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ABSTRACT 
 
Zinc Oxide (ZnO) nanowires with hexagonal structure were successfully synthesized by chemical 
bath deposition technique. The obtained nanowires were characterized by scanning electron 
microscope (SEM), X-ray diffraction (XRD), energy dispersive X-ray analysis (EDX) and 
spectrophotometer. The SEM micrographs revealed the morphology of ZnO nanowires with 
diameter between 170.3 and 481nm and showed that the pH of the bath solution, 8.1 is the 
optimized value to form ZnO nanowires with hexagonal shape. The XRD pattern of the samples 
revealed that ZnO nanowire has a hexagonal crystallite structure and further showed that the 
crystallite size supported by Scherrer’s equation increase with increasing annealing temperature 
(0.536 nm, 0.541nm, 0.557 nm at 1000C,  1500C and 2000C) respectively. The EDX analysis 
revealed the elemental compositions of samples and confirmed the presence of Zn and O. The 
results of the optical analysis showed that ZnO nanowire has high absorbance in the ultraviolet 
and infrared regions with high transmittance in the visible region. The results further revealed 
that the absorbance of the nanowire increase with increasing annealing temperature. Its high 
absorbance in the ultraviolet region suggest that it can be use as solar harvester for trapping 
solar energy for photovoltaic panel which is capable of converting sunlight radiation directly to 
electricity for commercial or industrial purpose.  
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CHAPTER ONE 

INTRODUCTION 

1.1 Background of the Research 

 Nanoscience evolution and the advent of nanowire fabrication marked a new epoch in 

optoelectronics 1. Characteristic investigation for achieving efficient light absorption, charge 

separation transport and collection had culminated in the synthesis of both organic and inorganic 

semiconductor nanowires 2-3. The d-block transition elements of the periodic table are all metals 

of economic importance. Zinc, which is a group II element, finds numerous potential 

applications, such as smart windows, solar thermal absorber, optical memories and 

photoelectrocatalysis 4-5. 

 Nowadays, the products of semiconductor industry are spread all over the world and deeply 

penetrate into the daily life of humans. The starting point of semiconductor industry was the 

invention of the first semiconductor transistor in 1947.3 Since then, the semiconductor 

industry has kept growing enormously. In the 1949’s, the information age of humans was 

started on the basis of the stepwise appearance of quartz optical fiber, group III-V 

compound semiconductors and gallium arsenide (GaAs) lasers. During the development of 

the information age, silicon (Si) keeps the dominant place on the commercial market, which 

is used to fabricate the discrete devices and integrated circuits for computing, data storage 

and communication. Since Si has an indirect band-gap which is not suitable for 

optoelectronic devices such as light emitting diodes (LEDs) and laser diodes, GaAs with 

direct band-gap stands out and fills the blank for this application. As the development of 

information technologies continued, the requirement of ultraviolet (UV)/blue light emitter 

applications became stronger and stronger which is beyond the limits of GaAs. Therefore, 

the wide band-gap semiconductors such as gallium nitride (GaN) and zinc oxide (ZnO), i.e. 

the third generation semiconductors, come forth and turn into the research focus in the field 

of semiconductor.  

ZnO is a typical II-VI semiconductor material with a wide band-gap of 3.37 eV at room 

temperature. Although its band-gap value is closer to GaN (3.44eV), its exciton binding 

energy is as high as 39eV, which is much higher than that of GaN (25eV). Therefore, 

theoretically, we can harvest high efficient UV exciton emission and laser at room 

temperature, which will strongly prompt the applications of UV laser in the fields of benthal 



detection, communication and optical memory with magnitude enhancement in the 

performance. Moreover, the melting point of ZnO is 19540C, which determines its high 

thermal and chemical stability. Again, ZnO owns a huge potentially commercial value due 

to its cheaper price, abundant resources in nature, environmentally friendly, simple 

fabrication processes and so on. Therefore, ZnO has turned into a new hot focus in the field 

of short-wavelength laser and optoelectronic devices in succession to GaN in the past 

decade. 

 It is believed by many researchers that ZnO is a more prospective candidate for the next 

generation of light emitters for solid state lighting applications than GaN, even though the GaN-

based LEDs have been commercialised and currently dominated the light emission applications 

in UV/blue wavelength range. This is because ZnO has several advantages compared to GaN. 

The two outstanding factors are;  

1. The exciton binding energy of ~39eV at room temperature is much higher than that of GaN 

(~25eV), which can enhance the luminescence efficiency of ZnO based light emission devices at 

room temperature, and lower the threshold for lasing by optical pumping. 6-7 

2. The growth of high quality single crystal substrates is easier and of lower cost than   GaN.6-7 

Increasingly interesting properties and potential applications of ZnO have been discovered. One 

of the most attractive aspects is that it is relatively simple for ZnO to form various nanostructures 

including highly ordered nanowire arrays, tower-like structures, nanorods, nanobelts, 

nanosprings and nanorings 8. Due to the special physical and chemical properties derived from 

the nanostructures, ZnO has been found to be promising in many other applications, such as  

sensing 9-10, catalysis 11-12, photovoltaics 13 and nano-generators 14-16, just to mention but a few.  

In order to utilize the applications of nanostructure materials, it usually requires that the 

crystalline morphology, orientation and surface architecture of nanostructures can be well 

controlled during the preparation processes. For ZnO nanostructures, although different 

fabrication methods such as vapor-phase transport 17, pulsed laser deposition 18, chemical vapor 

deposition and electrochemical deposition,19 have been widely used to prepare ZnO 

nanostructures, the complex processes, sophisticated equipments and high temperature 

requirement make them very hard for large-scale production for commercial application. On the 

contrary, aqueous chemical method is of great advantage due to much easier operation and very 

low growth temperature (950C) 20. ZnO nanostructures grown by this method show poor 



orientation and different crystalline structures due to the fact that, the optimum conditions 

required for the growth of these nanostructures is still grossly understudied. Hence, it is still a 

significant challenge to obtain controllable growth of ZnO nanostructures. It is therefore 

imperative to investigate the various conditions necessary for the growth of well align ZnO 

nanostructures. 

1.2. NANOWIRES  

A nanowire is a nanostructure, with the diameter of the order of a nanometer (10−9 meters). 

Alternatively, nanowires can be defined as structures that have a thickness or diameter 

constrained to tens of nanometers or less and an unconstrained length 21. At these scales, 

quantum mechanical effects are important — which coined the term "quantum wires". Many 

different types of nanowires exist, including metallic (e.g., Ni, Pt, Au), semiconducting (e.g., Si, 

InP, GaN, ZnO, etc.), and insulating (e.g., SiO2, TiO2).  

Typical nanowires exhibit ratios (length-to-width ratio) of 1000 or more. As such they are often 

referred to as one-dimensional (1-D) materials. Nanowires have many interesting properties that 

are not seen in bulk or 3-D materials. This is because electrons in nanowires are quantum 

confined laterally and thus occupy energy levels that are different from the traditional continuum 

of energy levels or bands found in bulk materials. Peculiar features of this quantum confinement 

exhibited by certain nanowires manifest themselves in discrete values of the electrical 

conductance. Such discrete values arise from a quantum mechanical restraint on the number of 

electrons that can travel through the wire at the nanometer scale 21. 

Nanowires also show other peculiar electrical properties due to their size. Unlike carbon 

nanotubes, whose motion of electrons can fall under the regime of ballistic transport (meaning 

the electrons can travel freely from one electrode to the other), nanowire conductivity is strongly 

influenced by edge effects. The edge effects come from atoms that lay at the nanowire surface 

and are not fully bonded to neighboring atoms like the atoms within the bulk of the nanowire. 

The unbonded atoms are often a source of defects within the nanowire, and may cause the 

nanowire to conduct electricity more poorly than the bulk material. As a nanowire shrinks in 

size, the surface atoms become more numerous compared to the atoms within the nanowire, and 

edge effects become more important. 

Furthermore, the conductivity can undergo a quantization in energy: i.e. the energy of the 

electrons going through a nanowire can assume only discrete values, multiple of the Von 



Klitzing constant (G) = 2e2/h (where e is the charge of the electron and h is the Planck’s 

constant). The conductivity is hence described as the sum of the transport by separate channels of 

different quantized energy levels. The thinner the wire is, the smaller the number of channels 

available to the transport of electrons. 

The quantized conductivity is more pronounced in semiconductors like Si or GaAs than in 

metals, due to lower electron density and lower effective mass. Quantized conductance can be 

observed in 25 nm wide silicon fins, resulting in increased threshold voltage. 21 

1.2.1. Applications of Nanowire 

In addition to variations in size and material, nanowire research also spans a wide 

range of applications. 

1.2.1.2. Gas Sensor 

Nanowire sensors have been demonstrated to detect the presence of many gases, including 

oxygen 22, hydrogen, NO2, and ammonia 23, at very low concentrations. Nanowires also have 

been used to detect ultraviolet light 24, changes in pH 25, and the presence of low-density 

lipoprotein cholesterol 26. These sensors generally function by measuring changes in the 

electrical or physical properties of the nanowire in the presence of the target analyte. The sensing 

capabilities of nanowires may be enabled by selective doping or by surface modifications that 

enhance their affinities for certain substances. 

1.2.1.3. Medical Applications 
 Nanowires have been used to coat titanium implants. 27 Doctors have discovered that muscle 

tissues sometimes do not adhere well to titanium, but when coated with the nanowires, the tissue 

can anchor itself to the implant, reducing the risk of implant failure. Nanowires are used for the 

production of nanoscale sensors for various purposes, one of which is in the detection of 

potential biomarkers of cancer. For example, nano-sized sensing wires that are laid across a 

microfluid channel can pick up molecular signatures of the particles and can relay the 

information instantaneously and these sensors can detect altered genes that are associated with 

cancer and ultimately have the potential to provide information on the location of the malignant 

genes 28. Nanowires also play important roles in nano-size devices like nanorobots. Doctors 

could use the nanorobots to treat diseases like cancer 29. 



1.2.1.4. Magnetic Storage Medium  

 The most attractive potential applications of nanowires lie in the magnetic information storage 

medium. Studies have shown that periodic arrays of magnetic nanowire arrays possess the 

capability of storing forty gigabytes of information per square centimeter  of area  (40G/cm2) 30. 

