XP spectrum given 

in Figure 2.10 gives characteristic BE values of 455 and 461 eV for Ti 

(2p3/2) and Ti (2pi/2) respectively and 397 eV for N (Is). 

Figure 2.10: X-ray photoelectron spectrum of TiN 

Figure 2.11 is the Raman spectrum of the TiN nanoparticles which shows 

four broad bands between 200 and 600 cm-^ in agreement with the 

literature. 

12000 

600 

wavenumber (cm'^) 
1000 

Figure 2.11: Raman spectrum of TiN nanoparticles. 
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In order to prepare TiN nanowires we used Au coated Si 

substrates. The reaction carries out on these resulted in the formation of 

TiN nanowires on the Au islands as shown in the SEM image in Figure 

2.12 (a). In Figure 2.12 (b) and (c) are shown the TEM images of the TiN 

nanowires. In Figure 2.12 (d) we show the SAED pattern of a TiN 

nanowire. It clearly shows the pattern corresponding to the (111) and 

(200) planes. 

Figure 2.12: (a) SEM image of the TiN nanowires. (b) and (c) TEM 

images of the TiN nanowires. (d) SAED pattern of a TiN nanowire. 
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(cl Characterization of the NbN nanoparticles 

The reaction of NbCls with urea resulted in a silver grey product 

which gave a XRD pattern shown in Figure 2.13. The pattern is 

characteristic of cubic NbN (JCPDS = 74-1218) with lattice parameter a = 

4.44 A. 
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Figure 2.13: XRD pattern of NbN nanoparticles. 

In Figure 2.14 (a) is shown a SEM image of NbN nanoparticles while the 

Figure 2.14 (b) gives a TEM image of NbN nanoparticles. The average 

particle size is around 20 nm which is comparable to that of estimated 
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from the XRD line widths. The SAED pattern shown in Figure 2.14 (c) is 

of NbN nanoparticles and it clearly shows the rings corresponding to the 

(111), (200) and (220) planes. The HREM image of a NbN nanoparticle 

shown in Figure 2.14 (d) gives a lattice spacing of 0.22 nm corresponding 

to the (200) planes of NbN. 
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of the NbN nanoparticles. (c) SAED pattern of the NbN 

nanoparticles. (d) HREM image of a NbN nanoparticle. 
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We have characterized the NbN nanoparticles by X-ray photoelectron 

spectroscopy. The XP spectrum of NbN particles in Figure 2.15 gives the 

BE values of Nb (3d) at 206.7 eV and that of N (Is) at 397 eV. 

190 

0° °o Nb (3d) 
o 

0 
o 

o 
0 

0 

° 
° 0 
" 0 

0 0 
o 0 

200 210 220 380 

( 
0 
0 
0 
0 
0 
0 
0 

/ 

390 

A N(1s) 
° \ 

0 
0 
0 
0 
0 
0 
0 

400 410 
B.E(eV) 

Figure 2.15: X-ray photoelectron spectrum of NbN. 

In Figure 2.16, we show the results of magnetic measurements on the 

nanoparticles of NbN under zero-field-cooled (ZFC) condition with the 

applied field of 5 Oe. The data show a superconducting transition with 

an onset Tc around 7 K. The superconducting volume fraction is around 

50 %. 
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Figure 2.16: Temperature dependence of magnetic susceptibility of 

NbN nanoparticles 
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2.5 Conclusions 

In conclusion, we have succeeded in preparing crystalline 

nanoparticles of BN, TiN and NbN by heating mixtures of urea with 

H3BO3, TiCU, and NbCls respectively in the temperature range of 900-

1273 K. In the case of TiN, nanowires have been obtained by carrying out 

the reaction of urea with TiCU over Au islands deposited on Si 

substrates. The NbN nanoparticles showed a superconducting Tc around 

8K. 
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CHAPTER 3 

Ternary nitrides: Synthesis and 

characterization"^ 

Summary 

This chapter of the thesis deals with the s5Tithesis of interstitial 

molybdenum ternary nitrides, MnMoaN (M=Fe and Co, n=3; M=Ni, n=2). 

For the s)aithesis of the ternary nitrides the respective molybdates were 

used as precursors. The nitrides were obtained by heating the molybdate 

precursors, FeMo04, C0M0O4 and NiMo04 with urea in the 1:12 molar 

ratio and heating the mixture in the 1173-1273 K range in a N2 

atmosphere. FeaMoaN and C03M03N are obtained in pure form. The nickel 

nitride has the composition Ni2Mo3N and therefore is in admixture with 

nickel. The nitrides have been characterized by various physical 

methods. 

* Paper based on this work has been published in Mater. Res. Bull. 2006 

(In Press) 
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3.1 Introduction 

Interstitial ternary nitride materials form an interesting class of 

compounds. Many of these nitrides are closely allied to the chemistry of 

their carbides i.e. they have the physical properties of ceramics and 

electronic properties of metals [1-3]. It is known that they exhibit a 

number of important properties such as superconductivity [4], catalytic 

activity [5-7], thermal emissivity [8], unusual magnetic behavior [9-13] 

and high hardness and strength [14-17] combined with good thermal and 

electrical conductivity. Ternary molybdenum nitrides constitute examples 

of promising catalytic materials. They have proved to be active and 

selective in processes involving hydrogen transfer reactions, such as 

hydrodenitogenation and hydrodesulphurizarion [18]. Recently it has 

also shown that the catalytic activity of molybdenum nitrides is 

enhanced by addition of another transition metal like vanadium [19]. 

