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Abstract 

Nanomaterials synthesis is a highly focused area now-a-days due to great significance 

of nanomaterials in terms of their vast applications including nano-sensors, nano-

catalysts, nano-electro-mechanical systems (NEMS) and memory devices etc. One of 

the facile and low cost techniques to synthesize nanomaterials is the use of templates.  

A template acts like a scaffold to restrict the in-filtered material and produces nano-

scopic replica of it. Since the synthesis takes place in the confined nanospaces, hence 

high surface area nanostructures can be achieved. By using this type of synthetic 

strategy, nanostructures can be tailored according to the prescribed requirement 

through the control of the design of templates. 

The present thesis presents the work on the synthesis of carbonized polymer 

nanowires through template mediated technique using different carbon precursors 

including poly (vinyl) alcohol (PVA), poly (vinyl) chloride (PVC) and chitosan. For 

synthesis of carbon nanowires, from poly(vinyl) alcohol, carbonization was 

performed at temperatures of 300°C, 400°C, 500°C, 600°C, 700°C ,800°C and 900°C 

in the absence of any catalyst. 

Scanning electron microscopy (SEM) revealed the diameter of the nanowires 

in the range of 90-120 nm. Detailed characterization using SEM, thermal gravimetric 

analysis (TGA), Fourier transform infrared (FTIR) spectroscopy and Raman 

spectroscopy was done confirming the formation of nano-wires and graphitization of 

amorphous carbon resulting from the PVA pitch. 

The nanowires formed at temperatures of up to about 600oC were rigid, while 

those formed at 700oC were quite flexible. At 800oC and 900oC, the nanowires 

formed were again rigid but of shorter length due to fragmentation of the wires 

produced. It could be due to the formation of graphitic clusters / crystallites. 

The work was further extended to develop carbon nanostructures through the 

PVC thermolysis by infilteration of the synthetic polymer into the nano-pores of the 

templates. Successful formation of carbon nanowires was realized at 100oC, 200oC, 
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300oC, 400oC, 500°C and 600oC in inert atmosphere. The synthesized nanostructures 

were characterized for the similar techniques as in the case of PVA. Initiation of 

aromatization was detected at temperatures as low as 100oC. Up to 200oC, nanofibers 

were formed. Pure graphitic regions were identified at higher temperatures and SEM 

showed the formation of nano-tubular structure at 300oC and 400oC. Further increase 

in temperature up to 600oC caused shrinkage in the diameter of nanotubes resulting in 

nanowires formation. 

Apart from using synthetic polymers as carbon precursors, a natural polymer 

chitosan was also used. It was first irradiated to reduce its molecular weight. Low 

molecular weight facilitated the infiltration of the polymer into the nano-spaces of the 

template. Pyrolysis was done at 100°C, 250°C, 300°C, 400°C, 500°C and 600°C. The 

nanotubes developed at 250°C mainly consisted of the saccharide structure. Drastic 

increase in weight loss at 300°C collapsed the saccharide structure and extensive 

aromatization took place as indicated by FTIR spectroscopy. The formation of carbon 

nanotubes was obvious as demonstrated by Raman spectroscopy and SEM results. 
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Chapter 1  

1 Introduction 

Nanotechnology is the creation of functional materials, structures and devices with 

controlled dimensions at nanometer scale ranging from 1-100 nm.  

Now we know that a wide variety of natural materials are nano-structured, for 

instance, DNA, carbon soot, and many biological composites. These were Greeks and 

Romans who put the foundation of nanotechnology by using sulfide nanocrystals and 

hair dye 2000 years ago, although they did not understand what actually they were 

doing. Gold nanoparticles were used to give different color shades 

 Before that when the term nano became popular, materials scientists, 

chemists and physicists had already been actively working on nano-composites, nano-

crystalline solids, fine precipitates, etc. The structural details of such materials were 

being studied in detail with the invention of Transmission Electron Microscopy 

(TEM) in 1939 and its improved resolution thereof. A boost was seen with the 

invention of carbon nanotubes by S. Iijima in 1991 and the invention of Atomic Force 

Microscopy (AFM) and Scanning Tunneling Microscopy (STM) in 1980s’.  

Nanomaterials dominate the field of advanced materials due to their intrinsic 

properties, which they exhibit due to nano-scale dimensions and structures.  

1.1 Nanomaterials & Nanotechnology 

The word “nano” is derived from Greek word ‘nanos’ meaning dwarfs. Nanomaterial 

is defined as any natural, synthesized or incidental material, which comprises at least 

one dimension as small as 1-100 billionth part of a meter. The role of nanostructures 

is just like a bridge between molecules and bulk materials [1, 2]. The typical 

properties mainly owe to the structural confinement of these materials. 

Nanostructured materials are often classified into four types on the basis of the 
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number of dimensions, which do not satisfy the nanometer scale (less than100 

nanometer). Zero-D nanostructures have all the dimensions in nanometer scale (<100 

nm). Nanoparticles are the best example of zero dimensional nanostructures. The 

nanostructures whose one dimension is beyond nano-scale may be termed as 1-

dimensional, like nanowires, nanorods, nanofibers, nanotubes etc. Two dimensional 

nanomaterials have only one dimension with nanometer sale and two are out of it. 

These include plate-like materials or sheets. For example nano-layers, nano-coatings, 

nano-films, graphene sheet may also fall in the same category. Then, there are 3-

dimensional materials. These are the assemblies of other nanostructures.  

 In zero-dimensional materials (quantum dots), the electrons are confined in 

three dimensions, which give rise to peculiar optical and optoelectronic properties. 

Two-dimensional and one-dimensional confinement in nanowires and thin films, 

respectively, are also of particular significance in optical and optoelectronic devices.  

Zero-Dimensional materials provide extremely large surface area with 

considerable fraction of atoms in the surface environment. High surface to volume 

ratio manifests novel applications by changing the physical, chemical, mechanical, 

electrical and optical properties. This also gives rise to enhanced catalytic properties 

and extension in solubility limit for alloying elements. The phase transitions are also 

strongly dependant on sizes. In general, nano-scale dimensions do not simply 

facilitate the miniaturization of devices but they also provide with new phenomena 

and properties in materials and devices. These applications are not limited to, but may 

include the following; photonics, sensing & bio-sensing, photoluminescence, memory 

devices, integrated circuits, solar cells, etc. 

Nanomaterials in sensors exhibit prompt response and substantially high 

sensitivity with excellent reversibility for a wide variety of the gases to be detected 

depending upon the type of sensor [1-6]. Among these carbon nano sensors are 

distinguishable, employing carbon nanotubes and nanowires [7, 8], for detecting a 

variety of gases including NOx, O2, H2O, NH3, CH4, CO2, H2 etc. Among others, 

In2O3, Al2O3, ZnO and SnO2 nanostructured materials are also very useful for sensing  

various gases [9]. 
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Liu et al [10] have demonstrated different colors of electrodeposited Ni 

nanowires by controlling the optical properties of AAO with the help of optimized 

electrochemical conditions. 

Nanomaterials, which exhibit magnetic properties, are future candidates for 

vast applications in magnetic media storage devices and biomaterials. Valeska et al 

[11] have used anodic alumina templates for the synthesis of magnetic Co nanowires 

with controlled architecture. Similarly Lee et al [12] have worked on the formation of 

iron oxide/polyamide composite nanowires through alumina template. 

Lee et al [13-15] worked on synthesis of Si-nanowires containing magnetic 

iron oxide layer for magnetic field assisted bioseperation, biointeraction and drug 

delivery. ZnO nanowires have been synthesized with the backing of carbon by 

adopting carbo-thermal route. Si is used as substrate. In the vapor phase carbon 

provides the oxide species; in turn help to produce final crystalline products.  Radio 

frequency (Rf) technique has also been used to prepare carbon nanowires. The 

synthesis has been done through the annealing of the silicon carbide film by using 

radio frequency magnetron sputtering   technique [16]. 

1.2 Carbon Materials 

Carbon is found in both crystalline and amorphous allotropic forms (Fig. 1.1). 

Graphite, diamond and fullerenes are crystalline forms of carbon (Fig.1.2 ), while 

glassy carbon, carbon nano-foam , carbyne and   lonsdaleite, etc., are amorphous [17].  

Fullerenes comprise bucky balls and carbon nanotubes, etc. Apart from these, there 

are several other metastable forms of carbons, which consist of diamond like carbon, 

amorphous hydrogenated carbon, hydrogenated tetrahedral carbon, etc. They exhibit 

disparity in the properties , which is the consequence of the difference in arrangement 

of building modules. Using carbon nanotubes, the strongest fibers can be obtained. In 

the following section a brief introduction to various carbon allotropes / forms is given. 
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Figure 1.1: The different allotropes of carbon comprising of diamond, 

graphite,soot  and fullerens.Source: Copyright ©2007 

Goalfinder.com (for illustration only). 

Figure 1.2: The atomic arrangement in different allotropes of carbon.Source: 

Nanotechnology & Nanomaterials "Biosensorse, ed Toonika Rinken, ISBN 978-953-

51-2173-2,  ,Nada F et al, DOI: 10.5772/60676 (for illustration only). 

http://www.intechopen.com/subjects/nanotechnology-and-nanomaterials
http://www.intechopen.com/books/biosensors-micro-and-nanoscale-applications
http://www.intechopen.com/books/biosensors-micro-and-nanoscale-applications
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1.2.1 Graphite 

Graphite is the most stable from of carbon under standard conditions having trigonal 

sp2 bonding. The sp2 bonding results in the formation of sheets in which carbon 

atoms are arranged in regular hexagons. Graphite is formed by stacking of these 

sheets [18]. The highest quality synthetic form of graphite is called highly ordered 

pyrolytic graphite (HOPG) and has an angular spread of less than 1o between the 

graphite sheets [19]. 

‘Graphitic materials’ is the term used for the materials having certain degree 

of graphite structure along with non graphitic regions. It results in the appearance of 

properties quite different from those of the pure graphite depending on the degree of 

graphitization in the material.  

According to the classification of the International Committee for Coal and 

Organic Petrology (ICCP), graphite can generally be classified into two types; natural 

graphite and carbonized graphite. Naturally, graphite can also be found in 

metamorphic rocks like gneiss, schist and marble in the form of vein deposits. A 

graphite lump is shown in Fig. 1.3. Carbonized or pyrolytic graphite is prepared by 

the pyrolysis of organic materials. The graphitization starts at 300 °C and may last up 

to 2800°C. The strength of the pyrolytic graphite usually increases with the increase 

in the pyrolysis temperature.  

Recent developments in the field of materials engineering have made it 

possible to process the carbon fibers and convert them into graphite through 

carbonization making graphite a hi-tech material. Major use of graphite is in 

manufacturing and metallurgy industry. 

1.2.2 Pyrolytic Graphite and Carbon  

Pyrolytic graphite is usually achieved by the chemical vapor deposition of the carbon 

source. The carbon achieved by this process comprises of small clusters of graphite 

crystallites. The diversity in the orientation of these crystallites decides the final 

product, which may be amorphous carbon or may have resemblance to ideal graphite. 

Many factors contribute to this diversity, which may include time, temperature, 

pressure, precursor material etc. 
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Figure 1.3 : The graphite lump, graphite can be found in the 

metamorphic rocks in the form of vein deposit.Source: Anthony et 

a.,ed(1990),”Graphit”, Handbook of Mineralogy , Chantilly, VA, US, 

ISBN 0962209708 (for illustration only). 

 

Glassy carbon is achieved through the pyrolysis of polymers having aromatic 

structure. It results from the direct conversion of polymer into carbon memorizing the 

structure of the precursor polymer.  These types of carbons crosslink at high pyrolysis 

temperature [20]. 

Glassy carbon comprises of glass-like brittle structure. It is non-crystalline and 

also sometimes called as vitreous carbon. The atomic arrangement and random 

combination of planes is shown in Fig.1.4. It possesses both the ceramic and glassy 

characteristics of the graphite. The peculiarity of glassy carbon is its inertness to 

highly corrosive environments, which shows its least reactive properties. Recently, it 

has been found that the glassy carbon comprises of the fullerene related structure. 

Glassy carbon is sp2 hybridized and it comprises of ribbon like graphitic structure. 

The entanglements and the interweave produces irregularity in the structure and make 

it chemically resistant. It is important to note that glassy carbon should not be 

confused with truly amorphous carbon, as it has two-dimensional structural elements 

with no dangling bonds [21]. 

https://en.wikipedia.org/wiki/International_Standard_Book_Number
https://en.wikipedia.org/wiki/Special:BookSources/0962209708
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Figure 1.4: The structure of the glassy carbon (a) The atomic arrangement 

& (b) the random combination of basal plane and edge plane. Sourcse: (a) 
(vislab.uq.edu.au) ;(b) Adopted from Craig E.Banksa et al ,Analyst, 

2006,131, 15-21, DOI: 10.1039/B512688F 

 

http://pubs.rsc.org/en/results?searchtext=Author%3ACraig%20E.%20Banks
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1.2.3 Diamond 

Diamond is the hardest carbon material due to its strong covalent bonding through sp3 

hybridization. Hardness of diamond is 34.9 and on Mohr scale it is 10. Each carbon 

atom is coordinated by four other carbon atoms lying at the vertices of a regular 

tetrahedron. The resultant cubic unit cell structure is known as diamond cubic. 

Diamond reveals strong light dispersion and is quite inert in various acidic 

environments. Being the hardest material, it possesses exceptional abrasive properties 

and is used in drilling and cutting of materials such as jewelry and glass. The diamond 

materials with nano level dimensions (1-100nm ~) are classified as nano-diamonds. 

These may include nano-aggregates or clusters, nanoparticles and nano-films of 

diamond [22].  

Diamond is obtained by heating carbonaceous materials under pressure of 

about one million per square inch and temperature around 3000°C; below this 

temperature graphite is formed.  

 

1.2.4 Diamond-like Carbon (DLC) 

The name diamond-like carbon was coined by Aisenberg and Chabot in 1971 for the 

amorphous carbon prepared by them through ion beam deposition having some 

properties similar to diamond and entirely different from graphite. Diamond-like 

carbon essentially comprises of sp3 bonding as its major portion [23,24]. 