The small diameter, single domain nanowires of Ni, Co fabricated into the pores of porous 

anodic alumina has been found to be most suitable for the above purpose. The high aspect ratio 

of the nanowires results in enhanced coercivity and suppresses the onset of the 

‘superparamagnetic limit’, which is considered to be very important for preventing the loss of 

magnetically recorded information between the nanowires. Suitable separation between the 

nanowires is maintained to avoid the inter-wire interaction and magnetic dipolar coupling. It has 

been found that nanowires can be used to fabricate stable magnetic medium with packing density 

> 1011 wires/cm2 31. 

1.2.1.5. Electronic Applications 

Some nanowires are very good conductors or semiconductors, and their miniscule size means 

that manufacturers could fit millions more transistors on a single microprocessor. As a result, 

computer speed would increase dramatically. Nanowires possess the potential for use in 

numerous electronic applications. Junctions of semiconductor nanowires such as GaAs and GaP 

have shown good rectifying characteristics 32. Several semiconductor devices such as junction 

diodes , memory cells and switches 33, transistors, field-effect transistors (FETs), light emitting 

diodes (LEDs) and inverter 34 etc have already been fabricated using nanowire junctions. The 

field effect transistors made of nanowires exhibit remarkably modified conductance behaviour 35 

and they are very attractive because of their morphological advantages. The operational speed of 

FETs made of nanowires is much faster compared to that of bulk FETs. 

 

1.2.1.6. Optical Applications 

Uniform morphology and interesting optical properties of nanowires have raised their potential 

for various optical applications. The n–p junction of nanowires has been found to be capable of 

light emission, by virtue of their photoluminescence (PL) or electroluminescence (EL) 

properties. The use of p–n junction nanowires has been contemplated for laser applications. It 



has been established that ZnO nanowires of wire diameter smaller than the wavelength of 

emitted light exhibits lasing actions at lower threshold energy compared to their bulk 

counterpart. 36 This has been attributed to the exciton confinement effect in the laser action, 

which decreases the threshold lasing energy in nanowires. This effect has been observed in small 

diameter ZnO (385 nm diameter) and GaN nanowires. The huge surface area and the high 

conductivity along the length of nanowires are suitable for inorganic–organic solar cell 37.  

It is to be noted that when the intensity of the incident photons are increased the electron density 

of the sub-band edges also increases, due to the above fact, these quantum wires develop strong 

nonlinearity. Therefore, nanowires may be used to develop optical switches. These optical 

switches will be able to operate at lower energy and with enhanced switching speed compared to 

the known switches. 

Nanowire can be used in field emission devices such as flat panel displays because of the 

significant drop in the work function of the surface electrons in those small diameter and high 

curvature tips of the nanowires 37.  

 

1.3. STATEMENT OF PROBLEM 

Literature have shown that, man depend majorly on non-renewable energy source (coal, fossil 

fuel and natural gas) as the primary energy source. However, the energy generated from these 

sources is limited and their waste products non-environmentally friendly, costly, and limited in 

quantity. Because nature does not produce them at the same rate that they are being consumed 

they are bound to expire one day. Based on this, it is imperative to search for a more abundant, 

environmentally friendly, clean, cheap and sustainable energy source as an alternative source. 

In view of these, the optical property of ZnO nanowire is investigated to find its potency as solar 

harvester as renewable energy for industrial and commercial purpose. 

1.4. AIM AND OBJECTIVES OF THE STUDY 

This research work is aimed at synthesizing and characterizing ZnO nanowire and the specific 

objectives of the study were as follows: 

(a) Fabrication of  ZnO nanowires  using chemical bath deposition method. 

(b) Microstructure characterization of deposited ZnO nanowires using SEM, 

XRD, UV, EDX. 



(c)  Investigation of the effect of post annealing temperature on the optical 

property of the grown ZnO nanowires. 

(d) Investigation of the effect of pH on the structure and morphology of the 

synthesized ZnO nanowires. 

(e)  Determination of the crystallite size of the synthesized ZnO nanowires. 

 

1.5.   JUSTIFICATION OF THE STUDY 
 The growth of ZnO nanowire with hexagonal structure was successfully achieved. These 

nanowires are useful in varied areas of life to man. Due to its high absorbance in the ultraviolet 

region of light spectrum, it can be used as solar harvester, smart windows, solar thermal absorber 

and optical memories. In electronics, nanowires can be use as devices such as junction diodes, 

memory cells and switches, transistors, FETs, LEDs and inverter. Nanowire can also be used as   

sensors that can detect the presence of many gases, including oxygen, hydrogen, NO2, and 

ammonia, at very low concentrations. They can also be used to detect ultraviolet light, changes in 

pH, and the presence of low-density lipoprotein cholesterol. 

 

 

 

 

    CHAPTER TWO 

LITERATURE REVIEW 

2.0  NANOMATERIALS  

A nanomaterial is a material made up of nanostructures between 1 and 100 nanometres (or 

billionths of a metre) in size. These nanostructures can be nanoparticles , nanotubes (such as 

carbon nanotubes), nanowires, nanoporous, nanocomposite or nanocrystals. Because of the small 

size of the structures that make them up, the properties of nanomaterials are different from those 

of ordinary materials 38.  

2.1. NANOTUBES  



A nanotube is a nanometer-scale tube-like structure. Nanotube may be classified as carbon 

nanotube, inorganic, DNA and membrane nanotubes. 

2.1.1. Inorganic Nanotube 

An inorganic nanotube is a cylindrical molecule often composed of metal oxides, and 

morphologically similar to a carbon nanotube. Inorganic nanotubes have been observed to occur 

naturally in some mineral deposits.39  

Although Linus Pauling mentioned the possibility of curved layers in minerals as early as 1930, 
40 synthetic inorganic nanotubes did not appear until Reshef & his coworkers reported the 

synthesis of nanotubes composed of tungsten disulfide (WS2) in 1992.41 

In the intervening years, nanotubes have been synthesised from many other inorganic materials, 

such as vanadium oxide and manganese oxide, and are being researched for such applications as 

redox catalysts and cathode materials for batteries. 

SnS2/SnS nanotubes have been synthesized in macroscopic amounts.42 However, traditional 

ceramics like titanium dioxide (TiO2) and zinc oxide (ZnO) also form inorganic nanotubes.43 

More recent nanotube and nanowire materials are transition metal/chalcogen/halogenides 

(TMCH), described by the formula TM6CyHz, where TM is transition metal (molybdenum, 

tungsten, tantalum, niobium), C is chalcogen (sulfur, selenium, tellurium), H is halogen (iodine), 

and the composition is given by 8.2<(y+z)<10. TMCH tubes can have a subnanometer-diameter, 

lengths tunable from hundreds of nanometers to tens of microns and show excellent 

dispersiveness owing to extremely weak mechanical coupling between the tubes.44 

In 2007, Chinese scientists announced the fabrication of copper and bismuth nanotubes.45 

2.1.1.1. Properties and Applications of Inorganic Nanotube 

Inorganic nanotubes are an alternative material to better-explored carbon nanotubes, showing 

advantages such as easy synthetic access and high crystallinity,46 good uniformity and 

dispersion, predefined electrical conductivity depending on the composition of the starting 

material and needle-like morphology, good adhesion to a number of polymers and high impact-

resistance.47 They are therefore promising candidates as fillers for polymer composites with 

enhanced thermal, mechanical, and electrical properties. Target applications for this kind of 



composites are materials for heat management, electrostatic dissipaters, wear protection 

materials, photovoltaic elements, etc. Inorganic nanotubes are heavier than carbon nanotubes and 

not as strong under tensile stress, but they are particularly strong under compression, leading to 

potential applications in impact-resistant applications such as bulletproof vests.47 

2.1.2. Carbon Nanotube 

Carbon nanotubes (CNTs) are allotropes of carbon with a cylindrical nanostructure. Nanotubes 

have been constructed with length-to-diameter ratio of up to 132,000,000:1,48 significantly larger 

than any other material. These cylindrical carbon molecules have unusual properties, which are 

valuable for nanotechnology, electronics, optics and other fields of materials science and 

technology. In particular, owing to their extraordinary thermal conductivity and mechanical and 

electrical properties, carbon nanotubes find applications as additives to various structural 

materials. For instance, in (primarily carbon fiber) "baseball bats, car parts" and even "golf 

clubs" 48, where nanotubes form only a tiny portion of the material(s). 

Nanotubes are members of the fullerene structural family, which also includes the spherical 

buckyballs, and the ends of a nanotube may be capped with a hemisphere of the buckyball 

structure. Their name is derived from their long, hollow structure with the walls formed by one-

atom-thick sheets of carbon, called graphene. These sheets are rolled at specific and discrete 

("chiral") angles, and the combination of the rolling angle and radius decides the nanotube 

properties; for example, whether the individual nanotube shell is a metal or semiconductor. 

Nanotubes are categorized as single-walled nanotubes (SWNTs) and mult-walled nanotubes 

(MWNTs). Individual nanotubes naturally align themselves into "ropes" held together by van der 

Waals forces, more specifically, pi-stacking. 

Applied quantum chemistry, specifically, orbital hybridization best describes chemical bonding 

in nanotubes. The chemical bonding of nanotubes is composed entirely of sp2 bonds, similar to 

those of graphite. These bonds, which are stronger than the sp3 bonds found in alkanes, provide 

nanotubules with their unique strength. 

Most single-walled nanotubes (SWNT) have a diameter of close to 1 nanometer, with a tube 

length that can be many millions of times longer. The structure of a SWNT can be 

conceptualized by wrapping a one-atom-thick layer of graphite called graphene into a seamless 



cylinder. The way the graphene sheet is wrapped is represented by a pair of indices (n,m) . The 

integers n and m denote the number of unit vectors along two directions in the honeycomb 

crystal lattice of graphene. If m = 0, the nanotubes are called zigzag nanotubes, and if n = m, the 

nanotubes are called armchair nanotubes. Otherwise, they are called chiral. The diameter of an 

ideal nanotube can be calculated from its (n,m) indices as follows 

   d= �
�
  �(�� + �� + � �) 

where a = 0.246 nm. 

One useful application of SWNTs is in the development of the first intramolecular field-effect 

transistors (FET). Production of the first intramolecular logic gate using SWNT FETs has 

recently become possible as well. 49  

Single-walled nanotubes are dropping precipitously in price, from around $1500 per gram as of 

2000 to retail prices of around $50 per gram of as-produced 40–60% by weight SWNTs as of 

March 2010. 50 

Shown below are structures of single-walled carbon nanotube. 