3.2 Scope of the present study: 

Transition metal-molybdenum ternary nitrides are technologically 

important class of materials owing to their potential catalytic activity 

[20]. The ternary interstitial nitrides, M3M03N (M = Fe, Co) were first 

synthesized by Bem et al [21] by ammonolysis of oxides and reported to 

be isostructural to ri-FeaWaC. Another approach to synthesize ternary 

nitrides of the type MWN2 (M = Fe, Ni, Co) has been to heat the respective 
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ternary oxide precursor in NH3 [22-24]. Weil et al. [25] reported the 

synthesis of FeaMoaN, FeWN2, NiaMoaN and TiaAlN using complex 

precursors. Synthesis of FeaMoaN by the ammonolysis of the oxide 

precursor has been reported [26]. The ternary nitride, NiaMoaN, has been 

prepared by heating a metalloraganic precursor in NHa [27]. Alconchel et 

al. [28] have reported a study on the influence of preparative variables on 

the ammonolysis of the molybdate precursors. Both the ammonolysis as 

well as the plasma nitridation of FeMo04 and C0M0O4 results in the 

respective intermetallic nitrides [29]. Sjmthesis of FeaMoaN and CoaMoaN 

by mechanochemical alloying and by the nitridation of the corresponding 

ternary carbide has also been reported [30]. Herein we report our 

investigations on the synthesis of interstitial molybdenum ternary 

nitrides, MnMoaN (M=Fe and Co, n=3; M=Ni, n=2) by the reaction of the 

respective ternary metal oxides with urea. 
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3.3 Experimental and related aspects 

(â  Synthesis of oxide precursors; 

The metal molybdates were prepared by the dropwise addition of 

400 mL (0.25 M) of an aqueous solution of the metal chloride (FeCl2, 

CoCb or NiCb) to a 150-mL (0.55 M) Na2Mo04.(H20)2 solution, and the 

solution stirred for 2 h to ensure completion of the reaction. The solid 

product was isolated by vacuum filtration and rinsed with two washings 

of distilled water followed by a washing with ethanol. The solid was air-

dried overnight followed by a drying at 423 K for 24 h. The products were 

amorphous and had brown, violet and green colors in the case of 

FeMo04, C0M0O4 and NiMo04 respectively. 

Ih] Synthesis of the nitrides; 

To prepare the nitrides, an intimate mixture of the molybdate 

precursor and urea taken in a molar ratio 1:12 was taken in an alumina 

boat. The boat was then placed in a quartz tube furnace. Prior to the 

heat treatment, the furnace was purged with nitrogen for 15 minutes to 

ensure an inert atmosphere. The molybdate-urea mixture was then 

heated at 1173 K for 3 h in a N2 atmosphere. In the case of all nitrides 

the product obtained was black in color. 
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(c) Characterization Techniques; 

X-ray Diffraction: X-ray diffraction (XRD) patterns of the nitrides were 

recorded using Cu Ka radiation on a Rich-Siefert XRD-3000-TT 

diffractometer. 

Scanning electron microscopy: Scanning electron microscope (SEM) 

micrographs were obtained using a LEICA S440i SEM. 

Mossbauer Spectroscopy: The Mossbauer spectrum was recorded using 

a Wissel spectrometer. The spectrum was recorded at room temperature 

using a 57Co source. The sampling was done by making a pellet of the 

nitride with polyethylene as the matrix. The isomer shift is reported 

relative to metallic iron at room temperature. 

Electrical resistivity measurements: Electrical resistivity of the nitride 

samples were measured using four probe technique from 50 to 300 K. 
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3.4 Results and Discussions: 

(a) Characterization of the Fe,Mo,N; 

The product obtained by heating a mixture of FeMo04 with 

urea in a 1:12 molar ratio gave a XRD pattern given in Figure 3.1. The 

XRD pattern confirms the formation of FeaMoaN. The pattern could be 

indexed with the space group Fd3m (JCPDS card no: 48-1408) with a 

lattice parameter of a = 11.0620 A. FeaMoaN adopts a pattern similar to 

that of the cubic eta carbide rj-FeaWaC. The structure consists of NMoe 

octahedra that are corner shared, with the iron atoms occupjdng the 

sites between the octahedra. The iron atoms are located in 12-fold, 

pseudo-icosahedral coordination, surrounded by six molybdenum and 

six iron atoms, or four molybdenum, two nitrogen, and six iron atoms to 

give Fe-fMoeFee] and Fe[Mo6Fe4N2]. 

20 30 

Figure 3.1: XRD pattern of FegMosN 
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We show the Mossbauer spectrum of FeaMoaN recorded at room 

temperature in Figure 3.2. 
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Figure 3.2: Mossbauer spectrum of FesMosN. 

The spectrum shows a S5mimetric single line with an isomer shift of 

0.213 mm s^ characteristic of FeaMoaN as reported in the literature [31]. 