Diamond-like carbon is a non-crystalline allotrope of carbon as shown in Fig 

1.5 & Fig. 1.6. It is usually categorized as follows; 

 

a-C   amorphous carbon  

a-C:H hard  hydrogenated amorphous carbon (hard) 

a-C:H soft   hydrogenated amorphous carbon (soft) 

ta-C   tetrahedral amorphous carbon  

PAC   Polymer-like amorphous carbon 
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Figure 1.5: The graphene sheets, sp2 and sp3 hybridization of DLC coatings and 

the atomic structure of DLC.Sources: C H A Wong, et al, Nanoscale, 2012, DOI: 

10.1039/c2nr30989k, Robertson (2002 (for illustration only). 

 

 

 

       

Figure  1.6 : The atomic structures of diamond, DLC and graphite.Sources: 

Rheol Acta (2010) 49:443–458 DOI 10.1007/s00397-010-0435-z , M. Rohlfing, et al 

,Phys. Rev. B 48, 17791 (1993) (for illustration only). 
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The main factors that determine the type of diamond-like carbon are the 

proportion of sp3 hybridization and the amount of H-content present. Usually DLC 

comprises of both sp2 and sp3 hybridization. The structure of amorphous carbon can 

be explained as a three dimensional array of mostly hexagonal rings of carbon atoms. 

Hydrogenated amorphous carbon comprises of about 60 % of hydrogen. Tetrahedral 

amorphous carbon is known to have the highest sp3 content among DLCs with a very 

close similarity with the microstructure of diamond. At intermediate hydrogen 

contents, sp hybridization may also be present in the amorphous carbon along with sp2 

and sp3. It results in formation of a soft allotrope of carbon known as polymer like 

amorphous carbon (PAC) [25- 27]. 

1.2.5 Graphite-like Amorphous Carbon (GAC) 

GAC includes carbon materials having high sp2 ratio. Glassy carbons are also graphite 

like amorphous carbons comprising of micro-fibrils or graphitic ribbons like 

polymeric chains. GAC are usually low density carbons [28]. 

1.2.6 Nano-composite Amorphous Carbon (NAC) 

These types of carbons have been produced through a special technique known as 

filtered cathodic vacuum arc (FCVA) technique. They offer excellent mechanical and 

electron emission properties [29]. 

1.2.7 Fullerenes 

Fullerenes were discovered by Sir Harold W. Kroto in 1985 [30]. Fullerenes are also 

famous as Buckminster fullerenes comprising of a hollow or cylinder cage of 60 

carbon atoms. This cage is usually composed of six-member as well as five member 

rings as shown in Fig. 1.7.  

Fullerenes are thought to have potential applications in hydrogen storage cells, 

gas separators and super capacitors, etc. Fullerenes family not only comprises C60 but 

also other carbon clusters such as C70, C76, C78, C84 etc. The caps at both the ends of 

carbon nanotubes can also be considered to be among the fullerene family. 

Since the fullerene molecules are hollow from inside, new advancements have 

been carried out by reacting fullerene with different metal salts. In these techniques 

http://www.britannica.com/EBchecked/topic/323819/Sir-Harold-W-Kroto
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metal atoms have been trapped in the hollow cage and the ball is shrunken through 

laser pulses to make new compounds. Successful experiments have been carried out  

to produce LaC60, KC44, C59N, CsC48 etc. 

 

 

Figure 1.7: The structure of fullerene consisting of hexagonal and 

pentagonal rings. Source: www.chemtube3D © 2014-2015 

OUP and Nick Greeves  (for illustration only). 

1.2.8 Carbon Fibers 

Carbon fibers were first recognized in 1879 when Thomas Edison made light bulb 

filament through the carbonization of cotton threads. Fibers are classified on the basis 

of being organic or inorganic in nature. Organic fibers include rayon, wool, cotton 

,etc. while ceramics, boron, glass and carbon falls under the inorganic fibers [31]. 

1.2.9 Carbon Black 

Generally carbon black and carbon soot are considered synonyms. However, 

according to [32], these are two different substances. Soot is a nonessential 

combustion byproduct of carbon containing materials, while the carbon blacks are 

essentially aciniform carbon (AC) contents, which are actually the turbo-static 

colloids. Carbon soot and carbon black are formed by the pyrolysis of carbonaceous 

materials produced as industrial waste. The soot obtained in this way is of low 

crystallinity in nature. 
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1.2.10 Coal 

Coal is fossil fuel, which is formed due to the burning of organic matter. Coal is 

further categorized in different forms on the basis of heat content, amount of moisture 

and degree of hardness such as anthracite, bituminous, lignite, sub-bituminous etc 

[33]. 

1.2.11 Nanowires and Nanotubes 

A nanowire can be imagined as any firm material that has high aspect ratio and less 

than 100 nm diameters.  Nanowires and nanotubes exhibit high surface to volume 

ratio with two dimensional quantum confinement effects and structural one 

dimensionality. Nanowires and tubes reveal intrinsic features regarding mechanical, 

electrical optical and magnetic properties. Iron, nickel and cobalt exhibit magnetic 

properties and nanowires of these metals show marvelous increase in this property 

with a considerable increase in squareness of magnetic hysteresis loop with a 

significant increase in remanance and coercivity [34-37]. 

 

 

 

Figure 1.8 : The structures of carbon nanotubes, CNTs having caps at 

both ends may be considered in the family of fullerenes. Source: Antonio 

Ferreira Ávila et al, Mat. Res. vol.11 no.3 , 2008 
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Solid-state gas sensors have a key role in chemical and processing industries 

as well as environmental monitoring. Among these sensors metal-oxide solid state 

sensors proved to be very favorable because they are cheap and consume less 

electricity as compared to other sensors. Zinc-oxide sensors distinguish themselves 

due to their good thermal and chemical properties and also their behavior as n-type 

semiconductor having large excitation band gap. Gas sensors based on thin films and 

nanowires of the zinc oxide and zinc oxide with carbon composites give excellent 

performance due to their enhanced surface to volume ratio [38-44]. Polyaniline 

precursor carbon nanowires are enriched with nitrogen and hence can act as super-

capacitors because of the possible high mesoporous ratio and high specific 

capacitance of about 327 F/g-1 at 0.1Ag-1 [45].   Carbon nanotubes may possess high 

technological impact due to their mechanical, electrical, chemical and electronic 

properties etc [46-49]. 

Botti et al [50] investigated the synthesis carbon nanotubes and carbon 

nanowires using amorphous hydrogenated carbon nanoparticles as precursor  source. 

Carbon nanotubes can be used as RF- resonator sensors for gas detection, 

field-effect devices and non-volatile memory devices. Carbon nanotubes and 

semiconductors nanowires may have the potential to be used as substitute of silicon 

based metal oxide semiconductors (CMOS) devices [51]. The semiconducting and 

metallic properties of carbon nanotubes depend upon their atomic configuration and 

the microstructure [52-54]. Different structures of carbon nanotubes are shown in Fig. 

1.8.  

Template assisted synthesis of carbon nanotubes has been investigated at low 

pressures using ethanol as carbon precursor [55]. 

Regular in shape one dimension graphitic carbon tubules may be synthesized 

through the use of template technique resulting in small diameters. Chemical vapor 

deposition is the most common l route to synthesize graphitic nanotubes, nanofibers , 

nanorods or nanobelts in the range of 20nm - 50µm diameter through the pyrolysis of 

hydrocarbons using alumite as template [56,57]. 

Selective functionalization at one end  of carbon nanotubes may be achieved 

through the assistance of alumina template grown on the silicon wafers using 
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acetylene as carbon precursor [58]. Acetylene may also be used as precursor to 

develop stepped type carbon nanotubes along the walls of the anodic alumina 

template [59]. In another study, arrays of carbon nano-tubes are developed with the 

help of alumina template [60]. Ethylene and Pyrenees may also be used for the 

synthesis of carbon nanofibers and carbon nanotubes ensembles through the chemical 

vapor deposition technique (CVD) using alumina template [61]. Nitrogen doped and 

un-doped multi-walled carbon nanotubes may be synthesized within alumite pores 

resulting in  double coaxial structure [62]. 

1.3 Synthesis of Nanomaterials 

Nanomaterials are preferably synthesized through two different approaches. One is 

‘Top-Down’ route resulting in nano-dimensional materials up to 80-100 nm and it 

involves the lithographic techniques. Second is known as ‘Bottom-up’ which involves 

the self organizing phenomenon and produces nano-metric structures from atoms. 

Various routes can be followed for the synthesis of nano-materials. In Fig. 1.9 various 

routes are depicted for the synthesis of one-dimensional nanomaterials.  

Template-assisted technique is one of the best for the confined growth of 

nanostructures providing inexpensive approach.  

1.3.1 Synthesis of Templates  

Templates are very attractive for the synthesis of replica structures on nanoscale. The 

dimensions of nanostructures materials can be controlled easily by tailoring the 

process conditions of templates.  

The guest material filled in the pores of the host (constrictive) template and 

attains the same dimensions giving a good architectural control (growth phenomenon 

of nanorods and nanotubes by templates). A template must have good mechanical and 

chemical stability. Uniformity in pore density, diameter and length parameters is also 

an essential criterion for good template.  
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Figure 1.9: The different techniques for the synthesis of nanostructures 

(for illustration only). 

 

Types of Constrictive Templates 

These are of two main types. The soft templates are based on the self assembly of the 

molecules to form “meso” or nanostructures, while the hard templates produce replica 

of their nanostructure through physical or chemical interactions. Soft templates are 

usually formed by the amassing of surfactant molecules. Different types of hard and 

soft templates tree is shown in Fig. 1.10.  

Techniques for the 

synthesis of 1D nano-

structure 
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Figure 1.10 : The different types of hard and soft templates; (a)  micro-emulsion 

and reversed-micro-emulsion synthesis;   (b) non-template synthesis in which 

monomer or oligomer forms structural micelles by themselves. Method 2) 

includes; ( c ) physical templating against existing nanostructure of particles; (d) 

structural replicate against nano-channels; (e ) reactive template method, which 

clone nanostructures by the chemical reaction between template and monomers. 

Source: Lijia Pan et al, Int. J. Mol. Sci. 2010, 11, 2636-2657; doi: 

10.3390/ijms11072636 (for illustration only). 

 

In hard templates the walls of the template are static, conversely, the voids or 

cavities in the soft templates are dynamic state and guest material can very easily 

escape into the cavity. The synthesis of soft templates involves the surfactants through 

micro emulsion polymerization, while in case of soft self-template synthesis salts or 

the monomers of the polymer form micelles by their selves[63]Soft templates may 

comprise of surfactants, block copolymers, poly-electrolytes, liquid crystals, Cetyl-tri-

methyl-ammonium bromide (CTAB) and bio-molecules. An example of synthesis of 

nanoparticles using soft template route is shown in Fig. 1.11(a).  
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(a) 

 

 

(b) 

 

 

 

 

Figure 1.11 : The various steps involved in (a) the synthesis of Poly-pyrrole 

nanoparticles through soft template method; (b) synthesis of nanowires through 

hard template method ,Sources: (a) Hyeonseok Yoon Nanomaterials 2013, 3(3), 

524-549; doi:10.3390/nano3030524; (b) Zhe Gui et al, Phys. Chem. Chem. Phys., 

2015,17, 15173-15180,DOI: 10.1039/C5CP01814E.  (for illustration only). 

http://dx.doi.org/10.3390/nano3030524
http://pubs.rsc.org/en/results?searchtext=Author%3AZhe%20Gui
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Hard Templates: 

Hard templates are used to synthesize one dimensional material such as nanorods, 

nanofibers, nanowires, etc. the guest materials attain the shape and dimensions of the 

template through infiltration in the nano-channels as shown in Fig. 1.11(b). Carbon 

nanotubes, anodic oxide alumina (AAO) and polymer membranes are usually used as 

hard templates. 

Porous Anodic Alumina Anodic alumina templates dominate among the hard 

templates. These templates have been proved very successful for the confined growth 

of the nanomaterials giving them intrinsic and unique properties [64-69].  

Anodizing is the anodic oxidation of aluminum. This is an electrochemical 

process by which different types of alumina can be produced by applying different 

anodizing conditions. With the application of appropriate anodizing conditions, the 

dimensions of pores in porous alumina can be controlled, the pores formed in this way 

can also be self organized in hexagonal order [70-72]. The nanopore arrays of alumina  

gives high aspect ratios, long-range ordering of the hexagonally packed arrays with 

the flexibility in the range of pore diameter from 5 to 200 nm providing pore density 

as high as 1011 cm-2 [39, 73, 74].  

Porous Anodic Alumina has applications such as solar cells, DNA 

translocations, magnetic storage, gas separation, photonic crystal, size exclusive 

filtration, catalyst and also in synthesizing versatile carbon nano materials and 

metallic nanowires.[36, 65, 75-81]. The regular and uniform hexagonal pore structure 

make it possible to synthesize the nanowires with same aspect ratio due to equidistant 

from each other [82-85]. Taking into account this efficacy, metallic as well as carbon 

nanotubes / wires of different design and aspect ratio can be synthesized [76,86-96].  

Many studies have been done to investigate the influence of high temperature 

on structural and optical properties of AAO [97]. Due to the  high temperature 

stability of porous anodic alumina membrane, it can successfully be subjected to high 

temperature processes such as CVD and molecular epitaxy for the growth of 

nanofibers, nanowires and nanorods in nano-channels of Anodic Alumina Oxide [98]. 
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Shen et al [99] have studied the transitions of PAAMs from amorphous to γ 

and α-Al2O3. The effect of electrolyte used in anodization process is also investigated. 

Investigations have been done on the blue luminescence in PAA in which specifically 

the role of the oxalic impurities in case of acid electrolyte, have been emphasized. Tao 

Gao and companions further extended their investigation with PAA fibers [100].  

A variety of metal nanotubes have been produced using AAO as template 

[101-104]. Platinum nanorods of the dimension of template may be successfully 

synthesized [105]. Development of honey comb metallic structures of Pt and Au and 

in AAO templates is reported by Masuda et al [71]. Similarly, sequential electro-

deposition technique may be used to produce Pd nanoparticles within nano-channels 

of AAO template.  