   

(a) Armchair (n,n)   (b) The translation vector is bent, while the chiral                         

         Vector stays straight.   

 

   
(c)Graphene nanoribbon  (d) The chiral vector is bent, while the translation  



           vector stays straight. 

 

  
(e)Zigzag (n,0)    (f) Chiral (n,m) 

   
(g)n and m can be counted at  (h) Graphene nanoribbon 

the end of the tube 

Fig.1. Types of single-walled carbon nanotube 

Multi-walled nanotubes (MWNT) consist of multiple rolled layers (concentric tubes) of graphite. 

Its individual shells can be described as SWNTs, which can be metallic or semiconducting. 

Because of statistical probability and restrictions on the relative diameters of the individual 

tubes, one of the shells, and thus the whole MWNT, is usually a zero-gap metal. 

Double-walled carbon nanotubes (DWNTs) form a special class of nanotubes because their 

morphology and properties are similar to those of SWNT but their resistance to chemicals is 

significantly improved. This is especially important when functionalization is required (this 

means grafting of chemical functions at the surface of the nanotubes) to add new properties to 

the CNT. In the case of SWNT, covalent functionalization will break some C=C double bonds, 

leaving "holes" in the structure on the nanotube and, thus, modifying both its mechanical and 

electrical properties. In the case of DWNT, only the outer wall is modified. DWNT synthesis on 

the gram-scale was first proposed in 2003 by the CVD technique, from the selective reduction of 

oxide solutions in methane and hydrogen. 51 



The observation of the longest carbon nanotubes (18.5 cm long) was reported in 2009. These 

nanotubes were grown on Si substrates using an improved chemical vapor deposition (CVD) 

method and represent electrically uniform arrays of single-walled carbon nanotubes.48 

The shortest carbon nanotube is the organic compound cycloparaphenylene, which was 

synthesized in early 2009.52 

The thinnest freestanding single-walled carbon nanotube is about 4.3 Å in diameter. Researchers 

suggested that it can be either (5,1) or (4,2) SWCNT, but exact type of carbon nanotube remains 

questionable. (3,3), (4,3) and (5,1) carbon nanotubes (all about 4 Å in diameter) were 

unambiguously identified using more precise aberration-corrected high-resolution transmission 

electron microscopy. However, they were found inside double-walled carbon nanotubes.53 

 

 

 

2.1.2.1. Properties of Carbon Nabnotube 

2.1.2.1.1. Strength 
Carbon nanotubes are the strongest and stiffest materials yet discovered in terms of tensile 

strength and elastic modulus respectively. This strength results from the covalent sp2 bonds 

formed between the individual carbon atoms. In 2000, a multi-walled carbon nanotube was 

tested to have a tensile strength of 63 gigapascals (GPa).54 Further studies, conducted in 2008, 

revealed that individual CNT shells have strengths of up to ~100 GPa, which is in good 

agreement with quantum/atomistic models.55 Since carbon nanotubes have a low density for a 

solid of 1.3 to 1.4 g/cm3, its specific strength of up to 48,000 kN·m·kg−1 is the best of known 

materials, compared to high-carbon steel's 154 kN·m·kg−1.55 



Under excessive tensile strain, the tubes will undergo plastic deformation, which means the 

deformation is permanent. This deformation begins at strains of approximately 5% and can 

increase the maximum strain the tubes undergo before fracture by releasing strain energy. 

Although the strength of individual CNT shells is extremely high, weak shear interactions 

between adjacent shells and tubes leads to significant reductions in the effective strength of 

multi-walled carbon nanotubes and carbon nanotube bundles down to only a few GPa’s.55 This 

limitation has been recently addressed by applying high-energy electron irradiation, which 

crosslinks inner shells and tubes, and effectively increases the strength of these materials to ~60 

GPa for multi-walled carbon nanotubes and ~17 GPa for double-walled carbon nanotube 

bundles.55 

CNTs are not nearly as strong under compression. Because of their hollow structure and high 

aspect ratio, they tend to undergo buckling when placed under compressive, torsional, or bending 

stress.56 

2.1.2.1.2. Hardness 

Standard single-walled carbon nanotubes can withstand a pressure up to 24GPa without 

deformation. They then undergo a transformation to superhard phase nanotubes. Maximum 

pressures measured using current experimental techniques are around 55GPa. However, these 

new superhard phase nanotubes collapse at an even higher, albeit unknown, pressure. The bulk 

modulus of superhard phase nanotubes is 462 to 546 GPa, even higher than that of diamond (420 

GPa for single diamond crystal). 57 

2.1.2.1.3. Kinetic 
Multi-walled nanotubes are multiple concentric nanotubes nested within one another. These 

exhibit a striking telescoping property in which an inner nanotube core may slide, almost without 

friction, within its outer nanotube shell, thus creating an atomically perfect linear or rotational 

bearing. This is one of the first true examples of molecular nanotechnology, with the precise 

positioning of atoms to create useful machines. Already, this property has been utilized to create 



the world's smallest rotational motor.58 Future applications such as a gigahertz mechanical 

oscillator are also envisaged. 

2.1.2.1.4. Thermal 

All nanotubes are expected to be very good thermal conductors along the tube, exhibiting a 

property known as "ballistic conduction", but good insulators laterally to the tube axis. 

Measurements show that a SWNT has a room-temperature thermal conductivity along its axis of 

about 3500 W·m−1·K−1,59 when compared to copper, a metal well known for its good thermal 

conductivity, which transmits 385 W·m−1·K−1. A SWNT has a room-temperature thermal 

conductivity across its axis (in the radial direction) of about 1.52 W·m−1·K−1,60 which is about as 

thermally conductive as soil.  

2.1.2.1.5. Optical  
The optical properties of carbon nanotubes refer specifically to the absorption, 

photoluminescence, and Raman spectroscopy of carbon nanotubes. Spectroscopic methods offer 

the possibility of quick and non-destructive characterization of relatively large amounts of 

carbon nanotubes. There is a strong demand for such characterization from the industrial point of 

view: numerous parameters of the nanotube synthesis can be changed, intentionally or 

unintentionally, to alter the nanotube quality. Optical absorption, photoluminescence and Raman 

spectroscopies allow quick and reliable characterization of this "nanotube quality" in terms of 

non-tubular carbon content, structure (chirality) of the produced nanotubes, and structural 

defects. Those features determine nearly any other properties such as optical, mechanical, and 

electrical properties. 

Carbon nanotubes are unique "one dimensional systems" which can be envisioned as rolled 

single sheets of graphite (or more precisely graphene). This rolling can be done at different 

angles and curvatures resulting in different nanotube properties. The diameter typically varies in 

the range 0.4–40 nm (i.e. "only" ~100 times), but the length can vary ~10,000 times reaching 

18.5 cm. Thus the nanotube aspect ratio, or the length-to-diameter ratio, can be as high as 

132,000,000:1,60 which is unequalled by any other material. Consequently, all the properties of 



the carbon nanotubes relative to those of typical semiconductors are extremely anisotropic 

(directionally dependent) and tunable. 

2.1.2.2.. Methods of Synthesis 

Techniques have been developed to produce nanotubes in sizeable quantities, including arc 

discharge, laser ablation and chemical vapor deposition (CVD). Most of these processes take 

place in vacuum or with process gases. CVD growth of CNTs can occur in vacuum or at 

atmospheric pressure. Large quantities of nanotubes can be synthesized by these methods; 

advances in catalysis and continuous growth processes are making CNTs more commercially 

viable. 

2.1.2.2.1. Arc Discharge 
Nanotubes were observed in 1991 in the carbon soot of graphite electrodes during an arc 

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

first macroscopic production of carbon nanotubes was made in 1992 by two researchers at NEC's 

(national electrical code) Fundamental Research Laboratory.61 The method used was the same as 

in 1991. During this process, the carbon contained in the negative electrode sublimates because 

of the high-discharge temperatures. Because nanotubes were initially discovered using this 

technique, it has been the most widely-used method of nanotube synthesis. The yield for this 

method is up to 30% by weight and it produces both single- and multi-walled nanotubes with 

lengths of up to 50 micrometers with few structural defects.62 

2.1.2.2.2. Laser Ablation 
In the laser ablation process, a pulsed laser vaporizes a graphite target in a high-temperature 

reactor while an inert gas is bled into the chamber. Nanotubes develop on the cooler surfaces of 

the reactor as the vaporized carbon condenses. A water-cooled surface may be included in the 

system to collect the nanotubes. 

The laser ablation method yields around 70% and produces primarily single-walled carbon 

nanotubes with a controllable diameter determined by the reaction temperature. However, it is 

more expensive than either arc discharge or chemical vapor deposition.62 



2.1.2.2.3. Chemical Vapor Deposition (CVD) 

During CVD, a substrate is prepared with a layer of metal catalyst particles, most commonly 

nickel, cobalt, iron, or a combination.63 The metal nanoparticles can also be produced by other 

ways, including reduction of oxides or oxides solid solutions. The diameters of the nanotubes 

that are to be grown are related to the size of the metal particles. This can be controlled by 

patterned (or masked) deposition of the metal, annealing, or by plasma etching of a metal layer. 

The substrate is heated to approximately 700°C. To initiate the growth of nanotubes, two gases 

are bled into the reactor: a process gas (such as ammonia, nitrogen or hydrogen) and a carbon-

containing gas (such as acetylene, ethylene, ethanol or methane). Nanotubes grow at the sites of 

the metal catalyst; the carbon-containing gas is broken apart at the surface of the catalyst particle, 

and the carbon is transported to the edges of the particle, where it forms the nanotubes. This 

mechanism is still being studied. The catalyst particles can stay at the tips of the growing 

nanotube during the growth process, or remain at the nanotube base, depending on the adhesion 

between the catalyst particle and the substrate. Thermal catalytic decomposition of hydrocarbon 

has become an active area of research and can be a promising route for the bulk production of 

CNTs. Fluidised bed reactor is the most widely used reactor for CNT preparation. CVD is a 

common method for the commercial production of carbon nanotubes. For this purpose, the metal 

nanoparticles are mixed with a catalyst support such as MgO or Al2O3 to increase the surface 

area for higher yield of the catalytic reaction of the carbon feedstock with the metal particles. 