Mossbauer results give the distribution of iron sites. The isomer shift 

value, 0.213 mm s-i, is very close to that of the alloys of Al-{Mno.7Feo.a) 

whose isomer shift value is 0.22 mm s-i. This suggests that, as in the 

case of icosahedral alloys, in FeaMoaN the Fe atoms are located in 12 

fold, pseudo-icosahedral coordination surrounded by six Mo and six Fe 
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atoms or six Mo, two N and four Fe atoms. That is the structure of 

FeaMoaN has iron atoms occupjdng the sites between the (NMoe) 

octahedra which are corner-shared. The product consisted of sub-

micrometer sized particles as revealed by the SEM image shown in Figure 

3.3 (a). 

Figure 3.3: SEM images of (a) FesMosN (b) C03M03N (c) Ni2Mo3N. 
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(a) Characterization of the CooMô N: 

By heating a 1:12 mixture of C0M0O4 and urea, we obtained 

C03M03N showing a XRD pattern characteristic of cubic eta carbide 

structure as shown in the Figure 3.4. The pattern could be indexed with 

the space group Fd3m with a cell parameter of 11.0134 A. 

5000 

20 

Figure 3.4: XRD pattern of C03M03N 

The product consisted of sub-micrometer sized particles as revealed by 

the SEM image in Figure 3.3 (b). The nitride was metallic as shown by 

the measurement of the temperature variation of resistivity in Figure 3,5. 
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Figure 3.5: Variation of resistivity, p, of C03M03N with temperature 

The reactions involved in the formation of FeaMoaN and C03M03N is likely 

to be (1): 

3 C0M0O4 + 8 NH3 • C03M03N + 12 H2O + 7/2 N2 (1) 

Here, NH3 is generated by the decomposition of urea. 

(a) Characterization of the NioMo^N; 

The product of heating a mixture of NiMo04 and urea in the 

molar ratio 1:12 resulted in a mixture of Ni2Mo3N and Ni which is 

ascertained by the XRD pattern given in Figure 3.6. Unlike the ternary 

nitrides of iron and cobalt which forms the nitrides of type M3M03N 

which adopts a structure similar to that of eta carbide, the nickel 

molybdenum ternary nitride forms Ni2Mo3N which has a structure 
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similar to that of AI2M03C which adopts filled (3-Mn structure. The 

pattern could be indexed with the space group P4i32 with a lattice 

parameter a = 6.9001 A and reveals the presence of nickel impurity as 

required by the reaction (2). 

3 NiMo04 + 8 NH3 •> Ni2Mo3N + Ni + 12 H2O + 7/2 N2 (2) 
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Figure 3.6: XRD pattern of NisMOgN 

In Figure 3.3 (c) we show the SEM image of the product obtained by 

heating the nickel molybdate-urea mixture, which reveals the 

morphology of product to be sub-micrometer sized particles. The 

presence of nickel was ascertained by magnetic measurements which 

showed ferromagnetism. 
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3.5 Conclusions 

In conclusion, we have been able to prepare three ternary nitrides 

of type MnMoaN {n=3 with M=Fe and Co and n=2 with M=Ni) by a simple 

reaction of the precursor molybdates with urea. All the nitrides were of 

sub-micron sized particles as revealed by the SEM micrographs. 
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CHAPTER 4 

Superconducting molybdenum 

nitrides: Synthesis and 

characterization* 

Summary 

This chapter of the thesis deals with the preparation of the nanoparticles 

(~ 4 nm diameter) of cubic Y-M02N by a simple procedure involving the 

reaction of M0CI5 with urea at 873 K. The nanoparticles show a 

superconducting transition around 6.5 K. The Y-M02N nanoparticles are 

readily transformed to nanoparticles of 5-MoN with a slightly larger 

diameter on heating in a NH3 atmosphere at 573 K. Phase-pure 5-MoN 

obtained by this means shows a superconducting transition around 5 K. 

The nanoparticles of Y-M02N and 5-MoN exhibit magnetic hysteresis at 

300 K as a surface property, just as the nanoparticles of many oxides. 

Paper based on this work has been published in Journal of Solid State 

Chemistry (ASAP). 
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4.1 Introduction: 

Transition metal nitrides have attracted scientific attention 

because of their often unusual electrical, magnetic, chemical and 

mechanical properties which is exhibited due to the nature of their 

chemical bonds [1-3]. Especially molybdenum nitrides, as materials with 

significant catalytic properties, have gained growing interest. There has 

been an increasing number of reports on molybdenum nitrides as 

heterogeneous catalysts for several hydrotreating reactions in 

petrochemical process [4], ammonia synthesis [5], ethane hydrogenolysis 

[6], carbon monoxide hydrogenation [7] and catalytic decomposition of 

hydrazine in satellite microthrusters [8]. At the same time, nitrides of 

molybdenum are well known as superconductors with superconducting 

properties retained over a wide range of nitrogen composition. 

Molybdenum nitride phases known to-date include the stoichiometric, 

hexagonal compound 5-MoN, and two nonstoichiometric compounds, 

cubic Y-M02N and tetragonal P-M02N. 5-MoN is a hard material with a 

low compressibility, showing a superconducting transition in the 4-12 K 

range [9-10]. Y-M02N is also known to be a superconductor with a Tc of 

5.2 K [11]. A theoretical study has predicted that y-MoN with a cubic 

NaCl type structure would have a superconducting Tc as high as 29 K 

[12]. 
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4.2 Scope of the present study; 

Identification of Y-M02N as a catalytic material has led to 

considerable research efforts directed towards its synthesis. Most of the 

work reported has involved synthesizing the material by reacting the 

oxide with NH3 at elevated temperatures. A process that has received 

much attention is the temperature programmed reaction of M0O3 with 

NH3 [13]. Other than this following are some of the methods by which 

molybdenum nitrides are synthesized. Lengauer [14] has investigated the 

formation of Y-M02N and 5-MoN by the reaction between M0CI5 and 

ammonia while Bull et al. [10] obtained phase-pure 5-MoN by this 

reaction carried out at 933 K. Marchand et al. [15] obtained powders of 6-

MoN and MosNe by the ammonolysis of M0S2. Nanocrystalline Y-M02N 

and 6-MoN with Tc values of 3.8 K and 7.5 K respectively, have been 

prepared by heating hydroxylamine complexes of molybdenum in NH3 

[16]. 