Furthermore, AAO has also been used as a masking layer in this way 

hexagonal pattern on Si wafers may be obtained for further applications in 

nanotechnology [106]. Formation of nanowires by using techniques other than 

electrochemical deposition is also possible as reported by  Zhang Xu and co-workers 

[107]. 

Formation of single crystal Cu nanowires of 60 nm diameter, have been 

reported in the confined channels of AAO through potentio-metric electro-deposition. 

[108] . 

 

1.4 Anodic Alumina Oxide Assisted Synthesis of Carbon 

Nanomaterials 

Template assisted techniques are also used for the synthesis of carbon nano-structures 

especially for the tailoring of carbon nano-wires and nano-tubes.  

Zhi-an-Ren et al [109] have used anodic oxide alumina to synthesize 

interconnected ring carbon based chemical vapor deposition technique has been 

adopted. Acetylene has been used as carbon precursor. Carbon nanotubes density has 

been increased by synthesizing it with the help of the catalysts like Co, Au, and Ni 

[110]. 
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Carbon nanowires within the pores of alumina template can be synthesized by 

applying pressure up to 250 Pa [111]. Using low pressure technique carbon nanotubes 

taking acetylene as precursor can be synthesized having high crystalline structure. 

This type of CNTs may be useful for field emitter [112]. 

Mingw- wei Li et al [113] have synthesized carbon nanowires by using pulsed 

corona plasma technique with in anodic alumina  Methane and hydrogen have been 

used as reactant gases. The same group investigated the synthesis of carbon nanotubes 

using  Co/Fe catalyst at low temperature and decreasing time parameters  as an 

attempt  perform the experiment at ambient conditions[114]. Similar work has been 

done  to synthesize  template assisted carbon nanowires with  microcrystalline 

defected graphite structure [115, 116]. 

Xizhang Wang et al [117] have catalytically grown aligned carbon by using 

microwave plasma technique at low temperature (below 520 °C). 

Hydrothermal route is another alternative to produce nanostructures. Shiori 

Kubo et al reported synthesis of carbon nanotubes using macro-porous alumina 

template. Biomass derivative (2-furaldehyde) is used as carbon precursor. It has been 

found that the surface properties of the tubular carbon nanostructure are temperature 

dependant. The hydrophilic /hydrophobic behavior of the nanotubes can be tuned 

through the control of temperature. Furthermore it is investigated the functionality of 

the synthesized structure is also temperature dependent [118]. 

 Mingbo Zheng  et al [119] reported work using PluronicF127/aresol mixture 

as carbon precursor for the synthesis of carbon nanotubes within alumina templates. 

Such type of carbon nanostructures may be good for hydrogen storage, adsorption, 

and catalysis and as the electrode material as well. 

Functionality of nano-carbon has been an interesting research area due to its 

potential in many applications. Xiaoyang Hu et al [120] synthesized Au/Carbon and 

Pt /carbon nanostructures by electrodepositing Au and Pt in template bottom and 

growing carbon nanotubes through chemical vapor deposition. The synthesized 

material may be useful as electrode in super-capacitors or in fuel cells. 

Functionalization of the carbon nanotubes may be done through polyvinyl alcohol 

[121]. 
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Significance of the Work  

The work represented in this thesis provides the useful information about the chemical 

and morphological properties of the synthesized nanostructures through the thermal 

decomposition within the alumina template at low temperatures. Three polymers have 

been selected namely, PVA, PVC and Chitosan due to their high polarity. A new 

method has been adopted to form nanowires of these polymers in alumina templates. 

Although some progress has been made in the synthesis of carbon nanotubes 

and carbon nanowires from polymer nanowires, the knowledge about the chemistry 

and the variation in the morphology of the synthesized structure is very limited. 

Particularly at low temperature, this work presents the insight of the chemical 

composition and disparity in the degree of graphitization at prescribed carbonization 

temperatures. 

Unique temperature dependent chemistry of has been achieved at each 

carbonization temperature. Change in the process control conditions comprising of 

treatment temperature and treatment time resulted in the change in the chemistry of 

the sample. Ultimately at the highest temperature, nano-crystalline graphitic regions 

have been achieved. Additionally different functional groups have found to be 

attached at different treatment temperatures with certain degree of graphitic 

structures.   

These include among others, synthesis using the PVC polymer as carbon 

precursor has shown interesting results, as the formation of the nano-fibers have been 

observed at the synthesis temperature as low as 200°C.  Copious amount of the brush 

like carbon nanotubes and wires has been found with the attachment of hetero-atoms 

providing opportunity of functionalized carbon nano tubes and nanowires. Above 300 

°C, chlorine free carbon nanotubes/nanowires have been obtained. 

Natural polymers have rarely been investigated for the synthesis of carbon 

nanostructures. The work carried out for the thesis represents the successful synthesis 

of the irradiated chitosan through the de-acytelation of chitin, which was in-turn 

obtained from the crabs crustacean. The synthesis of chitosan from chitin was also 

performed in the same division by another group. For the successful infiltration of the 

chitosan, which was a big challenge due to its high molecular weight, irradiation of 
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the precursor polymer had been done at 50 kGy. The obtained irradiated chitosan has 

been successfully used for synthesis resulting in nano-fibrous material at temperature 

as low as 100°C. At 250°C degradable saccharide structures has been obtained as 

major part of the nanotubes along with some degree of graphitization. 



 

 

 

Chapter 2  

2 Experimental Technique 

2.1 Introduction 

This chapter describes the fabrication of anodic aluminum oxide (AAO) template. The 

chapter also elaborates the characterization techniques employed in the work. 

2.3 Chemicals  

Aluminum sheet (99% pure) of 1mm thickness was used for template preparation as 

shown in Fig.2.1. Rest of important chemicals include Sodium phosphate 

(Na3PO4.12H2O (Riedel, 98%)) and Sodium carbonate-Na2CO3 (Panreac, 99.5%) , 

phosphoric acid-H3PO4  (BDH, 98%), 98%), chromic acid-CrO3.2H2O(Merck , 99%), 

Oxalic acid-C2H2 O4.2H2O (Riedel, 97.5%), Acetone commercial, Acetic acid 

(CH3COOH), Tetrahydrofuran (THF), PVA powder(Sigma –Aldrich, molecular 

range; 1, 46000-1,86000, purity ;98-99%). Pure aluminum foil (99.99%)), SABZ PVC 

–AU-67R commercial (K=66±1, bulk density; 0.54-0.58 g/cc), Irradiated Chitosan, 

potassium iodide, potassium hydroxide (KOH), AgNO3, AuHClO4, HgCl2, NaOH. 

 

Figure  2.1: The as received aluminum sheet of 1mm thickness 
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2.3 Preparation of PAA Template 

2.3.1 Annealing of Aluminum 

The dislocations and other grain boundaries defects, which may be present in the 

aluminum sheet influence badly the succeeding process of electro-polishing and 

anodizing .Annealing is simple and facile way to reduce the stresses present in the 

aluminum sheet, also annealing helps to grow bigger size granule. The aluminum 

sheet was cut to 2 × 4 cm size pieces and put in a china dish, which was then placed 

inside the muffle furnace. The temperature of the furnace was raised slowly to 500 °C 

and maintained at same temperature for five days.  Samples are allowed to cool by 

turning off the furnace after five days. Extensive annealing time of five days helps to 

produce sizable growth of grains. 

2.3.2 Ultrasonic Cleaning 

In order to free the surface from dust, grease or other organic matter, the annealed 

sample were subjected to cleaning process. For this purpose the annealed samples 

were dipped in sufficient amount of acetone in a glass beaker and the beaker is then 

put into an ultra-sonication bath at a temperature of 25 °C for 30 minutes. After 

cleaning, the samples were rinsed with sufficient amount of distilled water, mounted 

on crocodile holders and dried in air.   

2.3.3 Electro-polishing of Samples in Brytal Solution 

Brytal solution was prepared by 5% Na3PO4 by weight and 15% Na2CO3 by weight 

dissolving distilled water. The glass beaker containing Brytal solution is then put on 

hot plate and the temperature was raised to 80°C .A two-electrode cell setup was 

made using aluminum as anode and graphite as cathode. The stirrer is fixed at 

medium stirring position and a voltage of 2V is applied through the circuit. Hot 

distilled water was added time by time to maintain the volume level of solution so that 

the solution composition remains unchanged.   

After 45 minutes the samples were removed and thoroughly rinsed with 

distilled water in order to remove the traces of the solutions. The samples were then 

air dried. Electro-polished samples are shown in Fig. 2.2. 
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Figure  2.2:  The electro-polished aluminum samples having dimension of 

2 x 4 cm 

 

 

Figure 2.3: The experimental step (a) Anodization cells & power supplies; 

(b) Single two electrode anodization cell 
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Figure 2.4 : The pore growth and ordering of the pores during first and 

second steps of anodization. Source: A. Santos, physica status solidi Vol. 

208, Issue 3, pages 668–674,2011. (for illustration only). 

 

The anodization of the samples was done in a two electrode cell system 

making sample as cathode (working electrode) and graphite rod was used as anode. 

The experimental set is shown in Fig. 2.3. The temperature of the anodization baths 

were set at 0°C ± 1°C. Oxalic acid (0.3 M) used as electrolyte, was put in a beaker 

and electrodes were mounted and dipped in the electrolyte. The beaker was put in 

anodizing bath until the temperature of the electrolyte was lowered to 0°C. A potential 

of 60 V was then given for about 5 hours without any stirring.  

After the first anodization the alumina produced is dissolved bay dipping the 

sample in CrO3.H2O at 80°C for more than two hours. After dissolution the sample 

was washed thoroughly with enough distilled water of the oxide layer formed during 

first anodization. This dissolution provides the regular aluminum cavities for the pores 

to grow smoothly upright during second anodization. Fig. 2.4 depicts that the pores 

http://onlinelibrary.wiley.com/doi/10.1002/pssa.v208.3/issuetoc
http://onlinelibrary.wiley.com/doi/10.1002/pssa.v208.3/issuetoc
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grown after first anodization are not parallel and smooth; dissolution of these pores 

provides foundation for the regular pore formation along the length. 

2.3.4 Second Anodization  

Second anodization was done on the same conditions as were maintained during the 

first anodization except that the anodization time was extended to ten hours. 

2.3.5 Pore Widening 

Etching of the pores was done by acid to widen the pores of the alumina template 

after second anodization. Oxalic acid (0.3M) was used and the temperature was 

maintained at 30 °C.  

2.3.6 Anodizing Sources 

Electro-polishing and anodization were performed using programmable power supply 

(GW INSTEK, PSP-603). 

2.4 Synthesis of Carbon Nanowires 

The prepared alumina template were then subjected to wetting in the respective 

polymer solutions by giving rigorous stirring at 70 °C for about 48 hours. After the 

stated period the solvent was evaporated and film of the respective polymer was 

obtained on the alumina templates. These templates were then subject for 

carbonization; the steps taken during the heat treatment are elaborated in the Fig.2.6 

The polymer coated templates were put into stainless steel crucible and the. 

Put inside the furnace.  

Vertical Cylinder Resistance Furnace 

The furnace consists of two main systems 

(a) Furnace power control system 

(b) Vertical heating  chamber 

Furnace power control system 
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Figure 2.5 : The experimental setup for the carbonization of the samples 

 

This comprise of three main parts 

i) PID temperature controller 

ii) Thyristor power regulator 

iii) Thermocouple, temperature indicator 

Proportional Integral Derivative (PID) Temperature Controller: 

It controls the maintained temperature attempts to correct between present and desired 

set point by taking feedback from the thermocouple and the set point. 

i. Thyristor Power Regulator: 

Thyristor is attached with the furnace. It takes the signals from temperature 

controller and regulates the current passing through the heating element of 

the furnace. 

Heating chamber of furnace has been made indigenously having dimensions of 

about outer diameter equal to 100 mm, internal diameter equals to 85 mm and length 
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approximately equal to 600 mm. the lid of the chamber has copper piping for 

circulation of water and inlet for argon gas.  

ii. Water Circulation System: 

This system consists of two water tank with inlet and outlet piping system for 

the circulation of water. 

iii. Argon Gas Supply System  

This system provides inert environment to the experimental setup.It consist of 

an Argon gas cylinder with piping system.    

 

Figure 2.6 : The flow diagram of the carbonization process 
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Seven samples were made on the same conditions. These samples were then 

divided to treat at the temperature range from 300 °C -900 °C in steps of 100 °C .Each 

sample was given thorough stirring in 0.4 g PVA solution at 70 °C and remained left 

in the solution for overnight. After two days the sample coated with PVA film was 

prepared. 

 

2.5 Characterization of the Samples 

2.5.1 Scanning Electron Microscopy (SEM) 

Contrary to the traditional microscopes, scanning electron microscope uses sub-

micron electron instead of light to obtain a magnified image of the sample. Tungsten 

and LaBr6 is used as electron source with an energy range of 10-30keV.The electron 

beam moves in high vacuum and hence focused on the small area of the sample. As a 

result several radiations are produced, which includes secondary electrons, 

backscattered electrons, photon emission, characteristic X-rays, specimen current etc. 

Secondary electrons are then detected through scintillator photomultiplier detector 

(SED). High resolution image is then obtained on the screen through the brightness 

modulation of cathode-ray tube.  

The sample preparation for SEM analysis is not very difficult, conductive 

samples of millimeter to few centimeter sizes are required. A few nm gold or carbon 

coating is a pre-requisite for non-conducting samples to avoid charging.  

2.5.2 Thermal Gravimetric Analysis (TGA) 

Thermal gravimetric analysis provides the opportunity to study the mass of the sample 

as a function of temperature (0-1000°C). This analytical technique uses heat as a 

source to initiate reactions to occur and ultimately the occurrence of the physical 

changes. The physical changes may relate to the increase or decrease of the mass of 

substance. 

TGA is supplied with a small sample pan en-fixed with a precision balance. 

The pan is located in a furnace, which heats or cools the sample during the 

experiment. The sample is heated at constant rate, which is usually 10°C/min. The 
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environment of the sample is controlled by a sample purge gas, which may be reactive 

or inert.TGA provides a quantitative analysis of various reactions that are 

accompanied by mass changes, for instance decomposition, evaporation and gas 

absorption etc. Changes in the mass of the analyte sample are observed due to various 

reactions occurring during measurement. These changes during measurement affect 

the equilibrium of the microbalance. The imbalance is sent to force coil, which 

recovers the equilibrium by generating an additional electromagnetic force 

proportional to the mass change.  