One issue in this synthesis route is the removal of the catalyst support via an acid treatment, 

which sometimes could destroy the original structure of the carbon nanotubes. However, 

alternative catalyst supports that are soluble in water have proven effective for nanotube 

growth.64 

Of the various means for nanotube synthesis, CVD shows the most promise for industrial-scale 

deposition, because of its price/unit ratio, and because CVD is capable of growing nanotubes 

directly on a desired substrate, whereas the nanotubes must be collected in the other growth 

techniques. The growth sites are controllable by careful deposition of the catalyst. Researchers at 

Rice University, until recently led by the late Richard Smalley, have concentrated upon finding 

methods to produce large, pure amounts of particular types of nanotubes. Their approach grows 

long fibers from many small seeds cut from a single nanotube; all of the resulting fibers were 



found to be of the same diameter as the original nanotube and are expected to be of the same 

type as the original nanotube.65 

 2.1.2.3. Potential Applications 

The strength and flexibility of carbon nanotubes makes them of potential use in controlling other 

nanoscale structures, which suggests they will have an important role in nanotechnology 

engineering. The highest tensile strength of an individual multi-walled carbon nanotube has been 

tested to be 63 GPa.54 

Because of the carbon nanotube's superior mechanical properties, many structures have been 

proposed ranging from everyday items like clothes and sports gear to combat jackets and space 

elevators.66 However, the space elevator will require further efforts in refining carbon nanotube 

technology, as the practical tensile strength of carbon nanotubes can still be greatly improved.62 

Carbon nanotubes are also a promising material as building blocks in bio-mimetic hierarchical 

composite materials given their exceptional mechanical properties (~1TPa in modulus, and ~100 

GPa in strength). Initial attempts to incorporate CNTs into hierarchical structures led to 

mechanical properties that were significantly lower than these achievable limits. Windle et al.67 

have used an in situ chemical vapor deposition (CVD) spinning method to produce continuous 

CNT yarns from CVD grown CNT aerogels. With this technology, they fabricated CNT yarns 

with strengths as high as ~9 GPa at small gage lengths of ~1 mm, however, defects resulted in a 

reduction of specific strength to ~1 GPa at 20 mm gage length. 

Solar cells developed at the New Jersey Institute of Technology use a carbon nanotube complex, 

formed by a mixture of carbon nanotubes and carbon buckyballs (known as fullerenes) to form 

snake-like structures. Buckyballs trap electrons, although they can't make electrons flow. If 

sunlight is added to excite the polymers, the buckyballs will grab the electrons. Nanotubes, 

behaving like copper wires, will then be able to make the electrons or current flow.68 

2.1.3. MEMBRANE NANOTUBES 

Membrane nanotubes or cytonemes are long and thin tubes formed from the plasma membrane 

that connect different animal cells over long distances, and could sometimes extend for over 100 



μm between T cells.69 Two types of nanotubes have been observed. The first type are less than 

0.7 micrometres in diameter, contain actin and carry portions of plasma membrane between cells 

in both directions. The second type are larger (>0.7 μm), contain both actin and microtubules and 

can carry components of the cytoplasm between cells, such as vesicles and organelles.70 

These structures may be involved in cell-to-cell communication, transfer of nucleic acids 

between cells in a tissue,71 and the spread of pathogens or toxins such as HIV.69 Membrane 

nanotubes were first described in a 1999 Cell article examining the development of Drosophila 

melanogaster wing imaginal discs.72 More recently, a Science article published in 2004 described 

structures that connected various types of immune cell together, as well as connections between 

cells in tissue culture.73 

 2.1.4. DNA NANOTUBE 

DNA nanotubes are hollow tubes formed of strands of DNA that are a few nanometers wide. 

They are somewhat similar in size and shape to carbon nanotubes, but the carbon nanotubes are 

stronger and better conductors, whereas the DNA nanotubes are more easily modified and 

connected to other structures. 

 In the far future these nanotubes might be used as “magic bullets” that deliver drugs locally to 

specific diseased cells. Genes in the cell then trigger the release of the encapsulated cargo. 74 

2.2. NANOCOMPOSITE 

A nanocomposite is as a multiphase solid material where one of the phases has one, two or three 

dimensions of less than 100 nanometers (nm), or structures having nano-scale repeat distances 

between the different phases that make up the material.75 In the broadest sense this definition can 

include porous media, colloids, gels and copolymers, but is more usually taken to mean the solid 

combination of a bulk matrix and nano-dimensional phase(s) differing in properties due to 

dissimilarities in structure and chemistry. The mechanical, electrical, thermal, optical, 

electrochemical, catalytic properties of the nanocomposite will differ markedly from that of the 

component materials. Size limits for these effects have been proposed,76 <5 nm for catalytic 

activity, <20 nm for making a hard magnetic material soft, <50 nm for refractive index changes, 



and <100 nm for achieving superparamagnetism, mechanical strengthening or restricting matrix 

dislocation movement. 

Nanocomposites differ from conventional composite materials due to the exceptionally high 

surface to volume ratio of the reinforcing phase and/or its exceptionally high aspect ratio. The 

reinforcing material can be made up of particles (e.g. minerals), sheets (e.g. exfoliated clay 

stacks) or fibres (e.g. carbon nanotubes or electrospun fibres). The area of the interface between 

the matrix and reinforcement phase(s) is typically an order of magnitude greater than for 

conventional composite materials. The matrix material properties are significantly affected in the 

vicinity of the reinforcement.75 Note that with polymer nanocomposites, properties related to 

local chemistry, degree of thermoset cure, polymer chain mobility, polymer chain conformation, 

degree of polymer chain ordering or crystallinity can all vary significantly and continuously from 

the interface with the reinforcement into the bulk of the matrix. This large amount of 

reinforcement surface area means that a relatively small amount of nanoscale reinforcement can 

have an observable effect on the macroscale properties of the composite. For example, adding 

carbon nanotubes improves the electrical and thermal conductivity. Other kinds of 

nanoparticulates may result in enhanced optical properties, dielectric properties, heat resistance 

or mechanical properties such as stiffness, strength and resistance to wear and damage. In 

general, the nano reinforcement is dispersed into the matrix during processing. The percentage 

by weight (called mass fraction) of the nanoparticulates introduced can remain very low (on the 

order of 0.5% to 5%) due to the low filler percolation threshold, especially for the most 

commonly used non-spherical, high aspect ratio fillers (e.g. nanometer-thin platelets, such as 

clays, or nanometer-diameter cylinders, such as carbon nanotubes). 

2.2.1. Classification of Nanocomposite 

2.2.1.1. Ceramic-Matrix Nanocomposites 

In this group of composites the main part of the volume is occupied by a ceramic, i.e. a chemical 

compound from the group of oxides, nitrides, borides, silicides etc. In most cases, ceramic-

matrix nanocomposites encompass a metal as the second component. Ideally both components, 

the metallic one and the ceramic one, are finely dispersed in each other in order to elicit the 



particular nanoscopic properties. Nanocomposites from these combinations were demonstrated in 

improving their optical, electrical and magnetic properties77 as well as corrosion-resistance and 

other protective properties.78 

The concept of ceramic-matrix nanocomposites was also applied to thin films that are solid 

layers of a few nm to some tens of µm thickness deposited upon an underlying substrate and that 

play an important role in the functionalization of technical surfaces. Gas flow sputtering by the 

hollow cathode technique turned out as a rather effective technique for the preparation of 

nanocomposite layers. The process operates as a vacuum-based deposition technique and is 

associated with high deposition rates up to some µm/s and the growth of nanoparticles in the gas 

phase. Nanocomposite layers in the ceramics range of composition were prepared from TiO2 and 

Cu by the hollow cathode technique 79 that showed a high mechanical hardness, small 

coefficients of friction and a high resistance to corrosion. 

2.2.1.2. Metal-Matrix Nanocomposites 

Metal matrix nanocomposites can also define as reinforced metal matrix composites.This kind of 

composites can be classify as continous and non continous reinforced materials. One of the 

important nanocomposites is Carbon nanotube metal matrix composites which is emerging new 

materials that are being developed to take advantage of the high tensile strength and electrical 

conductivity of carbon nanotube materials. Critical to the realization of CNT-MMC (carbon 

nanotube metal matrix composite) possessing optimal properties in these areas are the 

development of synthetic techniques that are (a) economically producible, (b) provide for a 

homogeneous dispersion of nanotubes in the metallic matrix, and (c) lead to strong interfacial 

adhesion between the metallic matrix and the carbon nanotubes.In addition to carbon nanotube 

metal matrix composites , boron nitride reinforced metal matrix composites and carbon nitride 

metal matrix composites are the new research areas on metal matrix nanocomposites.80 

Another kind of nanocomposite is the energetic nanocomposite, generally as a hybrid sol–gel 

with a silica base, which, when combined with metal oxides and nano-scale aluminium powder, 

can form superthermite materials.80 

2.2.1.3. Polymer-Matrix Nanocomposites 



In the simplest case, appropriately adding nanoparticulates to a polymer matrix can enhance its 

performance, often in very dramatic degree, by simply capitalizing on the nature and properties 

of the nanoscale filler (these materials are better described by the term nanofilled polymer 

composites). 81 This strategy is particularly effective in yielding high performance composites, 

when good dispersion of the filler is achieved and the properties of the nanoscale filler are 

substantially different or better than those of the matrix, for example, reinforcing a polymer 

matrix by much stiffer nanoparticles 81 of ceramics, clays, or carbon nanotubes. Alternatively, 

the enhanced properties of high performance nanocomposites may be mainly due to the high 

aspect ratio and/or the high surface area of the fillers,82 since nanoparticulates have extremely 

high surface area to volume ratios when good dispersion is achieved. 

Nanoscale dispersion of filler or controlled nanostructures in the composite can introduce new 

physical properties and novel behaviours that are absent in the unfilled matrices, effectively 

changing the nature of the original matrix (such composite materials can be better described by 

the term genuine nanocomposites or hybrids 81). Some examples of such new properties are fire 

resistance or flame retardancy and accelerated biodegradability. 

2.2.2.  Areas of Application 

Such mechanical property improvements have resulted in major interest in nanocomposite 

materials in numerous automotive and general/industrial applications. These include potential for 

utilisation as mirror housings on various vehicle types, door handles, engine covers and intake 

manifolds and timing belt covers. More general applications currently being considered include 

usage as impellers and blades for vacuum cleaners, power tool housings, mower hoods and 

covers for portable electronic equipment such as mobile phones, pagers etc. 