We have developed a very simple method to prepare Y-M02N and 6-

MoN by employing the urea route based on the reaction of metal halides 

with urea. By employing the reaction of M0CI5 with urea we have 

obtained nanoparticles of Y"MO2N. By heating Y"MO2N in a NH3 

atmosphere, we were able to prepare stoichiometric 5-MoN. Both Y-M02N 

and 5-MoN prepared by us are in nanoparticulate form, exhibiting 

superconductivity. 
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4.3 Experimental and related aspects; 

(a) Synthesis of nitrides; 

For the synthesis of y-MoaN a mixture of M0CI5 and urea taken in 

the molar ratio 1:12 was heated at 873 K in an inert atmosphere. In a 

typical reaction 0.273 g of M0CI5 was mixed with 0.720 g of urea. The 

mixture was then placed in an alumina boat and heated at 873 K in a 

quartz tube furnace for 3h in a N2 atmosphere. The product obtained was 

black powder. Alternatively a molybdenum-urea complex can be used to 

synthesize Y-M02N. For 0.273 g of M0CI5 dissolved in acetonitrile about 

0.720 g of urea in acetonitrile was added and the solution was stirred for 

2h to ensure the completion of the reaction. At the end of 2h a brown 

precipitate was formed. The precipitate was taken in an alumina boat 

and heated at 873 K for 3h in a nitrogen atmosphere which resulted in a 

black powder. 5-MoN was synthesized by heating y-MoaN obtained by the 

above reaction in NH3 atmosphere for 72h. 

fb) Characterization Techniques; 

X-ray DifTraction: X-ray diffraction (XRD) patterns of the nitrides were 

recorded using Cu Ka radiation on a Rich-Siefert XRD-3000-TT 

diffractometer. 
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Scanning electron microscopy: Scanning electron microscope (SEM) 

images were obtained using a LEICA S440i SEM. 

Transmission electron microscopy: For transmission electron 

microscopy, the nitrides were dispersed in CCU and dropped on to the 

holey carbon-coated copper grids. The grids were allowed to dry in the 

air. Transmission electron microscope (TEM) images were obtained with a 

JEOL JEM 3010, operating with an accelerating voltage of 300 kV. 

Thermogravimetric analysis: Thermogravimetric analysis (TGA) was 

carried out on a Mettler-Toledo-TG-850 instrument. 

Magnetic properties: Magnetic measurements of the as-prepared 

powder samples were carried out with a vibrating sample magnetometer 

in Physical Property Measurements System (PPMS, Quantum Design). 

4.4 Results and Discussions; 

(a) Characterization of the v-MooN nanoparticles; 

The product of heating the 1:12 mixture of M0CI5 and urea at 873 

K for 3 h gave the XRD pattern shown in Figure 4.1. The pattern is 

characteristic of cubic y- M02N. 
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Figure 4.1: XRD pattern of Y-M02N 

The pattern could be indexed with the space group Pm3m (JCPDS card 

no: 25-1366) with a lattice parameter a = 4.1497 A. Based on the line 

widths by making use of Scherrer formula we estimated the particle size 

to be ~6 nm. 

The TEM image shown in Figure 4.2 (a) is that of as-prepared y-

M02N nanoparticles. From the TEM image it is evident that the particles 

are agglomerated. The SAED pattern shown as inset of Figure 4.2 (a) 

shows rings corresponding to (111) and (200) planes. W hen the as-

prepared Y-M02N nanoparticles were sonicated in CCI4 for 15 minutes 

they dispersed as evidenced by the TEM image shown in Figure 4.2 (b). 

From TEM image we calculated the average particle size to be -4.5 nm as 

seen by the histogram given as an inset. The SAED pattern shown as an 
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inset in Figure 4.2 (b) gives spots corresponding to the (111) and (200) 

planes of Y-M02N. 

Figure 4 .2: (a) TEM image of the as-synthesized Y-M02N particles and 

the inset shows the SAED pattern of the particles (b) TEM image of 

the Y-IVI02N particles sonicated for 15 minutes with the inset 

showing the SAED pattern of a particle. 
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In order to calculate the stoichiometry of the Y-M02N we carried out the 

TGA of the same in an oxygen atmosphere. In Figure 4.3 is given the TGA 

curve of the Y-M02N carried out in oxygen atmosphere. The initial 

increase in mass is due to oxidation reaction. As per the mass loss, the 

final product corresponds to M0O2. The XRD pattern of the product, 

shown as an inset in Figure 4.3, confirms the product to be M0O2. The 

stoichiometry of the nitride calculated from TGA is MoNo.se. 
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Figure 4.3: TGA of Y-MO2N in oxygen atmosphere with inset 

showing the XRD pattern of the final product recorded 

using Cu Ka radiation. 
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From the literature it is known that Y"MO2N is known to be a 

superconductor with a Tc of 5.2 K [9]. In Figure 4.4, we show the results 

of magnetic measurements on the nanoparticles of y-MoaN under zero-

field-cooled (ZFC) conditions (at 19.6 Oe). 
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Figure 4.4: Temperature dependence of magnetic susceptibility of y-

M02N nanoparticles with the inset showing resistivity of 

the sample as a function of temperature. 