 

2.5.3 Fourier Transform Infrared Spectroscopy (FTIR) 

FTIR spectroscopy is very promising and well known for its fingerprint recognition. It 

is helpful in characterizing organic matter including polymers and also certain 

inorganic matter. The principle of FTIR is based on photographic technique, which 

involves excitation of vibration of molecules of the unknown organic samples through 

the absorption of infrared photons. In Fourier transform technique the radiant power is 

recorded as a function of time and is plotted against the frequency in Hertz. 

FT-IR is usually consisting of one or two mirrors one of which may be 

movable and the other stationary, IR radiation source, detector and a beam splitter. As 

a result characteristic transmission or absorption bands of the examinee sample 

appear. 

Attenuated total reflectance (ATR) infrared spectroscopy is special technique 

in which the IR radiations are given multiple passes through the ATR crystal and each 

pass results in the analysis of a thinner layer of the sample. 

Usually only a small amount of sample to be examined is required, which may 

be up to few milligram. Liquid samples may also be analyzed by only pouring a drop 

of the sample on the ATR lens. 

FTIR analysis was done at room temperature on NICOLET 6700, Thermo 

Electron Co. USA using ATR technique.  Measurements were taken in the frequency 

range of 400 to 4000 cm-1 and average scan of 216 is repeated. 
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2.5.4 Raman Spectroscopy  

Raman spectroscopy is a spectroscopic technique, which involves the inelastic 

scattering of monochromatic light of a laser source. The scattering of light is due to 

the redirection, which occurs when it encounters the sample surface. When the 

incident light encounters the target sample it induce a dipole moment in the electronic 

orbits of the constituent molecules, which results in periodic oscillation equal to 

frequency of the incident light υº. This is termed as elastic scattering .However some 

additional scattering also occurs , which is termed as inelastic scattering .This is 

inealsitic scattering occurs when after encounter of the incident light molecules start 

oscillate either with less frequency (υº- υvib) than the incident light or either with a 

higher frequency (υº+ υvib).this inelastic scattering is referred to as Raman scattering. 

Raman spectrometer normally consists of a laser source light collection system 

of optics and sample illumination system, a detector, which may be a photo diode or 

photo-multiplier tubes (PMT) and of course a spectrometer (wavelength selector).  

The Raman Spectra of the synthesized nanowires has been obtained at room 

temperature using confocal mode of Micro-Raman-Spectrometer (MST-1000A, Dong 

Woo Optron Co. LTD, South Korea) under excitation with HeCd laser beam at 442 

nm.
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3 Pyrolytic Carbonization of PVA Nanowires in 

Alumite Templates 

3.1 Introduction 

Nanowires of carbon and conducting polymers are of central attraction due to their 

intrinsic properties with respect to the variation in their morphology and structure in 

the field of nanotechnology. In general, the chemical inertness, chemical and thermal 

sensing, mechanical strength, electrical conductivity is the hot applications and prove 

to be eye catching for the researchers[122]. The diamond like nanowires posses the 

properties lie in the way of the two extremities, diamond and graphite [123-131]. 

Template materials play an important role in determining the structure of the 

guest carbon material. Alumina templates have been successfully used for the nano-

carbon structures. A lot of work has been done to synthesize the carbon nanowires 

from different types of carbon precursor polymers. Recently Carbon nanowires have 

been synthesized through liquid phase carbonization method using PVC and PVA on 

alumina templates [132, 133].    

Polyvinyl alcohol has been used as carbon precursor and as composite in 

many carbon nanostructures. Investigations have been made to synthesize carbon 

nanotubes using PVA as carbon precursor [134]. Similarly carbonization of PVA is 

also reported to synthesize carbon fibers [135]. Han Chen et al [136] have also 

reported work  using polyvinyl alcohol as a carbon source in a composite with 

LiFePO4  . 

PVA has also been used as complexing agent. It has been used as a carbon 

source to synthesize  ZnO nanowires via polymer complexion[137]. Nano-composites 

of PVA and Biodegradable starch blend have also been investigated [138]. Work has 
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been reported on the synthesis of meso-porous carbons using PVA in a matrix with 

magnesium [139]. Investigations have been made on use of PVA as capping agent 

.Works have been reported on the synthesis of  silver nanorods and nano cables using 

PVA  as capping agent [140]. 

In this paper work has been presented in which carbon nanowires have been 

formed using polyvinyl alcohol on the alumina templates by a facile synthesis 

technique. The templates have been prepared through two step anodizing method to 

get nano-pores smoothly upright. Brytal electro-polishing was done prior to anodizing 

[141-152]. The prepared anodic alumina templates have been given an additional 

treatment of heating and vigorous stirring in PVA solution at 70°C for about 48 hours. 

 These PVA coated templates have been put to further experiments to study 

the structural and morphological changes with respect to the gradual  increase in  

temperature ranging from 300°C to 900°C in  steps of 100°C. 

Disordered carbon structure in polymer matrix has been achieved at low 

temperatures range while ordered graphite structure has been attained at high 

temperatures. Liquid phase carbonization method has been adopted to synthesize 

nanowires. The polymer coated on the template has given opportunity to thermoset   

their molecules for 30 minutes at 300 °C and to avoid pliability of the material 
 
[153, 

154]. 

3.2 Experimental   

PVA was purchased from Sigma –Aldrich having molecular range from 1, 46000 to 

186000 with 98-99% purity. Pure aluminum foil (99.99%) with about 1mm thickness 

was used to prepare alumina templates .Two step anodizing technique was adopted  at 

60 volts with second anodizing step duration up to 10 hrs. Oxalic acid (0.3 M) was 

used as electrolyte for anodizing as well as pore widening solution. Alumina 

templates of nano pores size of about ~120 nm were finally achieved.  

Seven types of samples were made under the same conditions. These samples 

were then divided to treat at the temperature range of 300°C -900°C. Each sample was 

given thoroughly agitated in 0.4g PVA solution at 70°C and kept overnight. After two 

days the sample coated/covered with PVA film was prepared. 
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These coated samples were then carbonized separately in the furnace in inert 

atmosphere of argon gas by heating rate ramping up at 2°C/min. Every sample was 

heated first from ambient to 300°C and kept there for 30 minutes for the molecules of 

the polymer to wet the samples and enter into the pores thermo-set, and then it was 

heated again by raising to the respective temperature and kept there for one hour 

followed by cooling to room temperature. Up to 600°C templates were heated under 

same condition. For the last three templates prepared above 600 °C were dissolved for 

aluminum in saturated solution of HgCl2 after treating(in inert atmosphere) up to 

600°C, and the exposed to further temperature[155].  

3.3 Results  

3.3.1 TGA of PVA 

For the sample prepared by evaporation of the solvent at 70°C (to from a PVA film / 

nanowires on the alumite template), TGA curve is shown in Fig.3.1 with 

corresponding DTG curve. TGA results were obtained at a rate of 2°C / min from 

room temperature to 900°C. Four obvious weight loss transitions are seen. First 

transition at around 100°C corresponds to release of (physically adsorbed) water.   

 

Figure 3.1: TGA results of the sample obtained at 70°C.  

The 2nd transition is seen at about 266°C. Its onset temperature is about 230°C while it 

completes at about 333°C. The 3rd transition is seen at about 405°C with an onset 
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temperature of about 353°C and completion temperature of 440°C. Apparently an 

incomplete transition is also seen at a temperature higher than 775°C. 

 

 

Figure 3.2 :  Scanning electron micrographs obtained from the sample 

prepared at 70°C; (a) High & (b) Low magnification 
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Figure 3.3 : Scanning electron micrographs obtained from the samples at 

300°C; (a) Low & ; (b) High magnification 
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Fig. 3.2(a) and (b) show the scanning electron microscopy of PVA-derived 

nanostructures for the sample prepared at 70°C. Clearly there is no formation of 

nanowires.  

The micrographs in Fig.3.3 (a) & (b) confirm the formation of carbon 

nanowires at 300°C .The diameter of these polymeric nanowires is about 120 nm 

Formation of the nanowires at 300°C suggests a considerable reduction of the 

molecular weight of the precursor polymer allowing infiltration of the polymer into 

the nano-channels of the alumite template. Polar nature of the polymer seems 

responsible for its wetting nature that causes infiltration. 

Fig. 3.4 - 3.8 show SEM images of the nanowires obtained at higher 

temperatures of 400 - 800 °C. The samples obtained at the template were subjected to 

thermal treatment under the continuous flow of argon gas at various temperatures in 

the range of 300-900°C. Heating was performed in-situ followed by removal of 

alumite by dissolution. It may be noticed that nanowires structure is retained in-spite 

of decomposition of polymer. After heating at 900 °C (Fig. 3.9), alumite could not be 

successively dissolved, as a result of which isolated nanowires were not successfully 

achieved. 

The nanowires obtained from 400°C to 600°C look straight and rigid. Nanowires 

prepared at 600°C are the firmest among all. The diameter of the nanowires formed at 

800°C and 900°C (Fig. 3.9) is about 90 nm. This reduction in diameter seems due to 

release of gaseous volatile products. After the release of gases the guest material 

leaves the walls of the alumina template and shrinks into a smaller diameter.    
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Figure 3.4 : SEM images of nanowires prepared by pyrolysis at 400°C of 

PVA infiltered in alumina template 

 

Figure 3.5 : SEM images of nanowires prepared by pyrolysis at 500°C of 

PVA infiltered in alumina template 

 

Figure 3.6 :  SEM image of nanowires prepared by pyrolysis at 600°C of 

PVA infiltered in alumina template 
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Figure 3.7 : SEM images of nanowires prepared by pyrolysis at 700°C 

of PVA infiltered in alumina template; (a) lower 

magnification; (b) higher magnification 
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Figure 3.8 : SEM images of nanotubes prepared by pyrolysis at 800°C of 

PVA infiltered in alumina template 

 

 

Figure 3.9: SEM images of nanotubes prepared by pyrolysis at 900oC of 

PVA infiltrated in alumina template 
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In general the nanowires obtained are mostly straight and rod like and there is 

probably no branching as specified by Hurt et al [26]. The nodes seen on some 

nanowires may be due to dust of the precursor polymer. The evolution of   branching 

occurs due to the pressure build up in one channel causing branching in other. The 

smoothness of the nano-wires achieved in the prepared samples denies the random 

variation of the pressure. The closed end of the alumina provides a confined nano-

channel for the wires to grow. Samples are kept for 30 minutes at 300°C to thermo set 

the molecular structure suppressing bubble nucleation and forming solid and dense 

smooth nanowires. 

 

3.3.2 TGA of PVA-derived Nanostructures 
 

The TGA curves for these samples are shown in Figs. 3.10–3.14, with the 

corresponding DTG curves.  A weight loss of 5-10% is seen at about 100°C for all the 

samples in spite of prior treatment at higher treatment temperatures, suggesting 

hygroscopic nature of the samples. As shown in Fig. 3.10 for the sample prepared at 

300°C, second transition stage is still seen. The onset temperature is, however, shifted 

to the treatment temperature of 300 °C i.e., higher than the peak temperature of 266°C 

for this transition seen in Fig. 3.1. For the sample prepared at 400°C, second stage 

transition is absent, while third stage transition is still seen with an onset temperature 

of 400°C, as shown in Fig. 3.11.  For the samples treated at 500°C (Fig. 3.12) and 

600°C (Fig. 3.13), 2nd stage  and 3rd stage transitions are not seen while 4th stage  

transition is still seen. It may be seen that the peak temperature for 4th stage is around 

852°C, for the samples treated at 300°C and above. Fig.3.14 shows the thermal 

stability of the sample prepared at 900°C with no transition stage. These observations 

clearly suggest that the degree of transition and carbonization strongly depend on the 

treatment temperature within the range of 300°C to 900°C, which can be employed to 

control the degree of completion of certain transitions or reaction and thus varying the 

chemistry of the nanowires. 
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Figure 3.10 : TGA results of the sample prepared at 300°C 

 

Figure 3.11: TGA results of the sample prepared at 400°C 

 

Figure  3.12: TGA results of the sample prepared at 500°C 
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Figure 3.13: TGA results of the sample prepared at 600°C 

 

 

Figure 3.14: TGA results of the sample prepared at 900°C 
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3.3.3 FTIR of PVA-derived Nanostructures 

 

FTIR spectra of the sample prepared at 70°C shows similar peaks as that obtained in 

case of as-received PVA powder, suggesting an un-changed chemical structure of the 

sample prepared at 70°C, shown in Fig. 3.15. The assignments of the peaks obtained 

in Fig. 3.15, are shown in table 3.1. The sample subjected to thermal treatment at 300 

°C and above do not exhibit most of the skeleton peaks of PVA, depicting major 

structural and chemical modifications at 300 °C(Fig.3.16) as shown in Fig. 3.16 and 

3.17. The prominent new peak appearing at 1560 cm-1 shows the presence of aromatic 

structures [28,29]. The peak at 2861 cm-1 can be assigned to CH stretching [30, 

31]. Two peaks at 2175 cm-1 and 2077 cm-1 relate to the   –C≡C- bond stretching in 

the vicinity of aryl group, and –C≡C-H bond stretching, respectively. Appearance of a 

peak at 3228 cm-1 indicates the presence of covalently attached -OH group. These 

observations may imply major changes in the backbone of PVA, predominated by the 

formation of aromatic structures at 300°C. This may be due to the formation of 

benzene like or polycyclic systems along with delocalized conjugation at various 

locations of the polymer backbone. This should also be associated with reduction in 

molecular weight that is required for the infiltration of polymer into the fine pores of 

the template. The presence of 2175 cm-1 also supports the formation of cyclic 

structure, as this band always appears in the vicinity of aryl group. The color of the 

sample changes to golden yellow due to certain degree of delocalized conjugation.   