2.2.2.1. Oxygen Barriers 

Honeywell have also been active in developing a combined active/passive oxygen barrier system 

for polyamide-6 materials. Passive barrier characteristics are provided by nanoclay particles 

incorporated via melt processing techniques whilst the active contribution comes from an oxygen 

scavenging ingredient (undisclosed). Oxygen transmission results reveal substantial benefits 

provided by nanoclay incorporation in comparison to the base polymer (rates approximately 15-

20% of the bulk polymer value, with further benefits provided by the combined active/passive 



system). Akkapeddi suggests that the increased tortuosity provided by the nanoclay particles 

essentially slows transmission of oxygen through the composite and drives molecules to the 

active scavenging species resulting in near zero oxygen transmission for a considerable period of 

time.83 

2.2.2.2. Food Packaging 

Triton Systems and the US Army are conducting further work on barrier performance in a joint 

investigation and tested a non-refrigerated packaging system capable of maintaining food 

freshness for three years. Nanoclay polymer composites are currently showing considerable 

promise for this application. It is likely that excellent gaseous barrier properties exhibited by 

nanocomposite polymer systems will result in their substantial use as packaging materials in 

future years. 

2.2.2.3. Films 

The presence of filler incorporation at nano-levels has also been shown to have significant 

effects on the transparency and haze characteristics of films. In comparison to conventionally 

filled polymers, nanoclay incorporation has been shown to significantly enhance transparency 

and reduce haze. With polyamide based composites, this effect has been shown to be due to 

modifications in the crystallisation behaviour brought about by the nanoclay particles; spherilitic 

domain dimensions being considerably smaller. Similarly, nano-modified polymers have been 

shown, when employed to coat polymeric transparency materials, to enhance both toughness and 

hardness of these materials without interfering with light transmission characteristics. An ability 

to resist high velocity impact combined with substantially improved abrasion resistance was 

demonstrated by Haghighat of Triton Systems. 83 

2.2.2.4.  Flammability Reduction 

The ability of nanoclay incorporation to reduce the flammability of polymeric materials was a 

major theme of the paper presented by Gilman of the National Institute of Standards and 

Technology in the US. In his work Gilman demonstrated the extent to which flammability 

behaviour could be restricted in polymers such as polypropylene with as little as 2% nanoclay 



loading. 83 In particular heat release rates, as obtained from cone calorimetry experiments, were 

found to diminish substantially by nanoclay incorporation. Although conventional microparticle 

filler incorporation, together with the use of flame retardant and intumescent agents would also 

minimise flammability behaviour, this is usually accompanied by reductions in various other 

important properties. With the nanoclay approach, this is usually achieved whilst maintaining or 

enhancing other properties and characteristics. 83 

 

2.3.  NANOPOROUS MATERIALS 

According to the International Union of Pure and Applied Chemistry (IUPAC), 
84 

porous 

materials can be classified into three categories: (1) micropores are smaller than 2nm in 

diameter; (2) mesopores are between 2 to 50 nm;( 3) macropores are larger than 50 nm. But this 

definition is somewhat conflict with the more broadened definition of nanoporous materials. The 

term “nanoporous” currently refers to the class of porous materials having pore diameters 

between 1 and 100 nm. It is noted that nanoporous materials actually encompass some micro and 

macro porous materials and all mesoporous materials. 
85 

 

Nanoporous materials can bring out many interesting unique properties. The high surface area to 

volume ratio, large surface area and porosity, versatile surface composition and properties enable 

the nanoporous materials to be used widely in applications, such as catalysis, chromatography, 

separation, sensing, biological molecular recognition and purification. 86-87 Furthermore, 

nanoporous materials, especially inorganic nanoporous materials, which are made of mostly 

metal oxides, are usually non-toxic, inert, chemically and thermally stable, so they have wide 

applications where biocompatibility or thermal stability requirements are essential.  

 

2.3.1. Review of nanoparticles 

Most syntheses of nanoporous materials reported so far have focused on template-assisted 

bottom-up processes, including soft templating   (chelating agents, surfactants, block copolymers 

and so on) and hard templating 88-92 (porous alumina, carbon nanotubes and nanoporous 

materials) methods. 

Sol-gel technology has been used extensively in the synthesis of nanoporous materials.The 

overall sol-gel process, as the name implies, usually involves two stages: precursors initially 



form high molecular weight but still soluble oligmeric intermediates, a sol, and the intermediates 

further link together to form a three-dimensional crosslinked network, a gel. The precursors for a 

sol-gel reaction could be either inorganic salts or organic compounds, such as metal alkoxides. In 

a typical sol-gel process, the precursor is subjected to a series of hydrolysis and polymerization 

reactions to form a colloidal suspension, or a "sol". When the "sol" is cast into a mold, a wet 

"gel" will form. With further drying and heat-treatment, the "gel" is converted into dense ceramic 

or glass particles.
93-94  

MCM-41(Mobile Crystalline Material) was the first example of nanoporous sol-gel material 

synthesized through surfactant templated pathway in the early 1990’s.
88, 95 

Since then, 

tremendous attention and effort have been made in this research field. This surfactant-templated  

method proved to be an extremely useful strategy to synthesize nanoporous materials with the 

following characteristics:  

ü High surface areas (> 1000 m
2
g

-1
);  

ü Tunable, uniform pore sizes (2-10 nm);  

ü Long-range ordered pore structures;  

ü Structural stability and so on.  

Due to those interesting properties, nanoporous materials synthesized by surfactant templated 

pathways have been studied for various applications, such as heterogeneous catalysis, separation, 

optics, electronics and sensing. The synthesis process always involves two conceptually simple 

steps: first forming the surfactant/inorganic mesophase and second removing the surfactant 

template molecules from the mesostructure after metal oxide framework formation. But the 

actual kinetics are much more complicated. A variety of parameters can affect the mesophase 

formation, such as solvent, temperature, pH value, aging time, initial precursor/water/catalyst 

ratio, etc.  

Even though the surfactant templated pathway has proved to be successful for synthesis of 

nanoporous materials, some drawbacks have prevented their application in some areas. As an 

example, some cationic surfactants are toxic and expensive; the synthesis is often achieved under 

harsh conditions during reactions or the templated removal processes, such as high temperature 

and pressure, strongly acidic or basic media. For some applications, especially in bioscience and 

biotechnology, those drawbacks are fatal.  



To solve these problems, a novel nonsurfactant templating pathway has been developed.
96-97 

Instead of using surfactant molecules as template to direct the nanoporous structure formation, 

non-surfactant small molecules are applied in this new method to function as template molecules. 

Those small nonsurfactant molecules include glucose, fructose, maltose, urea, dibenzoyl-L-

tartaric acid (DBTA), etc.
 96 

In general, the nonsurfactant pathway starts with the sol-gel 

reactions of inorganic precursors, e.g., tetraethyl orthosilicate (TEOS) for silica, in the presence 

of a non-surfactant compound, e.g. glucose. Upon gelation and drying, nonporous, transparent 

and monolithic solids can be obtained. The template removal can be easily achieved by simple 

solvent extraction, which means template molecules can be washed out from silica matrices and 

leave nanoporous structure.  

As described above, the nonsurfactant templating pathway has several important advantages over 

surfactant-templating pathway. First, the whole process can be done at room temperature. 

Because the interactions between non-surfactant molecules and inorganic phase are much weaker 

than surfactant/inorganic phase, the removal of templates can be easily accomplished by solvent 

extraction at room temperature, avoiding high temperature calcination step in the surfactant-

templated pathway. Second, many non-surfactant template molecules, like glucose, fructose and 

maltose are non-toxic and biofriendly. That makes applications in bioscience and biotechnology 

feasible. Third, during the whole non-surfactant templated process, no acid, alkaline or even 

organic solvent is necessary at the point when biological substances are introduced. All these 

characteristics of non-surfactant templating pathway provide a convenient and effective way to 

prepare nanoporous materials for various applications, especially in biological applications.  

 

2.3.2. Applications of Nanoporous Materials 

2.3.2.1. Environmental Separations 

As the regulatory limits on environmental emissions become more and more stringent, industries 

have become more active in developing separation technologies that could remove contaminants 

and pollutants from waste gas and water streams. Adsorbent materials and membranes (typically 

nanoporous) are increasingly being applied and new adsorbents and membranes are constantly 

being invented and modified for various environmental applications such as the removal of SO2, 

NO  and VOCs emissions.89   



2.3.2.2. Sensors And Actuators 

Nanoparticles and nanoporous materials possess large specific surface areas, and high sensitivity 

to slight changes in environments (temperature, atmosphere, humidity, and light). Therefore such 

materials are widely used as sensor and actuator materials. Gas sensors reply on the detection of 

electric resistivity change upon change in gas concentration and their sensitivity is normally 

dependent on the surface area. Gas sensors based on nanoporous metal oxides such as SnO2, 

TiO2, ZrO2, and ZnO are being developed and applied in detectors of combustible gases, 

humidity, ethanol, and hydrocarbons. Zirconia is typically a good sensor material for oxygen.98 

2.3.2.3. Biological Applications 

Nanomaterials that are assembled and structured on the nanometer scale are attractive for 

biotechnology applications because of the potential to use material topography and the spatial 

distribution of functional groups to control proteins, cells, and tissue interactions, and also for 

bioseparations.99 Nanoporous materials being porous and some often found bio-compatible 

afford the capability to build enzymatic nanomaterials that mimic natural biological reactions. 

Immobilizing recombinant enzymes into nanoporous materials can be used for long-lifetime 

biological reactors for a variety of applications. The possibilities for using enzymes in small-

scale reactors for producing drugs, energy, decontaminating wastes, and creating complicated 

synthetic reactions are limitless. Nanopores embedded in an insulating membrane fabricated by 

using a physical method has been demonstrated useful to examine biomolecules one by one, 

achieving single-molecule analysis.88 

Besides the above applications, there are also tremendous opportunities for nanoporous materials 

in the following areas.96 (1) high efficiency filtration and separation membranes. (2) catalytic 

membranes for chemical processes. (3) porous electrodes for fuel cells. (4) high efficiency 

thermal insulators. (5) electrode materials for batteries. (6) porous electronic substrates for high 

speed electronics.88 

2.4. NANOWIRE 

A nanowire is a nanostructure, with the diameter of the order of a nanometer (10−9 meters). 

Alternatively, nanowires can be defined as structures that have a thickness or diameter 

constrained to tens of nanometers or less and an unconstrained length. At these scales, quantum 

mechanical effects are important — which coined the term "quantum wires". Many different 



types of nanowires exist, including metallic (e.g., Ni, Pt, Au), semiconducting (e.g., Si, InP, 

GaN, ZnO, etc.), and insulating (e.g., SiO2, TiO2).  