The data show a superconducting transition with an onset Tc around 6.5 

K. Electrical resistivity measurements on the Y-M02N nanoparticles 

(shown as an inset in Fig. 4) shows the superconducting transition with 

a Tc of around 7 K. The superconducting volume fraction is around 0.8 
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%. It is noteworthy that the nanoparticles of y-MoaN with an average size 

of 4.5 nm exhibit superconductivity. 

fa) Characterization of the 6-MoN nanoparticles; 

In order to prepare 8-MoN, we heated the 4.5 nm nanoparticles of 

Y-M02N in a NH3 atmosphere for 72 h at 573 K. The product gave the 

XRD pattern characteristic of 5-MoN as shown in Figure 4.5. It has a 

hexagonal structure of space group PGa/mmc with a = 5.68 A, c = 5.56 A 

(JCPDS card no: 25-1367). Based on the XRD line-widths, the particle 

size is estimated to be -40 nm. 
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Figure 4.5: XRD pattern of 5-MoN 
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Figure 4.6(a) shows the TEM image of the 5-MoN nanoparticles. From the 

TEM image, we estimate the particle size to be in the 30-35 nm range. It 

appears that the y-MoaN to 6-MoN transformation in an NH3 atmosphere 

is accompanied by an increase in particle size. The high resolution 

electron microscope (HREM) image in Figure 4.6(b) reveals the 

nanoparticles to be single crystalline. It is interesting that single 

crystalline Y-M02N transforms to single crystalline 5-MoN. 

Figure 4.6: (a) TEM image of the 6-MoN nanoparticles (b) HREM 

image of a 6-MoN particle. 
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The TGA curve of 6-MoN carried out in an oxygen atmosphere is shown 

in Fig. 4.7. The TGA curve gave a mass loss corresponding to the 

formation of M0O2 as confirmed by the XRD pattern of the product. Here 

again, the initial increase in mass is due to the oxidation reaction and 

the calculated stoichiometry of the nitride from TGA is M0N0.95. 
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Figure 4.7: TGA of 6-MoN in oxygen atmosphere with inset showing 

the XRD pattern of the final product recorded using Cu Ka 

radiation. 
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We tried to prepare 5-MoN by the reaction of y-MoaN with urea, but 

always ended with a slightly impure product. This is because when urea 

is decomposed at relatively low temperatures, there will be other side-

products in addition to one mole of NH3 for one mole of urea. The side 

products can be eliminated at high temperatures but under those 

conditions 5-MoN is not stable. 
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Figure 4.8: Temperature dependence of magnetic susceptibility of 

6-MoN nanoparticles. 
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It is known that 5-MoN is a hard material with a low 

compressibility, showing a superconducting transition in the 4-12 K 

range [10,11]. In Figure 4.8, we show the results of magnetic 

measurements on the nanoparticles of 5-MoN under zero-field-cooled 

(ZFC) conditions (at 5 Oe). We see a superconducting transition around 

5.6 K. The superconducting volume fraction is around 5.3 %. It is known 

that the superconducting transition temperature of 5-MoN varies with 

the extent of disorder in the structure, the Tc of 4 K in highly disordered 

5-MoN increasing to a value of 12.1 K in the ordered phase [11]. The Tc 

observed by us is in between these values. 

4.5 Ferromagnetism in nanoparticles: 

While the existence of ferromagnetism in transition metal-doped 

semiconducting oxides remains controversial [17], thin films of the band 

insulator Hf02 have been reported to exhibit ferromagnetism at room 

temperature in the absence of any doping [18]. This is puzzling, since 

pure HfOa does not have any magnetic moment and the bulk sample is 

diamagnetic. Similar ferromagnetism has been reported in other 

nonmagnetic materials such as CaBe, CaO, and SiC where the origin of 

ferromagnetism is believed to be due to intrinsic defects [19-21]. It has 

been suggested that ferromagnetism in thin films of Hf02 may be related 

to anion vacancies [22]. It has been reported very recently that thin films 

as well as nanoparticles of several metal oxides show ferromagnetism at 
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room temperature, the corresponding bulk forms of these materials being 

diamagnetic [23,24]. Thin films of these oxides might have defects or 

oxygen vacancies that could be responsible for the observed 

ferromagnetism. Herein we have investigated the ferromagnetism 

exhibited by the nanoparticles of superconducting Y-M02N, 5-MoN and 

NbN prepared by the urea route. 

Nanoparticles of Y-M02N of -4.5 nm in size were prepared by 

heating a mixture of M0CI5 and urea taken in the molar ratio 1:12 at 873 

K in an inert atmosphere. The Y-M02N nanoparticles so obtained was 

heated in NH3 atmosphere for 72 h to give 6-MoN. The average particle 

size of 5-MoN nanoparticles was 30-35 nm. NbN nanoparticles of -20 nm 

were prepared by heating a 1:12 mixture of NbCb and urea at 1173 K for 

3 h in a N2 atmosphere. 