At 400°C (Fig.3.16), the peak originally appearing at 3228 cm-1 shifts to 3343 

cm-1, which indicates a progressively weaker covalent OH linkage [32]. A new peak 

at 3049 cm-1 could be assigned to olefinic structure in the form of >C=C< H or it may 

be cyclic (Cn H(2n-2 )) in the vicinity of Aryl group [31]. Another peak appears at 

1696°C that can be assigned to (carbonyl) C=O group, possibly associated with 

aldehydes produced and released at 400°C [33]. The peaks related to alkyne groups, 

appeared at 300°C are also seen at this temperature, with same intensity and remain 

persistent up to 800 °C. The peak appearing at 2343 cm-1 may be assigned to O=C=O 

(CO2) [34]. 
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Figure 3.15 : FTIR spectra obtained for PVA and the sample prepared at 

70°C 

 

Table 3.1: Peak positions and assignments of the FTIR Spectra for the 

sample prepared at 70°C 
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Figure 3.16 : FTIR spectra obtained for the samples prepared at  

pyrolysis temperatures in the range of 300 to 600°C 

 

Figure 3.17: FTIR spectra obtained for the samples prepared at pyrolysis 

temperatures in the range of 700 to 900°C 
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  A systematic increase in the intensity of this peak with temperature may 

suggest that the samples with higher temperatures have greater tendency to absorb 

carbon dioxide from the atmosphere, possibly due to higher surface activity. 

 The sample prepared at 500 °C shows complete removal of covalently 

attached OH group. Rest of the peaks seen at 400°C; remain persistent at this 

temperature as well. The peak relating to carbonyl group shifts towards the higher 

wave number. There is a remarkable peak shift from 1587 cm-1 to 1546 cm-1 of the 

aromatic structure revealing an increase in the conjugation.  

The transmission band at 1169 cm-1 regarding C-O stretching ,which was 

almost negligible at 500 °C becomes prominent at 600 °C. The main conjugation peak 

is shifted to 1527 cm-1. 

For the sample prepared at 700°C, the peak at ~3000 cm-1 disappears while the 

peaks at 2921 cm-1, 2844 cm-1, 2177 cm-1, 2079 cm-1 and 1526 cm-1 remain persistent. 

The peak at 1693 cm-1 becomes very week.  

At 800 °C only four peaks are prominent, which appear at 2167 cm-1, 2019 

cm-1(with very low intensity), 1693 cm-1 and 1520 cm-1. The sample prepared at 

900°C is found almost stable with main conjugation peak implying aromatic structure. 

The O=C=O peak is prominent showing enhancement in surface oxygen groups. The 

appearance of very weak peak at 1166 cm-1 shows the binding of carbon atoms with 

oxygen.  

3.3.4 Raman Spectra of PVA-derived Nanostructures 

Raman spectroscopy is a useful technique that reveals vibrational modes, which are, 

in turn, linked to atomic chemical bonding. Figs. 3.18-3.23 show typical Raman 

Spectra for the samples prepared at 400- 900 °C. The samples prepared at 70 °C and 

300°C did not show Raman peaks. For the samples prepared at 400- 900 °C, two 

prominent peaks are clearly assigned as typical G and D-peaks of carbon materials. 
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Figure 3.18: Raman spectrum of nanowires after 1 hr pyrolysis at 400°C 

 

 

Figure 3.19: Raman spectrum of nanowires after 1 hr pyrolysis at 500°C 
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Figure 3.20: Raman spectrum of nanowires after 1 hr pyrolysis at 600°C 

 

Figure 3.21 : Raman spectrum of nanowires after 1 hr pyrolysis at 700°C 



Chapter 3 

 

55 

 

 

Figure 3.22 : Raman spectrum of nanowires after 1 hr pyrolysis at 800°C 

 

Figure  3.23: Raman spectrum of nanowires after 1 hr pyrolysis at 900°C 
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The G-peak belongs to E2g vibration mode of carbon. This is the only Raman 

active mode for pure graphite (single crystal or highly oriented pyrolytic graphite) in 

the measurement range. In addition to the pure sp2 hybridization (in the graphene 

sheets) of graphite with D6h symmetry, boundary regions or edges of graphene in 

carbon clusters at the boundary may exhibit a changed symmetry due to dangling 

bonds, attached hydrogen and /or other functional groups. This can give rise to other 

Raman modes, for instance, D-peak due to A1g symmetry appearing at around about 

1370 cm-1. This band is attributed to the breathing of the carbon hexagons without 

translational symmetry at the boundaries of the crystallites [156]. The formation of D-

peak in our samples indicates substantial contribution from the boundary regions of 

nc-carbon or carbon clusters due to their small size.  

Both the G- and D-peaks were not observed for the sample prepared at 300°C, 

indicating that the carbon clusters / nc-carbon are not formed at this temperature. This 

is also in agreement with our visual observation that the sample prepared at 300°C 

was translucent with golden tint, in contrast to the dark brown color at 400°C and 

black appearance at 500 °C. 

The Raman spectra were de-convoluted to obtain relative intensity of G- and 

D-peaks, as well as full width half maximum (FWHM). As shown in Fig. 3.24, G-

peak exhibits a slight red shift with temperature up to a temperature of 800 °C. At 

900oC, a substantial blue shift is observed. This blue shift is related with increased 

carbonization and conversion of carbon clusters to nc-carbon [157].   

The D-peak exhibits a substantial red shift at the temperature of 600oC. A 

second substantial red shift is seen at 900oC. It has been observed in TGA study and 

FTIR spectroscopy that a continuous change in the chemistry and weight loss occurs 

with rise in temperature. It is expected that residual polymer or impurities (hydrogen 

and oxygen) are situated at or in the vicinity of cluster’s surfaces. Their chemistry 

changes with temperature with resulting changes in position of D-peak. Accordingly, 

increased carbonization seems attributable to red shift of D-peak with temperature.  
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Figure  3.24:  Variation of the I(D)/ I(G) ration with the pyrolysis 

temperature 

 

 

Figure  3.25 : Variation of the D and G-peak position with the pyrolysis 

temperature 
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Figure  3.26: Variation of the FWHM of D and G-peak with the pyrolysis 

temperature 

  The D-peak is mostly very broad for all the samples.  This suggests that the 

carbon material at the surface regions experiences a variety of environment chemistry 

and distortions or stresses [158]. In general, a decrease in FWHM with temperature 

seems to be as a result of increasingly uniform environment at clusters’ surface. A 

depression in the curve at 600oC suggests two stages in this phenomenon, i.e., first 

(quasi-) equilibrium occurring at 600oC following another substantial change at higher 

temperatures. Possibly enhanced cross-linking of polymeric matrix or formation of 

network structure at clusters’ surface is achieved at 600oC, as responsible for 

relatively rigid nanowires. A rather uniform environment at surfaces may thus be 

achieved at 600oC. Further decomposition / degradation occurs at elevated 

temperatures giving rise to varying chemistry at clusters on the carbon surface and 

thus rise in the  FWHM of D-peak. 

  In the spectrum of curve relating to the sample prepared at 800°C the value 

of FWHM of D-peak reaches to 286 cm-1 (Fig.3.22). I (D)/ I (G) ratio increases to 

3.48. FTIR spectrum at this temperature shows that de-hydrogynation has been 
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completed resulting in delocalized conjugation. The C-C bonds formed at boundaries 

due to loss of hydrogen may possibly be attributed to enhanced intensity of D-peak.  

The G-peak shows a blue shift in curve for the sample prepared at 900°C with 

a value of 1608 cm-1 (Fig.3.25),which is typical of nano-crystalline graphite [159]. 

Since the appearance of D-peak is due to the absence of symmetry at graphite 

crystal edges. Hence its intensity is taken as the measure of the area of crystal edges 

[160]. FWHM of D-band reduces to  65 cm-1 (Fig. 3.26). I (D)/I (G) ratio decrease to a 

value of 1.2 (Fig.3.24). This suggests that at this stage, nc-graphite is well established 

as regards to established structure of grain boundary regions. 

3.4 Discussion 

The G-peak and D-peak seen in Raman spectra of polycyclic hydrocarbons (PAHs) 

also fall on the same regions as that of graphitic materials. Negri et al [43] have 

cleared this confusion by fitting the results of polycyclic aromatic hydrocarbons on 

small graphitic island model using “united atom approach”. They found that the sum 

of the intensities in the region of D-bond of PAHs is equal to the intensity of the 

unique band appearing in the same region of graphitic island. The non-equivalent C-C 

bonds are essential in PAHs due to the confinement of the π-electrons into smaller 

domains, giving rise to series of band in 1300 cm-1 region [161]. The same 

confinement effects of π-electrons also exists in micro- or nano-size graphitic 

domains but the source of these effects is entirely different i.e. presence of edges, or 

attachment of non-carbon atoms with the carbon-clusters [162]. 

The sp2 sites due to the conjugation are responsible for the appearance of the 

G-peak in curve of the sample prepared at 400°C (Fig.3.18). FTIR spectra of the 

sample at this temperature exhibit two peaks related to the cyclic or aromatic 

structures mainly at 3049 cm-1 and 1587-1 cm. D-band is broad and less intense 

indicating less aromatic structure with disordered edge boundaries. In the samples 

prepared at 500°C and 600°C molecular rearrangement of the structure takes place 

with no noticeable weight loss. The Raman spectrum of the sample prepared at 600°C 

suggests that 600°C is the temperature at which formation of graphite structure 

commences. 
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 For the sample prepared at 700°C ,  FTIR indicates possibility of very small 

amount of hydrogen by the appearance of a weak shoulder peak relating to –CH or 

>CH stretching at 1460 cm-1 and also at 2844 cm-1 and 2921 cm-1.  The C-O and C=O 

stretching peaks are also indicative at this temperature responsible for 1059 cm-1, 

1163 cm-1 and 1695 cm-1 in FTIR spectrum. Formation of relatively bigger 

cluster/crystals is indicated from the Raman spectrum. 

In the spectrum obtained for the sample prepared at 800°C, FWHM and 

intensity of the D-peak increases. TGA shows a weight loss of about 8% at this stage, 

which may be due to the loss of C1, C5 and C6 type of hydrocarbons [163]. It is 

obvious by the disappearance of peaks related to ->CH and -CH stretching within 

2800-2900 cm-1 region. Hence scattering of D-peak at this stage may be indicative of 

the elimination of CH groups resulting in short range clustering. 

At 900°C the G-peak shifts to 1608 cm-1, which is indicative of the condensed 

strained conjugation. The FWHM of G-peak reduces to 48 cm-1 ,which is indicative of 

formation of nano-crystalline graphitic structure  [164]. FWHM of D-band also 

reduces to a value of 65 cm-1 from the value of 286 cm-1 achieved at 800°C as 

associated with dehydrogenation at grain boundary/surface regions to develop well 

established nc-graphite crystal edges with less hydrocarbon environment [165].  

From the TGA results it is seen that apart from the small weight loss up to 

104°C due to the water adsorbed by the sample, the first major loss region is from 

230°C to 330°C with maximum rate of reaction at 266°C .This is mainly due to 

dehydration resulting in the elimination of small molecules producing delocalized 

conjugation structure. A weight  loss of about 45 % is observed at this stage, in which 

apart from water small amount of some aldehyde and ketone (or other hydrocarbons) 

escapes in gaseous form  this is in agreement by the peaks appearing at 2861 cm-1, 

2175 cm-1and 2075 cm-1 in the FTIR spectra at 300°C [166].The finger print region of 

the parent polymer also diminish at this reaction temperature. After the elimination of 

water the back bone of the polymer becomes weak enough so that small molecules 

can escape resulting in the formation of macromolecule conjugated structures 

executing the chain scission reaction. This chain scission results in the 

depolymerization of the polymer. The left over product is carbonaceous having pale 

yellow color.  
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Figure 3.27 : The several probable reactions of the PVA degradation.[33, 40, 45] 
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The conjugation at this stage is random, that is why the Raman spectrum at 

this temperature could not be achieved. Excessive dehydration and decrease in 

molecular weight resulted in infiltration into the pores and thus the formation of 

nanowires at this temperature. The nanowires look sticky at this temperature. 

The second prominent weight loss occurs from 353°C to 440°C with a peak 

temperature at 405°C.This weight loss is approximately 16%. The major weight loss 

contribution in this step is due to the formation of gaseous hydrocarbons of the type 

C4 and C7 and aromatic hydrocarbons like furan, etc. A peak assignment at 3049 cm-1 

confirms the formation olefinic structures [29].The decline of 3343 cm-1 peak 

indicates the removal of water at first stage. Since the reaction takes place in inert 

atmosphere the appearance of peak at 1679 cm-1 show that oxygen produced during 

the reaction get attached as carbonyl group[167]. The Raman spectrum recognized the 

sample as graphitic carbon materials, which may imply that carbonization of the 

sample starts at 400 °C. The FTIR spectrum of sample prepared at 500°C   shows 

complete removal of water. SEM images of the samples prepared at 400°C & 500°C 

look straight and separate. The samples prepared at 600°C and 700°C shows 

rearrangements of the structure  with the appearance of C-O peak  at 600°C and 

disappearance of olefinic group peak (at ~3036 cm-1) with no weight loss. From 

Raman spectra of these samples it is seen that FWHM of D-band and G-band 

decreases from 400°C to 600°C and also the  I(D) /I(G) ratio.  

The third and the last weight loss region is observed at higher temperature at 

about 856 °C with an inset and offset at 827 °C and 876°C respectively .The weight 

loss at this stage is about 16% . Absence  of peaks in the  FTIR region  of 2800-2900 

cm-1, and 3000 cm-1 while  appearance of 1693 cm-1 peak is also observed. Raman 

spectra of the samples prepared at 700°C and 800 °C show a strong change in the 

structure with obvious increase in the FWHM of D-band and G-band. This noticeable 

increase may be indicative of the nucleation of the graphite crystallites [168]. 

The spectrum of the sample prepared at 900°C depicts that the conjugation 

peak appears at 1518 cm-1. There is very feeble peak at 1156 cm-1 showing stretching 

of C-O bond from C-OH bonding. An apparent decrease in FWHM of D-band and G-

band with the decrease in I (D) /I (G) ratio indicates the considerable reduction in the 

crystallite size. The blue shift of G-peak supports the formation of nano-crystalline 
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graphite at this temperature. Hence the clusters divide at this stage into small islands, 

which are linked with each others with the atoms other than carbon i.e. oxygen or 

hydrogen. 