 

2.4.1. Applications of Nanowire 

Nanowire sensors have been demonstrated that can detect the presence of many gases, including 

oxygen 22, hydrogen, NO2, and ammonia 23, at very low concentrations. Nanowires also have 

been used to detect ultraviolet light 24, changes in pH 25, and the presence of low-density 

lipoprotein cholesterol 26. 

In medicine, Nanowires are used for the production of nanoscale sensors for various purposes, 

one of which is in the detection of potential biomarkers of cancer. For example, nano-sized 

sensing wires that are laid across a microfluid channel can pick up molecular signatures of the 

particles and can relay the information instantaneously and these sensors can detect altered genes 

that are associated with cancer and ultimately have the potential to provide information on the 

location of the malignant genes 28. 

In electronics, several semiconductor devices such as junction diodes, memory cells and switches 
33, transistors, FETs, LEDs and inverter 34 etc have already been fabricated using nanowire 

junctions. 

The huge surface area and the high conductivity along the length of nanowires are suitable for 

inorganic–organic solar cell 37.  

2.4.2. Synthesis of Metal Oxide Semiconductor Nanowires  

Various chemical, physical, and electrochemical deposition techniques have been reported to 

create oriented MOS (metal oxide semiconductor) nanowires. Methods such as catalytic growth 

via vapour-liquid-solid epitaxial (VSLE) mechanism, metal-organic chemical vapour deposition 

(MOCVD), pulsed laser deposition (PLD), chemical vapour deposition (CVD), hydrothermal 

synthesis, solution approaches and electrodeposition have been particularly successful in creating 

highly oriented arrays of anisotropic nanowires of ZnO.100  In general, there are two 

philosophically distinct approaches for creating nanowires: top-down and bottom-up strategies. 

The top-down approach usually including etching and lithography in bulk materials to form 

functional devices, this approach has been successful in many venues. In the bottom-up 



approach, functional nanostructures are assembled from well-defined chemically and/or 

physically synthesized building blocks.  

Zinc oxide nanowires are commonly synthesized by a bottom-up approach.101 CVD is a widely 

used route to produce high-purity, high-performance materials. In the CVD method, the 

precursor gases are first delivered into a reaction chamber at approximately ambient 

temperatures. In the reaction chamber a heated substrate or a wafer is used to expose to the 

volatile precursors, which react and decompose on the substrate surface to produce the desired 

solid phase. The by-products are removed by gas flow through the reaction chamber. Commonly, 

CVD is a generic name for a group of processes that involve depositing a solid material from a 

gaseous phase. CVD processes include: atmospheric pressure CVD (APCVD), low-pressure 

CVD (LPCVD), vapour phase epitaxy (VPE), chemical beam epitaxy (CBE), and metal-organic 

chemical vapour deposition (MOCVD).102  

Another promising method to synthesize Zinc oxide nanowires is physical vapour deposition 

PVD. PVD is a technique quite similar to CVD, except that there is no chemical reaction 

happening during the deposition process. Variants of PVD include pulse laser deposition (PLD), 

and sputter deposition. These methods can produce high-quality, single crystalline wires. 

However, these processes require elevated temperatures of 450 – 900 °C and often face other 

limitations of sample uniformly and substrate choice.103 

Wang and co-workers have examined the synthesis, structure analysis,104  and properties of 

nanoscale zinc oxide. They used solid-vapour thermal sublimation techniques to synthesize ZnO 

nanowires, nanobelts, nanorings, nanocages, and nanocombs. Zinc oxide nanowires and 

nanorods could be synthesized in many routes, such as vapour-liquid-solid (VLS) growth. In this 

technique, a metal catalyst, such as Au or Sn, was chosen and serves as the site for adsorbing the 

incoming molecules (Zn complexes). A liquid alloy droplet composed of the metal catalyst is 

formed, followed by addition of the gaseous precursor to form an AuZn alloy. The metal liquid 

droplet serves as a preferential site for absorption of gas-phase reactant. Nanowire growth begins 

after the liquid becomes supersaturated in reactant materials and continues as long as the catalyst 

alloy remains in a liquid state and the reactant is available. The growth terminates when the 

temperature is below the eutectic temperature of the catalyst alloy or the reactant is no longer 

available. As a result, the nanowires obtained from the VLS process typically have a solid 



catalyst nanoparticle  at the ends with sizes comparable to diameters of the connected 

nanowires.  

In contrast to gas-phase technologies, solution approaches are appealing because of the low 

growth temperature (< 350 °C), potential for scaling up, and straight-forward methods of 

producing high-density arrays. Chemical bath deposition (CBD) is one of the useful solution 

methods for the preparation of compound semiconductors from aqueous solution, with 

advantages such as low processing temperature, allowing growth upon a variety of substrates, 

and easy adaptation to large area processing at low fabrication cost.105   In chemical bath 

deposition technique, deposition of metal oxide semiconducting thin films occurs due to 

substrate maintained in contact with chemical bath containing metal ions. The film formation on 

substrate takes place when the ionic product exceeds the solubility product. The CBD method is 

based on the controlled precipitation of the material to be prepared, so as to produce a film upon 

the substrate surface. Although the precipitation can be controlled by adjusting the experimental 

conditions (chemical composition and process temperature), nucleation in the solution and on the 

reactor wall cannot be avoided. Hence only a small amount of the reagents in the solutions are 

used for film growth and a larger amount of material produces colloidal particles in the solution. 

Only 2% of the reagents in the solution is used during  CBD growth on the substrate.106 M. 

Izaki107 has prepared highly (0001)-oriented ZnO films by UV light-assisted CBD from an 

aqueous solution containing hydrated zinc nitrate and dimethylamineborane (DMAB). A recent 

report has shown that the CBD method can be used to synthesize ZnO films and nanorod arrays 

on different substrates.108 Yang et al. have prepared ZnO nanowire with CBD using silicon 

substrate and found the average diameter of the nanowire to be 125nm.109 

Hydrothermal syntheses are another convenient method to synthesis semiconductor nanowires. 

For example ZnO nanowires can be obtained by the hydrolysis of zinc nitrate in water in the 

presence of an amine. The zinc(II) is solvated by water, and exists as several monomeric 

hydroxyl species, such as Zn(OH)+(aq), Zn(OH)2(aq), and Zn(OH)4
2-(aq). The stability of these 

complexes is dependent on the pH and temperature of the solution. Solid ZnO nuclei are formed 

by the dehydration of these hydroxyl species, shown in equation 1. Additives to the solution 

mixture, often amines, have a strong effect on the morphology of the resulting crystal.110 

    Zn(OH)2 (aq)  →ZnO(s) + H2O(aq)                                                    (1)  



Finally, electrodeposition has three main attributes that make it a promising technique for 

fabrication of nanowires. First, it can be used to grow functional materials through complex 2D 

or 3D templates; second, it can be performed at temperatures near room temperature from water-

based electrolyte solutions; and finally, it can be scaled down to the deposition of a few atoms as 

well as up to larger dimensions. Electrodeposition within anodic alumina membrane templates is 

a bottom-up synthesis route which has been used with a great deal of success by numerous 

groups to synthesize metal and semiconductor nanostructures.111 In a typical synthesis, a piece of 

anodic aluminum oxide (AAO) membrane with highly ordered nanopores is used as growth 

template. The dimensions of the nanopores can be varied over a large length scale. The backside 

of the membrane is homogeneously coated by a conducting layer, such as silver or GaN.111 An 

aqueous solution with a certain concentration of metal cations is applied as the electrolyte, and 

the conducting layer acts as the cathode lead. In the electrodeposition process, the metal ions are 

reduced and the metal nanowires grow in the pores of the template. Meanwhile, a pure metal 

wire is used as the anode; during the electrodeposition process, the sacrificial anode is oxidized 

and therefore compensates the loss of metal cations in the electrolyte. The length of the 

nanostructures can be controlled by adjusting the amount of metal deposited. After the 

electrodeposition process, free-standing nanowires can be obtained through the removal of 

conducting layer and the dissolution of alumina membrane. CaO reviewed the growth of 

nanostructures using membranes as templates by using electrodeposition methods, metallic 

nanowires, such as Ni and Bi, conducting polymers, such as polyaniline (PANI), and oxides, 

such as ZnO, could be successfully synthesized with high efficiency.112 

 

 

 

 

 

 

 

 

 

 



 

 

 

 

 

 

 

 

 

 

CHAPTER THREE 

3.0 EXPERIMENTAL  

3.1 Materials and Method 

In this work, chemical bath deposition method (CBD) was used for the growth of ZnO nanowire. 

CBD method was employed based on the following reasons; 

(a) The growth temperature can be as low as 50oC. 

(b) With such low temperature, much cheaper substrates such as plastic and glass can 

be used. 

(c) Less sophisticated equipments are required. 

(d) The cost of chemicals/reagents is relatively low. 

(e) It is environmentally friendly. 

(f) The properties of the deposited material can be varied and controlled by proper 

optimization of chemical baths and deposition conditions. 

3.1.1. Equipment/Instruments 

The following equipments were used during the investigation. 

Digital-Temperature regulation oven (Gallenkamp) 

 Glass beakers (pyrex)    

1dm3 -Volumetric flask (pyrex)       

Electronic weighing balance (B. Brian)    

pH meter (jenway 3510) 

Spectrophotometer (UNICO-UV-Vis-NIR 2120 PC ). 



SEM (Carl Zeiss EVO MA/10)  

Powder X-ray diffraction (Rigaku Rotaflex RU-200 rotating anode XRD)   

Stop watch (quatz) 

Syringe  

Pipette 

Microscopic glass slides       

3.1.2. CHEMICALS 

Hexamine (99.9% purity) from Bendosen 

Zinc nitrate hexahydrate (99.9% purity) from fluka 

Zinc acetate dihydrate (98% purity) from Aldrich 

Ethanol (98% purity, ρ = 0.788 gcm-3) from Aldrich 

Ammonia (98% purity, ρ = 0.9 gcm-3) from May & Baker Ltd. 

Distilled water. 

All chemicals were analytical grade reagents and were used without further purification. All the 

aqueous solutions were prepared using distilled water.  

The synthesis of ZnO nanowire combines substrate pretreatment and CBD growth as described 

below. 