In Figure 4.9 we show the magnetization-field curve of Y-M02N 

nanoparticles. It is seen from the M(H) curve that the nanoparticles show 

ferromagnetic behavior. The Y"MO2N nanoparticles show a 

superconducting transition with a Tc around 6.5 K. This is shown as 

inset in the Figure 4.9. In Figure 4.10 is shown the magnetization-field 

curve of 6-MoN nanoparticles with the inset showing the 

superconducting transition with a Tc around 5.6 K 

Having found magnetic hysteresis in nanoparticles of MoNx, we 

attempted to see if this behavior is found in nanoparticles of other nitride 

superconductors. 
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Figure 4.9: Magnetization curve of Y-M02N nanoparticles at 300 K 

with the inset showing the superconducting transition of 

the same at "6.5 K 
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Figure 4.10: Magnetization curve of 5-MoN nanoparticles at 300 K 

with the inset showing the superconducting transition 

of the same at ~6 K 
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We found that NbN nanoparticles of -20 nm in diameter with a 

superconducting transition around 8 K also exhibit ferromagnetic 

behavior at 300 K as shown in the Figure 4.11. In inset is given the 

variation of the volume susceptibility of the nanoparticles with 

temperature which gives a superconducting transition around 8 K. 
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Figure 4.11: Magnetization curve of NbN nanoparticles at 300 K 

with the inset showing the superconducting transition of 

the same at ~8 K 

The magnetic hysteresis found in nanoparticles of MoNx and NbN 

are entirely the property of surface. We can therefore only say that the 

surface ferromagnetism occurs in superconducting nitrides, although 

below the superconducting transition temperature the magnetism could 

not be present. The presence of surface ferromagnetism as general 
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characteristics of nanoparticles of metal nitrides and oxides is a 

significant observation. 

4.6 Conclusions; 

The reaction between urea and M0CI5 is shown to readily give y-

M02N under relatively mild conditions. In this reaction, urea decomposes 

to give NH3 at temperatures greater than 500 K along with the cyanic 

acid which decomposes further to give products like biuret [25]. The NH3 

so produced reacts with M0CI5 to give y-MoaN. The procedure has 

enabled the synthesis of nanoparticles of superconducting Y-M02N. It is 

also noteworthy that the Y-M02N nanoparticles readily transform to 5-

MoN nanoparticles on heating in NH3 at a relatively low temperature. The 

6-MoN so obtained seems to be somewhat disordered since the 

superconducting transition is around 5 K. It has also been found that 

the MoNx nanoparticles show surface ferromagnetism. 
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CHAPTER 5 

BN coating on one-dimensional 

nanostructures'' 

Summary 

This chapter of the thesis deals with the coating of BN on one-

dimensional nanostnictures. A simple route involving urea as the 

nitrogen source has been employed to carry out boron nitride coating on 

carbon fibers, multi-walled carbon nanotubes and inorganic nanowires. 

The process involves heating the carbon fibers and nanotubes or 

inorganic nanowires in a mixture of H3BO3 and urea, followed by a heat 

treatment at 1273 K in a N2 atmosphere. We have been able to 

characterize the BN coating by transmission electron microscopy as well 

as x-ray photoelectron spectroscopy. The urea decomposition route 

affords a simple method to coat boron nitride on one-dimensional 

nanostructures. 

* Paper based on this work has been submitted to Materials Science and 
Engineering A. 
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5.1 Introduction 

Discovery of carbon nanotubes [1] has attracted significant 

interest to nanoscale one-dimensional structures. Prospective 

miniaturization of electronic devices relies primarily on well-structured 

inorganic nanowires or nanotubes. Significant efforts have been made 

with respect to the synthesis of assembling multiple nanotubes and/or 

nanowires [2-5]. Boron nitride (BN) nanotubes in particular have received 

much attention because they are insulating, do not interact with molten 

metals and have higher oxidation resistance than carbon [6-7]. Such 

excellent properties promote the broad applications of BN, which include 

high-temperature insulators, self-lubricating and heat dissipating 

coatings, passivation layers, diffusion masks and wear-resistant coatings 

[8-9]. Thus BN coating should be valuable for using the nanowires as a 

separate layer between semiconductor nanowire and electronic substrate 

due to the insulating nature of the BN [10], and as a promoting 

component for large field-emitting enhancement factor due to its negative 

electron affinity [11]. 

5.2 Scope of the present study 

Hexagonal BN has a crystal structure similar to graphite; hence it 

is called Svhite graphite'. However, it is in an electrical insulator and 

intensively used as a carbon substitute for its much higher chemical 

inertness, especially at high temperature. BN is not wetted by many 
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metallic melts. Thus BN coating on nanowires or nanotubes would be of 

much useful. There has been some effort in the literature in this 

direction. Chen et al. [12] have coated BN on carbon nanotubes (CNTs) 

by means of boric acid (H3BO3) infiltration followed by treatment with 

NH3 at 1200 °C while Yoo et al. [13] coated BN films on CNTs using a 

radio frequency sputtering. BN-coated SiC nanowires have been prepared 

by heating a mixture of Si and In203 powders in a BN crucible [14]. Gao 

et al. obtained the BN/Si3N4 nanocomposite by nitriding a 

Si3N4/NH4HB407 mixture in ammonia gas [15]. AI2O3/BN 

nanocomposites have been fabricated by hot-pressing a-AbOs powders 

covered partly with turbostratic BN (t-BN) [16]. GaN-BN core-shell 

nanocables were synthesized by thermal chemical vapor deposition using 

GaN/B203/NH3 reaction [17]. Zhang et al. have reported the synthesis of 

semiconductor GaN nanowires sheathed with BN layers by chemical 

vapor deposition [18]. 