It may be concluded that in the nanowires achieved at 300°C consists of 

unsaturated conjugation due to the major weight loss of water and other small 

molecules. Carbonization starts in the nanowires prepared at 400°C.  Rate of 

carbonization increases in the samples prepared at 500°C and 600°C with nucleation 

of graphitic nanocrystals. 

A rapid nucleation occurs at nanowires obtained at 700°C and 800°C resulting 

in cluster formation. The appreciable increase in the I(D) /I (G) ratio and G-band shift 

towards higher wave number may indicates the formation of nano-crystalline 

graphitic wires. The well-established nc-graphite is possibly formed at 900°C with 

apparently negligible hydrocarbons at grain boundaries.  

3.5 Conclusions  

Template assisted synthesis of nanowires has been achieved successfully 

through the carbonization of polyvinyl alcohol. Nanowires at different temperatures 

with a unique chemistry at each stage have been prepared ranging from 300-

900°C.The chemistry of each sample can be changed by controlling the treatment 

temperature or treatment time. Nano-crystalline graphitic behavior has been observed 

in the sample prepared at 900°C, different functional groups have found to be attached 

at different temperatures with certain degree of graphitic structures.



 

 

 

Chapter 4 

4 Pyrolytic Carbonization of PVC Nanowires in 

Alumite Templates 

 

 

4.1 Introduction 
Carbon is one of the most profuse elements of the earth crust and historically finds 

very diverse applications. In graphite form, it is so soft to be graded as one of the best 

lubricants, while in diamond form it is very precious and the hardest material found in 

nature. Apart from graphite and diamond, carbon is also found in many other forms, 

such as coal, soot and glassy carbon, etc., which enhance the diversification of its 

applications [169]. 

Carbons fibers are known as the strongest fibers, while carbon nanowires and 

nanotubes have come up with extra-ordinary strength levels along with excellent 

optical and electronic properties as well as potential candidature as anode materials 

for Li-ion batteries etc [170-174].  

An oddity with carbon materials is that whatever the precursor or synthesis 

technique is employed, the origin of carbon is an organic material. The most 

commonly used process or technique for the conversion of organic precursor into 

carbon is carbonization, which involves gradual heating of the precursor to a 

prescribed temperature and keeping at the temperature for a prescribed time. The 

process is performed in an inert atmosphere. 

Various techniques have been used for the development of carbon nanowires 

and nanotubes. These include chemical vapor deposition [17], physical vapor 

deposition [175], sputtering and cracking & irradiation of the carbon precursors [176-
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178]. Depending on the synthesis parameters, nanowires, single walled (SWCNTs), 

double walled (DWCNTs) or multi-walled (MWCNTs) may be obtained. Carbon 

nanowires are considered to be stronger and tougher as compared to the carbon 

nanofibers and multiwall carbon nanotubes and are regarded as potential candidates 

for gas molecule sensors or for the separation of fluids.  Template-assisted technique 

has extensively been used for the fabrication of nanowires and nanotubes. Self-

organized hexagonal structure of voids or pores of the porous alumina act as template 

in which precursor organic material is infiltrated followed by carbonization [179]. 

This technique has a special advantage that the nanowires or nanotubes of controlled 

size and morphology may be prepared. 

There are various precursors, which may be used for the preparation of carbon 

nanowires and nanotubes by template assisted technique. They include polyvinyl 

chloride (PVC) [180], polyvinyl alcohol (PVA) [181], PAN [15] polyfurfyl alcohol 

(PFA)[16], polypyrole  [182] and polyacetylene  etc. 

Among these precursors, PVC is probably the most extensively used synthetic 

polymer presenting a large volume of waste with need to be recycled or converted to 

some other useful form. Uncontrolled release of toxic gases from burning of PVC or 

its thermal degradation is very dangerous for the environment. Extensive 

investigations have been made on the thermal decomposition of PVC and to treat its 

waste) [183-187]. 

The removal of chlorine from PVC results in the formation a low viscosity 

pitch , which may be useful for better filling of nano-pores in alumina template and 

thus to prepare relatively higher aspect ratio nanowires or nanotubes. Meso-porous 

carbon, carbon fibers, activated carbon fibers, graphite electrodes have also been 

reported to be produced successfully from the pitch derived from the commercial and 

pure PVC through thermal degradation.  

Recently, Habazaki et al [14] used PVC as a precursor material for synthesis 

of carbon nanofibers by heating alumina template and PVC powder together at 300oC 

in argon atmosphere, which resulted in the melting of PVC and formation of pitch-

like intermediate, which infiltrated into pores of alumina template. It was followed by 

decomposition at 600oC or above. The nanofibers with diameters of about 30 nm and 
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lengths of the order of 6 m were synthesized by this technique. The nanofibers 

decomposed at temperatures of up to 1000oC were porous while those decomposed at 

higher temperatures were compact. Habazaki et al [14] have also used PVA for the 

formation of carbon nanotubes by alumina template assisted technique.  

Through the thermal degradation of the waste PVC meso porous carbon can be 

obtained [188,189].Carbon nano-filaments may also be achieved using PVC powder 

[190]. In a similar work PVC pyrolyted carbon and carbon nano-fibers are 

synthesized and used as composite with Si [191]. 

In a chapter 3, the author has reported the formation of carbon material 

nanowires through a similar technique using PVA as precursor material [192]. 

Various degrees of functionality were achieved depending upon the synthesis 

temperature. 

In this chapter, we have used a modified method, in which PVC was first 

dissolved in tetra hydro furan (THF) followed by the formation of a film of PVC of 

uniform thickness on the alumina template by dipping in the solution and drying off 

THF. The method resulted in the formation of nanotubes at intermediate temperatures 

of 300-600oC. Various degrees of carbonization were achieved with rise in pyrolysis 

temperature. 

 

4.2 Experimental 

SABZ PVC –AU-67R commercial (K=66±1, bulk density; 0.54-0.58 g/cc) was used 

as carbon precursor. All the other chemicals were of analytical grade and used as 

received. High purity (99.99 %) aluminum sheet with thickness of 1 mm was 

employed for template preparation. It was annealed at 500 °C for five days followed 

by cleaning and electro polishing. For template formation, two steps anodizing of 

these polished sheets was performed. Second anodizing was performed for up to 10 

hours followed by pore widening. 

After template preparation, polymer was infiltrated into its pores. For this 

purpose, a solution of PVC powder in tetra-hydro-furan (THF) was made. After the 

evaporation of the solvent at 70°C, PVC coated alumina template was placed into a 
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furnace for thermal treatment under inert atmosphere of argon gas. The furnace 

temperature was raised at a heating rate of 2°C/ min to the desired level. Six samples 

were prepared at decomposition temperatures of 100°C, 200°C, 300°C, 400°C, 500°C 

and 600°C, respectively.  The first three samples (with pyrolysis temperatures of 

100°C, 200°C and 300°C) were kept at their respective pyrolysis temperatures for 1 

hour. For higher pyrolysis temperatures, 30 min exposure at 300°C was allowed for 

the thermo setting of the pitch like material followed by 1 hr retention at their 

respective decomposition temperatures. 

 

4.3 Results 
Fig.4.1 shows the TGA results for a typical sample prepared at 100°C. These curves 

are obtained in nitrogen atmosphere at a heating rate of 2°C / min. Apart from weight 

loss at 139°C, which appears to be preliminary related with water; three major weight 

loss transitions are observed. The first transition commences at 222°C and ends at 268 

°C. The 1st one exhibits a weight loss of about 45 % .The second transition initiates at 

about 287°C and completes at 330°C with a weight loss of about 10%. The 3rd and 

the final weight loss transition commences at a temperature of 386°C and completes 

at 478°C with a weight loss of about 20 %. Analogues to the TGA curve three DTG 

peaks appear at 245 °C, 305°C and 430°C respectively. When compared with Fig 3.1, 

the weight loss transitions at 245 °C is much abrupt (and sharp) in Fig. 4.1 than a 

similar transition seen in Fig. 3.1 for the PVA sample.  

The total weight loss at the first and the second stage is approximately 55%, 

which is comparable with the stoichiometric amount of HCl. The major reaction 

involved in these stages is the de-hydro-chlorination, which results in the formation of 

double bonds converting the reaction sites into polyenes chains along with some 

aromatic hydrocarbon like benzene. The third weight loss stage indicated by only one 

DTG peak at 430 °C is responsible for the scission and reformation of the polyene 

chain. [28-30]. 

The last weight loss transition may possibly be related with the release of 

excessive amount of hydro-carbons, as a result of which the remaining sample weighs 

only about 18.2%.  Above 500 °C, the sample becomes stable as the rate of weight 

loss gets highly diminished. 
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Scanning electron microscopy did not reveal the formation of nanowires at 

70°C and 100°C. Fig. 4.2 shows scanning electron micrographs of the sample 

prepared at 200°C, which reveal the successful formation of high-aspect 

nanostructures at this temperature. Typical length of these nanostructures exceeds 30 

microns (Fig. 4.2(a)), while the diameter is of about 90 nm (Fig. 4.2(b)). This implies 

that the polymer tends to infiltrate the template successfully filling the nano-pores at 

200°C. In general, the number density of nanowires appears very low. 

 

 

Figure 4.1: Thermogravimetric analysis curve of the sample prepared at 

100°C with heating rate of 2°C/min. (DTG Curve in red) 
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Figure 4.2 : SEM images of nanofibers prepared by pyrolysis at 200oC 

of PVC infiltrated in alumina template; (a) lower 

magnification; (b) higher magnification 

 .  

 

200 °C (a) 

(b) 200 °C 
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Fig. 4.3(a) shows the nanostructures formed at 300°C. The number density of 

nanostructure is higher than obtained at 200°C. A closer look suggests their 

predominantly tubular nature (Fig. 4.3(b)). The diameter of these nanotubes matches 

with the pore diameter of the template. It may be suggested that the nanowires 

appearing at 200oC convert to nanotubes at 300oC, as associated with excessive 

weight loss and carbonization at the 1st stage reaction (245°C). The high polarity of 

polymer-derivative produced by decomposition may be responsible for the coverage 

of the pore walls, as the gaseous products escape from the interior. The maximum 

length of these nanostructures is of the order of 10 microns, which is much less than 

the length of the pores. This may suggest that the infiltration of polymer derivatives 

formed by decomposition at 300°C is much sluggish than at low temperatures, e.g., 

200°C, or an early formation of rigid nanostructures does not allow further 

infiltration.  

The above observation is more pronounced at 400°C (Fig. 4). Abundance of 

nanostructures is seen in the form of brush extending from a thick layer of the 

product. Again the appearance suggests the hollow nature of the nanotubes. 

Fig. 4.5 shows the nanostructures formed at 600°C. The tubular nature is not 

confirmed from SEM images. On the other hand, length of the nanostructures formed 

at this temperature is much larger than that at lower temperatures (Fig. 4.5(a)). The 

diameter is again of the order of 100 nm (Fig. 4.5(b)), in spite of excessive 

decomposition at lower temperatures. The brush nature, i.e., assembly of aligned 1-D 

nanostructures is obvious.  

Fig. 4.6 (a) shows the FTIR spectra of the as-received PVC powder and of the 

sample prepared at 70°C (Fig. 4.6 (b)).  The strong skeletal peaks of PVC are obvious 

in the range of 605-680 cm-1. The peaks are related with C-Cl stretching and are 

shown in yellow background band. No significant difference is observed. Peaks 

appearing at about 837 cm-1 and 958 cm-1 are related to CH2 rocking deformations. A 

group of peaks falling between the ranges of 1239- 1429 cm-1 relates to the CH 

stretching having CH and CH2 deformations. A couple of peaks in the region of 2908-

2968 cm-1 may be implied to characteristic symmetric and non-symmetric CH2 bands. 

 



Chapter 4 

 

72 

 

 

 

Figure 4.3 : SEM images of nanotubes prepared by pyrolysis at 

300oC of PVC infiltrated in alumina template; (a) 

lower magnification; (b) higher magnification. 
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Figure 4.4: SEM images of nanotubes prepared by pyrolysis at 

400oC of PVC infiltrated in alumina template; (a) 

lower magnification; (b) higher magnification 

 . 
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Figure 4.5  : SEM images of nanotubes prepared by pyrolysis at 600oC of 

PVC infiltrated in alumina template; (a) lower 

magnification;(b) higher magnification 
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Figure 4.6 : FTIR spectra obtained from ;(a) PVC powder ;(b) after 

solvent evaporation at 70oC

 

Figure 4.7: FTIR spectra obtained from the samples prepared by 

pyrolysis at 100, 200, 300, 400 and 600°C. 
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 Fig. 4.7 shows the FTIR spectra of the samples prepared at 100 - 600°C. The 

sample prepared at 100 °C exhibits almost similar nature as that of the sample 

thermally treated at 70°C, although detailed analysis reveals some shift in peak 

positions [193]. A weak additional peak appearing in the range of 1500-1550 cm-1 

may be due to some degree of random conjugation in the back bone of the polymer.  

The sample prepared at 200°C shows significant changes with substantial 

elimination or decrease in the intensity of finger print peaks of PVC [194]. The peak 

appearing at about 862 cm-1 relates to -CH2 rocking deformation, although some shift 

is seen in comparison with the sample prepared at 100°C. A strong band is seen at 

2050 cm-1, which can be assigned to alkynes group in the vicinity of aryl group, 

suggesting some degree of cyclic conjugation. The peaks appearing in the range of 

1850-1900 cm-1 belong to the alkenes type of structures. FTIR spectrum of the sample 

prepared at 300°C suggests almost elimination of these latter groups, formed at 

200oC. 

Significant changes are observed in the FTIR spectrum at 400°C, as compared 

with lower temperatures. Strong peak at 1524 cm-1 indicates the substantial 

aromatization. The set of peaks observed at 746, 810 and 874 cm-1  relate to the 

formation of C=CH-CH3 type structure implying the construction of butane or 

cyclopentene groups [195]. Peak appearing at 1435 cm-1  correspond to >CH2 or –CH3 

groups [196]. The peaks falling in the range of 1900-2000 cm-1 represent the alkenes 

group particularly C=C stretching. Similarly the peaks appearing in the frequency 

range of 2100-2250 cm-1 suggests the presence of alkynes group (C≡C), with weak 

intensity owing to reduced symmetry. A couple of peaks appearing at around 2800 

cm-1 corresponds to >CH stretching. The spectrum obtained at 600°C is almost similar 

to that obtained at 400°C, although some degree of decrease in the intensity of most of 

the peaks is seen [197-204]. 