Substrate Preparation 

Prior to deposition of ZnO nanowire, glass micro slides were chemically degreased by treatment 

with dilute HCl for 24h, later cleaned in detergent/cold water and rinsed with distilled water and 

allowed to drip dry in air. 

Substrate Pretreatment 

Equal volumes (10 ml) each of zinc acetate dihydrate [Zn(OOCCH3)2.2H2O] (0.05M) and 

ethanol (0.05M)  were mixed in a 50 ml beaker. This solution was coated on glass substrates by 

spin coater (Laurell WS-400-STFW-FULL) at rate of 2000rmp for 30s. The thickness of the zinc 

acetate layer can be controlled by the number of spin coating runs and show good 

reproducibility. Here, substrates were spin coated twice. The coated substrates were dried at 

room temperature and annealed at 150o for 30min. All the substrates were pretreated twice before 

the final growth of ZnO nanowire. 

Chemical Bath Deposition (CBD) Growth 



For CBD growth process, the aqueous solution of zinc nitrate hexahydrate and hexamine were 

first prepared. The concentrations of both were fixed at 0.1M.  Aqueous solutions of zinc nitrate 

hexahydrate (20 ml) and hexamine (20 ml) were mixed together in 50 ml beaker. Aqueous 

ammonia (0.1M) was added to the solution to vary the pH. The amount added depends on the 

targeted pH. In this work, 4-6ml of aqueous ammonia was added to raise the pH to 9.00 and 10.0 

respectively. The pH of the original growth solution was 8.1. 

The original growth solution (pH of 8.1) was transparent and contains white dispersed 

precipitates of Zn(OH)2.The bath solutions at pH 9.0 and 10.0 dissolved and appeared white 

turbid in nature (milky). 

The pretreated glass slides (substrates) were immersed into the three different bath solutions and 

tilted against the wall of the beaker. The beakers containing the bath solutions and the substrates 

were put in the oven for 2h at a constant temperature of 93oC.   After the growth, the substrates 

were removed from the solutions, rinsed with distilled water and then dried at room temperature. 

White dense, uniform deposition was observed on the samples grown at the pH of 8.1. Whereas, 

less dense milky deposition was observed on the samples grown at pH of 9.0 and slightly 

transparent white deposition was observed on samples grown at pH of 10.0 

Post Growth Annealing 

A post growth thermal annealing was performed for the substrates (samples) from the three 

different pH solutions (8.1, 9.0 & 10.0) at 100oC, 150 oC and 200 oC respectively for 1h and then 

quenched to room temperature by removal from the oven.  

  

 

 

Table1. SAMPLE IDENTIFICATION 

SAMPLE GROWTH pH ANNEALING TEMPERATURE (OC) 
W8100 8.1 100 
W8150 8.1 150 
W8200 8.1 200 
W9100 9.0 100 
W9150 9.0 150 
W9200 9.0 200 
W10100 10.0 100 
W10150 10.0 150 
W10200 10.0 200 



 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

CHAPTER FOUR 

RESULTS AND DISCUSSION 

4.1. MORPHOLOGICAL ANALYSIS (SEM) 

The results of morphological analysis (surface structure) of the deposited ZnO nanowire which 

was carried out using scanning electron microscope as shown in Fig. 2 to Fig. 9 at varying PH 

levels.  

The nanowires grown at the normal pH of the bath solution (8.1) possesses hexagonal shape and 

their diameters were measured at different angles such as 900 and 132.30 across the breadth of 

the nanowire between two points (Pa1 & PaR1) and was found to be between 170.3 and  481nm 

as shown in Fig. 3-4 below: 



 
Fig.2. SEM of W8100 grown at pH 8.1 and annealed at 100 oC 

 

 

 

 
Fig.3. SEM of W8150 grown at pH 8.1 and annealed at 150 oC 



 
Fig.4. SEM of W8200 grown at pH 8.1 and annealed at 200oC 

However, the samples grown at pH of 9.0 and 10.0 were observed to be nanostructures with 

tapered flower -like shape as shown in Fig. 5-9 below. This shape transformation might be due to 

the competition between growth and erosion. As is well known, the hexagonal wurtzite ZnO 

crystal is a typical polar crystal with a dipole moment in the direction of c-axis, so the (0001) 

crystal plane represents the polarity and is metastable, but the side planes are non-polar and 

relatively more stable. The polar top planes are able to attract OH-, which could erode the planes 

in the solution according to the following equation; 

ZnO  + OH- → ZnO2
2-  +  H2O  ........................................................................................ 2 

For the original growth solution, the OH- in the solution is only enough to grow the nanowires. 

After the aqueous ammonia was added , more and more OH- were formed when the solution was 

heated so that the total amount of OH- was not totally consumed during the growth. Then the rest 

of the OH- in the solution also took part in the erosion reaction at the same time. The relative 

erosion process will become more and more intensive as the pH is increased. However, during 

the CBD growth process, the growth speed will be faster than that of erosion. As a result of the 

competition between growth and erosion, the top of ZnO nanowires become tapered at pH 

between 9.0 and 10.0. 



 
Fig.5. SEM of W9100 grown at pH 9.0 and annealed at 100 oC 

 
Fig.6. SEM of W9150 grown at pH 9.0 and annealed at 150 oC 

 



 
Fig.7. SEM of W9200 grown at pH 9.0 and annealed at 200 oC 

 
Fig.8. SEM of W10150 grown at pH 10.0 and annealed at150 oC 



 
Fig.9. SEM of W10200 grown at pH 10.0 and annealed at 200oC 

The SEM micrographs shows that as the growth pH is increased from original pH of the solution, 

the morphology or shape of the nanowire changes from hexagonal structure to tapered flower-

like structure. Therefore, the original pH, 8.1 in the solution is the optimized value to form ZnO 

nanowires with the top surface of hexagonal shape. 

 

 

4.2. X-RAY DIFFRACTION ANALYSIS 

The XRD analysis was carried out for samples grown at pH of 8.1. In order to study the 

crystalline nature of the deposited nanowires, the XRD patterns were recorded in the 2θ ranging 

from 10 - 70°   with CuK2 (λ = 1.5406 Å) and the intensity was plotted against 2θ. 

The XRD diffraction pattern and peak related values of annealed nanowires are shown in fig.10. 

Correlating the angular diffraction in the 2θ range with ZnO compound phase (fig. 11), three 

peaks at a 2θ value of 33.77, 44.82 and 53.63 for sample W8100 matched, two peaks at a 2θ 

value of 44.88 and 66.40 for sample W8150 matched and three peaks at a 2θ value of 31.82, 

56.68 and 67.96 matched for sample W8200.  



 

 
Fig.10. X-Ray Diffraction pattern of W8100 
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Fig.11. Compound phase of W8100. 

 

       
 Fig.12. X-Ray Diffraction pattern of W8150 
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2θ d values I int. I max. I rel. I corr. FWHM 
19.36 4.58447 111 5.3 20.4 24.7 0.279 
19.70 4.50548 75 3.6 13.8 16.5 0.279 
20.11 4.41629 96 4.6 17.6 20.9 0.279 
20.15 4.40698 127 6.1 23.2 27.4 0.279 
21.03 4.22342 140 6.7 25.7 29.5 0.279 
21.39 4.15464 64 3.1 11.7 13.4 0.279 
21.66 4.10314 239 11.4 43.7 49.4 0.279 
21.96 4.04793 249 11.9 45.5 51.1 0.279 
22.27 3.99161 422 20.2 77.3 86.0 0.279 
22.61 3.93234 324 15.5 59.3 65.5 0.279 
22.70 3.91764 364 17.4 66.6 73.3 0.279 
22.94 3.87654 465 22.3 85.1 93.2 0.279 
23.91 3.72182 386 18.5 70.6 75.7 0.279 
24.85 3.58251 70 3.3 12.7 13.4 0.279 
24.91 3.57468 92 4.4 16.9 17.7 0.279 
25.00 3.56141 416 19.9 76.1 79.9 0.279 
25.27 3.52400 188 9.0 34.4 35.9 0.279 
25.62 3.47751 308 14.7 56.3 58.5 0.285 
25.86 3.44474 241 11.6 44.2 45.6 0.288 
26.16 3.40637 229 11.0 41.9 43.1 0.288 
26.60 3.35088 479 22.9 87.6 89.5 0.288 
26.88 3.31677 219 10.5 40.1 40.8 0.288 
27.12 3.28796 210 10.1 38.5 39.0 0.288 
27.37 3.25884 145 6.9 26.5 26.7 0.289 
27.53 3.23975 222 10.6 40.6 40.9 0.289 
27.54 3.23874 130 6.2 23.9 24.0 0.289 
27.95 3.19157 291 13.9 53.3 53.4 0.289 
28.04 3.18250 546 26.2 100.0 100.0 0.289 
28.57 3.12404 308 14.8 56.4 56.0 0.289 
29.20 3.05857 279 13.4 51.1 50.3 0.289 
29.72 3.00610 496 23.8 90.8 88.9 0.289 
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30.39 2.94095 134 6.4 24.6 23.8 0.288 
30.97 2.88693 129 6.2 23.6 22.7 0.288 
31.82 2.81245 230 11.0 42.2 40.3 0.288 
32.24 2.77618 212 10.1 38.8 36.9 0.288 
32.59 2.74736 105 5.0 19.3 18.3 0.288 
34.12 2.62747 35 1.7 6.5 6.1 0.288 
40.01 2.25349 126 6.0 23.0 20.6 0.284 
51.94 1.76028 58 2.8 10.6 9.1 0.272 
52.20 1.75216 45 2.2 8.3 7.1 0.272 
53.25 1.72018 66 3.2 12.1 10.3 0.271 
53.53 1.71172 103 4.9 18.8 16.0 0.270 
53.87 1.70178 87 4.2 15.9 13.5 0.270 
54.24 1.69121 44 2.1 8.1 6.9 0.270 
54.56 1.68194 86 4.1 15.8 13.4 0.270 
54.79 1.67545 92 4.4 16.9 14.3 0.270 
55.58 1.65333 58 2.8 10.6 9.0 0.270 
55.81 1.64707 27 1.3 4.9 4.2 0.270 
56.22 1.63614 40 1.9 7.3 6.2 0.271 
56.68 1.62391 71 3.4 13.0 11.0 0.272 
56.91 1.61786 92 4.4 16.9 14.2 0.272 
57.40 1.60516 108 5.2 19.8 16.7 0.274 
57.75 1.59644 61 2.9 11.1 9.4 0.275 
58.00 1.59019 80 3.8 14.6 12.3 0.277 
58.29 1.58294 129 6.2 23.6 19.8 0.278 
58.78 1.57095 118 5.7 21.6 18.1 0.280 
58.99 1.56586 134 6.4 24.6 20.6 0.280 
59.29 1.55844 97 4.6 17.7 14.9 0.281 
59.58 1.55174 175 8.4 32.1 26.9 0.282 
59.97 1.54246 118 5.6 21.5 18.0 0.282 
60.42 1.53200 110 5.2 20.1 16.8 0.283 
60.83 1.52265 69 3.3 12.6 10.6 0.283 
61.57 1.50623 111 5.3 20.3 16.9 0.282 
61.82 1.50066 96 4.6 17.5 14.6 0.281 
62.16 1.49333 110 5.3 20.1 16.8 0.281 
62.55 1.48491 100 4.8 18.3 15.2 0.280 
62.89 1.47779 74 3.5 13.5 11.2 0.279 
63.23 1.47048 78 3.7 14.3 11.9 0.279 
63.39 1.46729 106 5.1 19.4 16.1 0.279 
64.15 1.45162 29 1.4 5.3 4.4 0.278 
64.39 1.44686 109 5.2 19.9 16.6 0.278 
64.74 1.43992 89 4.3 16.3 13.5 0.278 
65.03 1.43416 80 3.8 14.6 12.1 0.278 
65.43 1.42628 101 4.8 18.4 15.3 0.279 
65.78 1.41956 68 3.3 12.5 10.4 0.279 
66.10 1.41343 58 2.8 10.5 8.7 0.280 