We felt that it would be worthwhile to develop a simple method to 

coat carbon fibers and inorganic nanowires with BN. For this purpose, 

we have used the urea route, wherein we coat the nanostructures with a 

mixture of H3BO3 and urea followed by heating in a N2 atmosphere. By 

this means, the ammonia generated in-situ reacts with the B2O3 

produced concomitantly, giving rise to the BN coating. In this chapter, we 

report the results of our investigations on the coating of carbon fibers, 
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multi-walled carbon nanotubes and nsmowires of silicon carbide, silicon 

nitride, aluminium oxide and gallium nitride by the urea route. 

5.3 Experimental and related aspects 

(a) Coating BN on one-dimensional nanostructures; 

Multi-walled carbon nanotubes (MWNTs) were prepared by the arc-

discharge method and functionalized by nitric acid treatment as reported 

in the literature [19]. MWNTs so obtained had an outer diameter of 25 

nm. Carbon fibers prepared by the pyrolysis of PANI were obtained from 

National Physical Laboratory, New Delhi. The fibers had a diameter of 7 

]im. AI2O3, SiC and GaN nanowires were synthesized by the 

carbothermal reduction method [20-22]. Treating the nanowires and 

carbon fibers with dilute HNO3 functionalized their surfaces. The acid-

treated MWNTs and inorganic nanowires were dried under dynamic 

vacuum at 353 K. The basic procedure employed for producing BN 

coating was to treat the carbon fibers or the inorganic nanowires with a 

mixture of H3BO3 and urea in the molar ratio of 1:6, followed by heat 

treatment at 1273 K for 3 h in a N2 atmosphere. The 1:6 H3B03-urea 

mixture was prepared by concentrating an aqueous solution containing 

100 mg of H3BO3 and 600 mg of urea by heating. The acid-treated 

carbon fibers were kept in the HsBOa-urea mixture for an appropriate 

time period depending on the desired coating thickness. In order to get a 
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heavy coating, the fibers were kept in the mixture for about 3 h at 343 K. 

In order to reduce the thickness of the coating, the fibers were taken out 

after dipping them in the HsBOs-urea mixture for Ih. The carbon fibers 

so treated were placed in an alumina boat and heated in a tube furnace 

at 1273 K for 3h under flowing N2. For coating MWNTs and nanowires 

with BN, the acid-treated nanotubes and nanowires were treated with the 

HaBOa-urea mixture for Ih, followed by heat treatment at 1273 K for 3 h 

in a N2 atmosphere. 

(b) Characterization Techniques; 

X-ray Diffraction: X-ray diffraction (XRD) patterns of the nitrides were 

recorded using Cu Ka radiation on a Rich-Siefert XRD-3000-TT 

diffractometer. 

Scanning electron microscopy: Scanning electron microscope (SEM) 

images were obtained using a LEICA S440i SEM. 

Transmission electron microscopy: For transmission electron 

microscopy, the nitrides were dispersed in CCU and dropped on to the 

holey carbon-coated copper grids. The grids were allowed to dry in the 

air. Transmission electron microscope (TEM) images were obtained with a 

JEOL JEM 3010, operating with an accelerating voltage of 300 kV. 
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X-ray photoelectron spectroscopy: X-ray photoelectron spectra (XPS) 

were recorded with an ESCALAB MKIV spectrometer emplo5dng Al Ka 

radiation (1486.6 eV). 

5.4 Results and Discussions 

fa) Characterization of the BN carbon fibers; 

Carbon fibers and MWNTs on acid t reatment get functionalized 

with surface hydroxy! and carboxyl groups while the metal oxide 

nanowires necessarily possess hydroxyl groups on their surfaces [23-25]. 

We have made u s e of the surface functional groups on the carbon fibers, 

MWNTs and inorganic nanowires for reaction with the 1:6 HaBOa-urea 

mixture. On heating, H3BO3 gives B2O3 which reacts with NH3 

produced by the decomposition of u rea to give BN as shown below: 

2 H3BO3 • B2O3 + 3 H2O 

CO(NH2)2 • NH3 + HCNO 

A 
B2O3 + 2 NH3 • 2 BN + 3 H2O 

This process is depicted schematically in Figure 5 .1 . 
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MWNT Inorganic nanowire 
or carbon fiber 

Acid Treatment 

OH COOH OH OH 

OH OH OH COOH 

OH OH OH OH 

OH OH OH 

Step 1 
Soaking in reaction 
mixture for Ih 

Step 2 
Heat treatment 
N2\1000 °C\3h 

Figure 5.1: Schematic representation of the entire coating process. 
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In Figure 5.2 (a) is shown the acid treated carbon fibers and average 

outer diameter is ~7vim. Figures 5.2 (b) and (c) show the FESEM images 

of heavily coated carbon fibers. The heavy coating was obtained by the 

reaction of the carbon fibers with the 1:6 HsBOa-urea mixture for 3 h 

followed by the heat treatment at 1273 K for 3 h in flov^ng N2. In Figure 

5.2 (d) is given the FESEM image of a single strand of a heavily coated 

carbon fiber. The thickness of the coating is ~2 pm. 