 Raman spectra of the nanostructures prepared at 70, 100, 300, 400 and 600°C 

are shown in Figs. 4.9 to 4.13. Fig. 4.9 shows the Raman spectrum of the PVC film 

obtained after evaporation of solvent at 70°C. The spectrum shows three weak peaks 

at 762, 1972 and 3572 cm-1 (Table 4.1). The peak appearing at 762 cm-1 may relate to 

the C-Cl stretching, while that appearing at 3572 cm-1 may be related with the O-H of 

adsorbed water, which may be present as an impurity. 
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Figs 4.10-4.13 give an over view of the changes occurred with respect to 

temperatures at 100,300,400 and 600 °C. The prominent peaks in the region of 1500-

1660 cm-1 correspond to the tangential aromatic C-C bonding. 

The Raman spectrum obtained from the sample prepared at 100°C (Fig 4.10) 

shows substantial changes from that prepared at 70 °C. Six prominent peaks are 

observed falling at 824, 1478, 2122, 2504, 2700 and 3776 cm-1 (Table 4.2). The 

Raman intensity is much pronounced after this treatment. 

When compared with FTIR spectrum for the sample, clear changes in Raman 

spectra are surprising. For instance FTIR spectra did not exhibit much change in 

comparison with the sample prepared at 70°C, except certain degree of conjugation. 

Anyway, the peaks in Raman spectrum for the sample prepared at 100°C may be 

assigned to partly modified PVC. 

For instance, the peak at about ~824 cm-1 may correspond to C-Cl stretch 

although with shifted peak position. 

The new peak appearing at about 1478 cm-1 is known as T-peak and may 

indicate the random formation of aromatic structures at the backbone of the polymer 

[205]. The peak appearing at ~ 2100 cm-1 may correspond to the C=C bond stretching 

[45]. 

 

Figure 4.8 :  Raman spectra of the samples prepared at 100,300,400 and 

600°C 
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Figure 4.9 :  Raman spectrum of PVC film after evaporation of solvent at 

70°C 

 

 

Table 4.1 Peak positions, FWHM and Intensity values obtained from Raman 

spectrum of PVC film after 1 hr pyrolysis at 70°C 

Temperature 

(oC) 

Peak Position 

(cm-1) 

FWHM 

(cm-1) 

Intensity of peak 

(cm-1) 

70 

762 279 20595 

1972 277 45105 

3572 331 3722 
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Figure 4.10: Raman spectrum of PVC film after 1 hr pyrolysis at 100°C 

 

 

Table 4.2 Peak positions, FWHM and Intensity values obtained from Raman 

spectrum of PVC film after 1 hr pyrolysis at 100°C 

Temperature 

(oC) 

Peak Position 

(cm-1) 

FWHM 

(cm-1) 

Intensity of peak 

(cm-1) 

 

 

100  

824 387 1859598 

1478 972 9106743 

2122 368 628371 

2504 237 255175 

2700 1204 6936367 

3776 268 242471 
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Figure 4.11: Raman spectrum of PVC film after 1 hr pyrolysis at 300°C 

 

 

Table  4.3 Peak positions, FWHM and Intensity values obtained from 

Raman spectrum of PVC film after 1 hr pyrolysis at 300°C 

Temperature 

(oC) 

Peak Position 

(cm-1) 

FWHM 

(cm-1) 

Intensity of peak 

(cm-1) 

 

 

300  

872 145 107604 

1586 84 79449 

1786 943 5846883 

2087 265 412184 

2515 490 2375049 

3126 656 3982583 

3765 293 1020168 
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Figure  4.12: Raman spectrum of PVC film after 1 hr pyrolysis at 400°C 

 

Table  4.4 Peak positions, FWHM and Intensity values obtained from 

Raman spectrum of PVC film after 1 hr pyrolysis at 400°C 

Temperature 

(oC) 

Peak Position 

(cm-1) 

FWHM 

(cm-1) 

Intensity of peak 

(cm-1) 

 

 

400  

817 231 153926 

1595 61 27671 

1645 1007 1602501 

2060 292 119961 

2534 545 682070 

3156 585 723612 

3767 293 237833 
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Figure 4.13: Raman spectrum of PVC film after 1 hr pyrolysis at 600°C 

 

Table  4.5 Peak positions, FWHM and Intensity values obtained from 

Raman spectrum of PVC film after 1 hr pyrolysis at 600°C 

Temperatur

e 

(oC) 

Peak Position 

(cm-1) 

FWHM 

(cm-1) 

Intensity of peak 

(cm-1) 

 

 

600  

815 202 19010 

1594 65 5534 

1769 1283 366245 

2094 632 14547 

2521 399 43938 

3111 690 141575 

3770 270 35097 
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A peak of particular interest is that appearing at 1586 cm-1 to 1596 cm-1. The 

sharp peak is exhibited by the sample formed at 300°C-600 °C. It appears that this is 

the G-peak arising from graphite region of the nanowires samples. The graphitic 

region/clusters seem to form in polymer matrix. This result is also in accordance with 

the TGA and FTIR results of the sample prepared at 300°C, i.e., corresponding to the 

major weight loss zone. The absence of corresponding D-peak may also be an 

indication of formation of nanotubes as their formation will reduce dangling bonds 

significantly. 

Raman spectrum of the sample prepared at 400°C (Fig.4.12) shows a 

considerable red shift of the oTO peak (to 817 cm-1) and blue shift of the G-peak (to 

1595 cm-1) (Table 4.4) as compared to that prepared at 300°C.  

In the sample prepared at 600°C, no significant change is observed in oTO and 

G-peak positions (Fig. 4.13, Table 5) when compared with the values for samples 

prepared at 400oC. 

A possible reaction scheme of the degradation behavior of the PVC has been 

shown in Fig. 4.14. Possible reactions show the random formation of the aromatic 

structure at the very early stage of the degradation. First weight loss along with the 

second weight loss above 300°C comprises of the elimination of the HCl and 

chlorinated cyclic hydrocarbons. The final weight loss converts the structure of the 

sample into aromatic form with small amount of alkenes and alkynes, which may 

attach with the aromatic clusters. 

4.4 Discussion 

Although any weight loss was not observed at 200oC (Fig. 4.1), yet high aspect ratio 

nanowires were successfully formed at this temperature. FTIR spectra suggested that 

the wires were predominantly composed of PVC, with some degree of aromatization / 

degradation as revealed by Raman spectra.  
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Figure 4.14 Schematic of reaction scheme for pyrolysis of PVC 
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At 300oC, a major change is observed with a significant weight loss (of about 

45 %) as demonstrated by TGA. SEM images reveal the formation of nanotubes. This 

suggests that the decomposition product formed at 300oC has sufficient polarity to 

attach with the pore walls. The volatile / gaseous products escape from the central 

region of the pores resulting in the formation of nanotubes. FTIR shows that as a 

result of decomposition, signatures of C-Cl bonding is almost completely lost along 

with reduction in the quantity of aromatic groups, possibly due to their re-

arrangement in some intermediate structure. However, Raman spectra show the 

formation of graphitic regions.  

For a decomposition temperature of 400oC, FTIR shows a very sharp peak 

around 1532 cm-1, which is related with graphite formation, while the SEM images 

show the formation of nanotubes.  It is also accompanied by an additional ~ 10 % 

weight loss as shown by TGA data. During this stage, a substantial amount of formed 

hydrocarbon is also expected to escape. As a result structural homogeneity is 

somewhat decreased as manifested through increase in the FWHM of oTO peak. The 

FWHM continues to decrease in case of G-peak. Raman spectra show a red shift in 

oTO peak and a blue shift in G-peaks at 400oC as compared with 300oC.  A red shift 

in oTO peak is considered to be related with decrease in the diameter of the nanotubes 

[46, 47]. This leads to ultimate conversion of nanotubes into nanowires. Therefore, it 

is expected that with increase in pyrolysis temperature, the nanotubes are substituted 

by nanowires. This is what we observe at a pyrolysis temperature of 600oC. Habazaki 

et al [13, 14] did not observe the formation of nanotubes as the range of pyrolysis 

temperatures used by them was 600 to 2800oC, in which no nanotubes are formed.  

4.5 Conclusions 

Polymeric nanowires / nanotubes were successfully developed by pyrolysis of PVC, 

infiltrated into the pores of alumite templates, at temperatures of 200oC- 600oC in 

argon atmosphere. Degradation of PVC took place in three stages. Weight loss in first 

and second stages (45% and 10%, respectively) was attributed to the removal of 

chlorine (in HCl form), while that in the third stage (20 %) could be due to the escape 

of hydrocarbons, etc.  Pyrolysis at various temperatures showed structural as well as 
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morphological changes. At 200oC high aspect ratio nanowires were formed indicating 

good infiltration of PVC. Some aromatization of carbon chains was also detected at 

this temperature. Increasing the pyrolysis temperature to 300oC, i.e., above first 

degradation stage, resulted in the removal of the most of the chlorine followed by 

significant aromatization as well as formation of graphitic regions. These processes, 

as well as possible polarity of the decomposition products,  causes their attachment to 

pore walls resulting in the formation of nanotubes. In general, the nanowires obtained 

at different temperatures have varying functionalization. Nano clusters and/or nc- 

carbon are formed in the polymer matrix in the range of 300oC- 600oC.



 

 

 

Chapter 5 

5 Pyrolytic Carbonization of Irradiated 

Chitosan Nanowires in Alumite Templates 

 

5.1 Introduction  

The importance of polymers is evident owing to the vital role in daily life.  Natural  

polymers  are  now becoming the  centre  of major  investigation  due  to  their  bio-

degradability,  which  makes  them  suitable  for  a  variety  of applications. Chitosan,  

a  natural  polymer, is  the  derivative  of  chitin,  which  in-turn  is  obtained from the 

crustaceans  shells or the agricultural waste materials. It is the second most 

abundantly used natural polymer after cellulose [206].  It consists of glucosamine and 

N-acytal-glucosamine units in its backbone [207]. The two active groups in chitosan 

provide the opportunity of easy chemical modification. 

Chitosan  is  attractive  for  its  environment  friendly  properties  such  as  

biocompatibility, biodegradability and  non-toxicity.  It has been employed in 

biotechnology,  agriculture, environmental protection, foods, as well as medicines 

[208]. Its nanostructures may be employed for various applications, including nano-

medicines. Chitosan hydrogels have been prepared for wound dressing and for its 

application in tissue scaffolding. Recently extensive research has been done for the 

production of drug. 

Chitosan  due  to  the  presence  of  more  than  one  polar  groups  is    

hydrophilic. The structure of  the  chitosan  resembles  with  the  structure  of  

cellulose  with  the  only  replacement  of hydroxyl  group  of  cellulose  with  the  

amino  group [209]. Chitosan  is  considered  to  be  a  reactive polymer due to 

primary and secondary hydroxyl groups (O-H) and one amino group (N-H) [210].  
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For  enhanced  applications,  various  techniques  are  used  to  control  the  

molecular  weight  of  chitosan.  Among  these,  radiation  technology  is  very  

suitable, as  it  does  not  cause  any impurities,  etc [211-213].  As  a  result  of  

irradiation  chitosan  undergoes  chain  scission  to  reduce the  molecular  weight.  

Smaller  molecular  weight  may  also be  useful  for  the  formation  of nanostructures 

with small dimensions [214-216].  

In  chapter 3,  carbon  nanowires  have  been  synthesized  by carbonization  of  

PVA  in  porous  anodic  alumina  template.  Various degree of functionality was 

achieved as a function of synthesis temperature [217]. 

In chapter 4, carbon nanostructures have been developed through pyrolysis of 

PVC infiltrated in nano-pores of anodic alumina templates. Pyrolysis was performed 

at 100oC, 200oC, 300oC, 400oC and 600oC in argon atmosphere [218]. 

 In  the  present  work,  nanostructures  have  been  synthesized  by  using  

chitosan.  For successful infiltration requiring low molecular weight, gamma 

irradiation has also been performed. Raman spectroscopy,  FTIR  and  SEM  has  been  

employed  to  determine  the  morphology  of  carbon nanostructures, degree of 

carbonization and functionalities obtained at low temperatures of up to 600 oC. 

5.2 Experimental 

Template assisted synthesis of the nanotubes was done by using irradiated chitosan as 

precursor material.  The  polymer  is  loaded  onto  the  template  by  immersing  the  

template  into  40  mL  of  chitosan solution in 5% acetic acid. After vigorous stirring 

at about 70 °C for 48 hours, obtained film is obtained on the templates. 

The  prepared  samples  were  then  subjected  to  thermal  degradation  under  

inert  atmosphere  of  argon  at  heating  rate of  2  °C/min.  The  samples  prepared  at  

100  °C  and  250  °C  were  soaked  at these temperatures for one hour.  On the other 

hand, the samples prepared at 300 °C, 400 °C, 500°C and 600 °C were first given a 

hold time of 30 min at 250 °C, along with one hour soaking at the prescribed 

temperature.  The  purpose  of holding at  250  °C  was  to  ensure  the  polymer  pitch 

successfully penetrates into the channels of the alumina template through capillary 

action, before hard solid structures are grown at elevated temperatures.   
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5.3 Results  

 TGA was performed at a heating rate of 2°C/minutes up to the temperature of about 

600oC. Apart from the initial weight loss related with solvent / adsorbed water, three 

weight loss transitions are seen at 258°C, 312°C and 446°C, which are separately 

identified in DTGA curve.   