66.34 1.40894 82 3.9 15.0 12.4 0.280 
66.57 1.40474 99 4.7 18.1 15.0 0.281 
66.85 1.39951 64 3.1 11.8 9.7 0.281 
67.33 1.39071 35 1.7 6.4 5.3 0.283 
67.75 1.38303 57 2.7 10.4 8.6 0.283 
67.96 1.37922 70 3.3 12.7 10.5 0.283 
68.20 1.37494 42 2.0 7.7 6.3 0.282 
68.40 1.37146 46 2.2 8.4 7.0 0.280 
68.75 1.36535 62 3.0 11.4 9.4 0.279 
69.83 1.34694 47 2.3 8.7 7.1 0.279 
70.09 1.34249 35 1.7 6.3 5.2 0.279 
     

 Fig.13. X-Ray Diffraction pattern of W8200 

The average crystallite sizes of the nanowires were deduced by the inverse proportional relation 

of the full width at half maximum (FWHM), as predicted by Debye-Scherrer’s equation:  

 

D = 0.9 λ/βcosθ ………………………………………………………………….11 

Where D is the crystalline size, λ is the X-ray wavelength used (1.5406 Å), β is the full width at 

half maximum (FWHM) intensity, and θ is the Bragg’s angle (diffraction angle).  

For W8100, the three peaks at a 2θ value that matched with their corresponding FWHM are   

33.77, 44.82, 53.63 at 0.28912, 0.27997 and 0.27168 respectively. 

At θ = 33.77,  

D = 0.9 λ/βcosθ = �.���.����
�.����� ��� (��.��

� )
 = 5.0127 Å = 0.50127 nm 

At θ = 44.82, 

D = 0.9 λ/βcosθ = �.���.����
�.����� ��� (��.��

� )
 = 5.357 Å = 0.5357 nm 

At θ = 53.63, 

D = 0.9 λ/βcosθ = �.���.����
�.����� ��� (��.��

� )
 = 5.720 Å = 0.572 nm 

Average crystallite size for W8100 = �.�������.����� �.��� 
�

= 0.536 ��  

The average crystallite sizes for W8150 and W8200 were similarly deduced and the results are 

shown in the table below.   

Table. 2.  Nanowire crystallite size 

Sample Annealing temperature (0C) Average crystallite size (nm) 
W8100 100 0.536 



W8150 150 0.541 
W8200 200 0.557 
 

The result from the table shows that the average crystallite size increases with increase in 

annealing temperature.  

The X-Ray Diffraction analysis shows that ZnO nanowire has a hexagonal crystallite structure 

with lattice parameters; a = 0.3296, b = 0.3296 and c = 0.52065 (a = b ≠ c) as shown in Fig.11 

above which agrees with the condition for a lattice structure to be hexagonal. 

 

The interpanar spacing (d) which is the distance between the lattice structures on a plane were 

calculated for sample grown at pH 8.1 using Bragg’s law  for confirmation as shown below. 

d = ��
�����

    ………………………………………………………………………………3 

where, d = interpanar spacing,  n = 1 for simple lattice structure,  = X-ray wavelength used 

(1.5406 Å), θ = Bragg’s angle (diffraction angle).  

Table 3.  Nanowire interplanar spacing 

Bragg’s angle(θ) d- observed d- calculated 

16.89 2.653 2.652 

22.41 2.022 2.020 

26.82 1.708 1.707 

 

The interplanar spacing (d- observed) from the table above is the interplanar spacing observed by 

the diffractometer and d- calculated is the interplanar spacing calculated for confirmation. The 

results from the table above show that there is no significant difference between the d- observed 

and d- calculated. 

4.3. OPTICAL ANALYSIS 

The optical properties of ZnO nanowires grown at pH of 8.1 and 9.0 were characterized using 

(UNICO-UV-Vis-NIR 2120 PC) spectrophotometer in the range of 172.8-1100 nm.  

The plot of absorbance versus wavelength as shown in Fig. 14-21 shows that ZnO nanowire has 

high absorbance in the ultraviolet region (175.85nm). 



However, the absorbance decreases gradually in the visible with gradual increment to infrared 

region. Transmittance, T is in contrast to the absorbance of the nanowire as it decreases with 

increases in absorbance.  

 
Fig.14. A plot of absorbance versus wavelength for W8100. 

 
Fig.15. A plot of absorbance versus wavelength for W8150. 
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Fig.16. A plot of absorbance versus wavelength for W8200. 

 
Fig.17. A correlation  plot of absorbance versus wavelength for W8100,W8150 &W8200. 
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Fig.18. A plot of absorbance versus wavelength for W9100. 

 
Fig.19. A plot of absorbance versus wavelength for W9150. 
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Fig.20. A plot of absorbance versus wavelength for W9200 

 
Fig.21. A correlation plot of absorbance versus wavelength for W9100, W9150 & W9200. 

The correlation plot of absorbance versus wavelength in Fig. 17 & 21 showed a gradual 

increment in absorbance with increase in annealing temperature. At pH of 8.1, the absorbance 

were 0.82, 0.84 and 0.85 at 100oC, 150oC and 200oC respectively while at pH of 9.0, the 

absorbance were 0.46, 0.64 and 0.71 at 100oC, 150oC and 200oC respectively. 

Its high absorbance in the ultraviolet region suggest that it can be use as solar harvester for 

trapping solar energy for photovoltaic panel  which is capable of converting sunlight radiation 

directly to electricity for commercial or industrial purpose.  

4.4. COMPOSITIONAL ANALYSIS (EDX) 
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The compositional study of the deposited ZnO nanowire was carried out by energy dispersive X-

ray (EDX) at a potential difference of 14KV. The spectra reveal peaks, which contain both 

elemental compositions of glass substrate and the deposited nanowire. Each element has a unique 

atomic structure and binding energy. At rest, an atom within the sample contains ground state (or 

unexcited) electrons in discrete energy levels or electron shells bound to the nucleus. The 

incident beam excites an electron in an inner shell, ejecting it from the shell while creating an 

electron hole where the electron was. An electron from an outer, higher-energy shell then fills 

the hole, and the difference in energy between the higher-energy shell and the lower energy shell 

releases in the form of an X-ray. The number and energy of the X-rays emitted from a specimen 

is a characteristic of an element allowing unique sets of peaks on its X-ray spectrum. 

The spectra were the same for all the samples. Shown in Fig. 22-23 are EDX result of sample 

W8100 and W9100. 

   
Fig. 22. EDX spectrum of W8100 grown at pH of 8.1. 

  
Fig.23. EDX spectrum of W9100 grown at pH of 9.0 



The composition by weight of the elements present in both the nanowire and the glass substrate 

are as shown in the table below: 

Table 4.  Elemental composition 

Element Weight (%) 

Oxygen (O) 36.28 

Aluminum (Al) 0.72 

Silicon (Si) 26.59 

Potassium (K) 0.55 

Calcium (Ca) 3.50 

Zinc (Zn)  29.16 

Sodium (Na) 1.06 

Magnesium (Mg) 2.14 

 

The elemental composition from the table above further confirmed the presence of Zinc 

(29.16%) and Oxygen (36.28%) which is the constituent of Zinc oxide nanowire.  

 

 
 

CHAPTER FIVE 
5.1. CONCLUSION 
This study showed that a well align ZnO nanowire can be grown by chemical bath deposition 

technique and  the normal pH of the bath solution, 8.1 is the optimized value to form ZnO 

nanowire with top surface of hexagonal shape. 

This study further revealed that the crystallite size as well as the absorbance of the nanowire 

increase with increasing annealing temperature. Its high absorbance in the ultraviolet region 

suggest that it can be use as solar harvester for trapping solar energy for photovoltaic panel 

which is capable of converting sunlight radiation directly to electricity for commercial or 

industrial purpose.  

5.2. RECOMMENDATIONS 

The production and characterization of ZnO nanowire is of considerable importance to 

nanotechnology and the world at large due to its unique properties. We therefore recommend the 

following: 



Ø pH of 8.1 (original bath solution pH ) is the optimum pH for the growth of ZnO  

nanowire with chemical bath deposition method. 

Ø In order to reproduce this result, as a precautionary measure, the substrate on which 

nanowire is to be grown must be kept free of contamination from bare hands, dust 

particles etc.  

Ø After the growth, the substrate containing the deposited nanowire must be washed by 

slowly allowing distilled water from syringe to drop on it and then drip dry in air before 

annealing. 

Ø Finally, during annealing, the digital temperature regulation oven must first be initialized 

by setting it to the required temperature and allowing it for some minutes to attain that 

temperature before the introduction of the nanowire contained in a beaker and then timed. 
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Fig.24 Compound phase of W8150 

 

 

 

 



 
Fig.25  Compound phase of W8200 

  
 