Figure 5.2: SEM images of (a) acid-treated carbon fibers (b) and (c) 

heavily coated carbon fibers (d) heavily coated single strand of the 

fiber. 
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Figure 5.3 (a) gives the FESEM image of the carbon fibers with thinner 

coating obtained by the reaction of the acid-treated carbon fibers with 

the 1:6 HaBOa-urea mixture for Ih and then heated at 1273 K for 3 h in 

an inert atmosphere. In Figure 5.3 (b) we show a FESEM image of a 

carbon fiber with thinner coating. The thickness of the coating here is 

around 1 pm. 

Figure 5.3: SEM images of (a) carbon fibers with thinner coating (b) 

single strand of less coating. 
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We have characterized the BN-coated carbon fibers by XPS. Figure 

5.4 gives the XP spectrum of the-BN coated carbon fibers. The spectrum 

shows characteristic binding energies (BE) of 285 eV for C (Is), 190.3 eV 

for B (Is) and 397.4 eV for N (Is) corresponding to BN. 
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Figure 5.4: XP spectrum of the heavily coated carbon fibers. 

Treatment of acid-treated MWNTs with the 1:6 HaBOa-urea mixture for 

Ih followed by heating at 1273 K for 3 h in a N2 atmosphere gave BN-

coated MWNTs. In Figure 5.5 (a) and (b) are shown the TEM images of 

the BN-coated MWNTs. The thickness of the BN coating is around 10 
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nm. The inset in Figure 5.5 (b) is the high resolution electron microscope 

(HREM) image of a BN-coated MWNT. The lattice spacing of the graphitic 

layers of the MWNT is 0.34 nm corresponding to the (002) planes. 

Figure 5.5: (a) and (b) are the TEM images of the BN coated MWNTs 

with the inset in b) showing the HREM image of a BN coated MWNT. 
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In Figure 5.6 we have given the XP spectrum of the BN-coated MWNTs 

which gives characteristic BE of 285 eV for C (Is), 190 eV for B (Is) and 

397.8 eV for N (Is) corresponding to BN. 
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Figure 5.6: XP spectrum of the BN-coated MWNTs. 

Acid-treated inorganic nanowires were also reacted with the 1:6 

HaBOa-urea mixture for Ih followed by a heat treatment at 1273 K for 3 

h in a N2 atmosphere. In Figure 5.7 (a) we give the TEM image of a BN-
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coated SiC nanowire. The coating thickness is -10 nm. Figure 5.7 (b) is 

the HREM image of the BN-coated SiC nanowire. It shows a lattice 

spacing of 0.25 nm corresponding to the (111) planes of the SiC and a 

spacing of 0.34 nm corresponding to the (002) planes of the BN. The 

lattice image suggests BN to be turbostatic. The XP spectrum of the BN 

coated SiC nanowire gave the characteristic BE of 190 eV for B (Is) and 

397.6 for N (Is) corresponding to BN. 

* <*j* ^ ^ » *B^fMyfV$i 

5 nm 

0.25 

0;34||i-:' 

Figure 5.7: (a) TEM image of a BN coated SiC nanowire. (b) HREM 

image of the BN-coated SiC nanowire. 
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Figure 5.8 (a) gives a TEM image of a BN-coated Si3N4 nanowire. From 

the TEM image it is seen that the coating thickness is ~8 nm. The HREM 

image of the BN-coated Si3N4 nanowire in Figure 5.8 (b) shows a spacing 

of 0.66 nm corresponding to the (100) planes of Si3N4 and a spacing of 

0.34 nm corresponding to the (002) planes of the BN. 

Figure 5.8: (a) TEM image of a BN coated Si3N4 nanowire. (b) HREM 

image of the BN-coated Si3N4 nanowire. 
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In Figure 5.9 (a) we show the TEM image of a BN-coated AI2O3 

nanowire. The BN coating seems to be amorphous since the HREM image 

shown in Figure 5.9 (b) shows only lattice spacing of 0.25 nm 

corresponding to the (104) planes of AI2O3. The TEM image of a BN-

coated GaN nanowire in Figure 5.9 (c) indicates the coating thickness to 

be 3 nm. The HREM image shown as an inset of Figure 5.9 (d) gives a 

lattice spacing of 0.24 nm corresponding to the (110) planes of GaN and 

a spacing of 0.34 nm corresponding to the (002) planes of the BN. 

Figure 5.9: (a) TEM image of a BN coated AI2O3 nanowire (b) HREM image 

of the BN-coated AI2O3 nanowire (c) TEM image of a BN coated GaN 

nanowire (d) HREM image of the BN-coated GaN nanowire. 
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5.5 Conclusions 

In conclusion, we have been able to develop a simple route 

involving the reaction of H3BO3 with urea to coat carbon nanotubes as 

well as nanowires of SiC, Si3N4, AI2O3 and GaN with BN, the coating 

thickness being generally few nanometers. We have been able to get the 

high resolution electron microscope images of the BN coating in most of 

the cases. Carbon fibers could also be coated with BN with a coating 

thickness of few microns by the urea route. 
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