It  may  be noticed that the above mentioned 1st  transition (observed at 258°C 

in (Fig. 5.1)  is almost absent and  the  weight  loss  commences  at  about  300°C,  

ignoring  the  initial  weight  loss  related  with adsorbed  water.  In  other  words,  the  

sample  prepared  at  250°C (Fig. 5.2) has  already  gone  through  the reaction / 

decomposition taking place at the 1st  stage. The peak temperature of the ‘so called’ 

2nd transition  is  seen  at  about  330  °C,  slightly  less  than  seen  in  Fig.  5.1,  while  

the 3rd  transition takes place  at  the  same  temperature  of  about  450°C.  The results 

are obtained at 2 °C / min in nitrogen atmosphere.  At  this  slow  rate,  continuous  

(comparatively  slower)  decomposition  / weight  loss  is  seen  up to  about  875 °C,  

above  which  another  incomplete  transition  is  seen although  its  peak  temperature  

is  above  the  measurement  temperature of  900 °C.  Major  volatile products  at  

250-400°C  are  expected  to  be  pyrazine  and  its  derivatives.  Chen  et  al [11] 

suggested 3-acetamido-5-acetyl  furan  and  2-acetyl  furanas as major  products  

evolved  in  this temperature range. The temperature dependent decomposition 

suggests that carbon nanostructures with various degrees of carbonization and/ or 

functional groups can be formed as a function of synthesis temperature.   

 

 



Chapter 5 

 

91 

 

 

Figure 5.1 : Thermo gravimetric analysis of the sample prepared at 

100°C. (DTG curve in red) 

 

Figure 5.2 : Thermo gravimetric analysis of the sample prepared at   

250°C. (DTG curve in red) 
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Figure 5.3:  SEM of irradiated Chitosan flakes. 

 

 

Figure  5.4: Top view of the sample within the template at 100 °C   
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Figure 5.5 : The scanning electron micrographs of the nanofibers obtained at 

100°C; (a) at lower magnification; (b) higher magnification 
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 Fig.5.3 shows typical SEM micrograph of Chitosan flakes.  When the  sample 

was prepared at 70 °C  followed  by  soaking  at  100  °C  for  a  period  of  one  hour,  

the  top  surface  of  the  template exhibited successful pores filling (Fig. 5.4).  

A subsequent dissolution of template material reveals a fibrous product in the 

form of bundles as shown in Fig.5.5 (a). A closer look reveals the formation of 

nanowires with a diameter comparable to the pore diameter of the templates as clearly 

seen in Fig. 5.5 (b).  The nanowires tend to form bundles after dissolution of alumite 

template. High tendency of chitosan to join and form gels and large particles were 

known. Therefore tendency of chitosan nanowires to join and give bundle like 

appearance is not surprising. 

Fig. 5.6 (a ,b) show  typical  SEM  images  of  the  nanostructures  prepared  at  

250 °C.  The formation of mostly isolated nanowires with a uniform diameter of the 

order of 100 nm is clearly evident. It may be noticed, particularly in Fig. 5.6 (a) that 

the nanowires formed at 250oC tend to crack. Thus relatively brittle nature of the 

nanowires formed at 250 o C is obvious.   

Fig. 5.7 shows typical SEM image of the sample prepared at 600°C.  It may be 

worth mentioning that the sample prepared at 600°C was also subjected to prior 

heating at 250 °C for 30 min. High aspect ratio nanostructures are retained at this 

temperature in spite of massive decomposition observed in TGA results up to 600°C.  

The diameter is still of the order of pore diameter.  It  may,  however,  be interesting 

to note that individual  groups comprising of a few nanowires (2-3 in the side view)  

are  extensively  seen  giving  rise  to  appearance  of  a  tubular  structure  with  a 

diameter of about 200-300 nm. 

These might have formed due to joining of the nanowires through pervious 

template walls during the carbonization process; the hollow appearance possibly 

originating from the unfilled pores lying at the middle. Similar appearance can also be 

possible in case of pore pentagons with missing pores at the middle.   

 

  



Chapter 5 

 

95 

 

 

 

 

Figure 5.6 : The nanostructures prepared at 250oC after the removal of the 

alumina template; (a) at lower magnification; (b) at higher magnification 
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Figure  5.7: The  scanning  electron  micrographs  of  the  sample  

prepared  at  600°C  after removing the template. 

 

In the FTIR spectra , the main skeletal  peaks of the irradiated chitosan appear 

at 1023cm-1  , 1382 & 1425 cm-1,  1582 cm-1,  2800-2900 cm-1 region  and  broad  

overlapped  peak at  3278 cm-1corresponding to  the  stretching of  C-O-C  ,  CO-N<  

& amides,  amide  II,  >CH2 and  >CH3 stretching and  NH or  OH stretching 

respectively(Fig. 5.8). The –NH and –OH peaks overlap  each other on  the  broad  

spectrum  in  the  region  of  3200-3300 cm-1 .  The  sample  prepared  at 70°C shows 

same  transmission  bands  implying  no  significant  changes  at  this  temperature.  

Peak shift, however, suggests minor changes in the structure or environment. The 

sample prepared at 100°C shows similar peaks as obtained at 70°C with relatively 

reduced intensity (Fig.5.9 (a)). The results show significant changes in the sample 

prepared at 250°C (Fig. 5.9(b)). 
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Figure 5.8 : The  FTIR  spectra  of  the  as-received  irradiated  chitosan  

and  of  the  sample prepared at 70°C. 

 

Figure 5.9 : The  FTIR  results  of  the  samples  prepared ; (a) at 100°C  

and; (b)  at 250°C. 
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 The  pyranose  ring  appearing  at about  1000 cm-1 relating to the C-O-C 

bonding become very weak at 250 °C, which may indicate the breakage of back bone  

of  the  polymer.  C-O-N.  Amide  II  peaks  shows  no  significant  changes,  which  

may  imply  that  this bonding  is  still  strong  at  this  temperature.  The –CH 

stretching appearing at about 2800 to 2900 cm-1 disappears at 250 °C, which may 

indicate the removal of some hydrocarbons. Although the TGA results do not show 

any significant weight loss at this stage, it may be possible that some products in the 

form of small  molecules  of  hydrocarbns  might  have  formed  but  not  released  at  

this  particular  temperature. The destruction  of  pyranose  ring  giving  rise  to  ring  

opening  reactions  are  associated  with  this transition stage[210]. Major compound 

at this temperature is expected to be pyrazine and its derivatives. Chen et al [209] 

describe 3-acetamido-5-acetyl furan and 2-acetyl furnace as major products evolved 

in this region. The  shift  of  peak  to  1554  cm-1 (at  250°C)  from  1571  cm-1 (at  

100°C)  may indicate some aromatization in the structure, although region is 

overlapped with the amide peak falling in the  same  region.  The  broadness  of  the  

peak  at  3200 cm-1  region  reduces  considerably  at  250°C, and is associated with  –

OH and –NH bonding.  

 

Figure  5.10:  The spectra of the samples prepared at , 300°C, 400°C, 

500°C and 600°C respectively  
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The spectra obtained from the sample prepared at 300 °C shows significant 

changes. The peak appearing at 850 cm-1 may relate to the formation of the graphite 

with A2u symmetry IR active (Fig.5.10).  

The peaks appearing at 1089 and 1189 cm-1 may relate with the C-O 

stretching. A significant red shift  of  the  at  1554  cm-1   shifts  to  about  1530  cm-1,  

which  may  relate  with  the  excessive conjugation  and  aromatization  of  the  

declocalized  carbon  bonds.  There is another new peak appearing at about 1700 cm-1, 

which may correlate with the C=O group stretching. In the range of 1900-2100 cm-1 a 

number of new peaks appear. This group of peaks may be associated with the alkenes 

(C=C=C) representing cumulated double bonds or alkynes (C≡C).  Aromatic ring 

formation may also be obvious from the appearance of number of peaks in the 

frequency range of 3000-3100 cm-1. The spectra show an obvious loss of NH & OH 

bond stretching. However the number  of  peaks  in  the  3600-3800  cm-1  shows  the  

weak  OH  linkage  related  to  the  physically adsorbed water. 

FTIR results obtained from the samples prepared at 400 °C to 600°C show no 

substantial changes when compared with the sample prepared at 300°C in the 

chemical composition of the sample. 

Raman  spectroscopy  corresponds  to  the  vibrations  of  molecules  and  

oscillations  of  the crystal  lattices  and  hence  provides  useful  information  about  

the  chemical  composition,  the bonding its chemical environment.  

Figure 5.11 shows the Raman spectra of the sample prepared at 250°C.  Six 

peaks are obvious in the spectra. The  first  peak  in  lower  frequency  region  

appearing at about  880 cm-1 may corresponds to the saccharide band stretching  

(Table 5.1) [219].   
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Figure  5.11 : The Raman spectrum of the sample prepared at 250 °C. 

Table   5.1 : Peak positions, FWHM and Intensity values obtained from 

Raman spectrum of chitosan film after 1 hr pyrolysis at 250°C 

Temperatur

e 

(°C) 

Peak Position 

(cm-1) 

FWHM 

(cm-1) 

Intensity of peak 

(cm-1) 

 

 

250 

885 294 952077 

1637 666 4413068 

2075 533 4050238 

2468 288 784566 

3106  782 7169864 

3764 358 1096095 
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The peak appearing at 1637 cm-1 may corresponds to sp2 C (non-aromatic) 

bonds with N- sp2C  bonding  This  type  of  bonding  arrangement  is  usually  

observed  at  the  planer  and  out-of- planer regions of the edges of the aromatic 

cluster[220].   These peaks  may also  be related to –NH or =NH2 or R-NH2 type  

bonding [221, 222]. Lillo et al [223] also suggested the transmission of the band near 

1637 cm-1 as the bond stretching of C=N. The peak appearing at about 2100 cm-1may 

corresponds to the C=C stretching of the carbon bonds.  The peak may imply some 

conjugation in the sample.   

The  peak  appearing  at  2468  cm-1 relates  with  the  O-H  stretching  

transitions. The peak appearing at 3100 cm-1 may belong to the D* band, which falls 

in the frequency range of ~2700-3100 cm-1. This band is usually associated with the 

zone boundary phonons. The last peak appearing at 3700 cm-1 may relate with some 

physically adsorbed water.  

The sample prepared at 300 °C shows (Fig. 5.12) substantial changes in the 

structure, as far as Raman Spectroscopy is concerned.  Three  peaks  appear  in  the  

spectra,  which may  be assigned  as  follows  (values  are  given  in  Table  5.2).  First  

peak  appearing  at  821  cm-1  may corresponds  to  the  oTO  phonon  peak  of  

graphitic  region.  The second peak is typical of the graphitic region G-peak appearing 

at 1519 cm-1, which imply the E2g vibrational mode of carbon bonding.  These  results  

may  indicate  that  the  structure  of  the  sample  has  undergone  through  a major 

change and substantial noticeable fraction of the high aspect ratio nanostructures 

prepared at 300 °C bear a predominantly graphitic or graphene nature.   

The Raman spectrum of the sample prepared at 400 °C also shows three peaks 

(Fig.5.13 and Table 5.3). Peak appearing at 809 cm-1 may represent the oTO graphite 

band. The typical peak position  at  808-809 cm-1 may  be  associated  with the  

crystalline  region  of  the  sample  implying the C-C stretching. Peak appearing at 

1553 cm-1 may indicate the graphitic structure region. The blue  shift  of  the  G-peak  

at  400  °C  may  indicate  the  more  graphitic  cluster  formation  with  the increase  

of  the  temperature.  Peak appearing at position of 1990 cm-1 may corresponds to the 

C=C=C- type environment.  
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Figure 5.12: Raman spectrum of the sample prepared at 300 °C. 

 

Table 5.2: Peak positions, FWHM and Intensity values obtained from Raman 

spectrum of chitosan film after 1 hr pyrolysis at 300°C 

Temperature 

(°C) 

  Peak Position 

(cm-1) 

FWHM 

(cm-1) 

Intensity of peak 

(cm-1) 

300 821 366 267089 

1519 619 259254 

2018 273 59762 

 

  



Chapter 5 

 

103 

 

Figure 

5.13: Raman spectrum of the sample prepared at 400 °C. 

Table 5.3:  Peak positions, FWHM and Intensity values obtained from Raman 

spectrum of chitosan film after 1 hr pyrolysis at 400°C 

Temperature 

(°C) 

Peak Position 

(cm-1) 

FWHM 

(cm-1) 

Intensity of peak 

(cm-1) 

 

400 

809 302 95971 

1553 511 42522 

1990 214 9834 
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The Raman spectrum of the sample prepared at 500 °C suggests substantial 

change in the structure, as compared with the sample prepared at lower temperatures. 

(Fig 5.14 and Table 5.4)  

The  peak  appearing  at 705 cm-1 is  typical for  vibrational  density  of  states, 

which  is stimulated  due  to  the disorder in  the sp2  phase  of  the  sample.  This may 

indicate that the oTO graphitic region in the frequency range of 800-860 cm-1 is 

distorted and chaos may correspond to the nano-clustering of graphitic region.  

FWHM of the peak is about 467 cm-1. Peak appearing at 1372  cm-1 is  typical  of  D-

peak  associated  with  the  A1g  symmetry  of  the  breathing  modes  of hexagonal  

carbons  and  it  may  relate  with  the  substantial  contribution  of  the  boundaries  of  

the structure. G peak shows a blue shift by appearing at 1587 cm-1. Usually, the G 

peak may lie from 1515  cm-1,  for  amorphous  graphitic  regions,  to  1587  cm-1  for  

crystalline  graphitic  regions.  

Presence  of  the  D-peak  at  the  same  time  shows  that  structures  has  

entered  a  polycrystalline regime with inter-crystalline boundaries between graphitic 

crystals. 

Raman spectrum of the sample prepared at 600 °C shows four peaks (Fig. 5.15 

and Table 5.5). The peak appearing at 768 cm-1 belongs to the defective graphite 

region. FWHM of the peak is reduced and peak is now shifted to higher frequency 

side as compared to the sample prepared at 500 °C.   

The  peaks  appearing  above  2000 cm-1  in  the  samples  prepared  at 400°C 

and  above become very broad and weak in intensity, which may imply the formation 

of C=C bands and D* .  
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Figure 5.14: Raman spectrum of the sample prepared at 500 °C. 

 

Table  5.4: Peak positions, FWHM and Intensity values obtained from Raman 

spectrum of chitosan film after 1 hr pyrolysis at 500°C 

Temperature 

(°C) 

Peak Position 

(cm-1) 

FWHM 

(cm-1) 

Intensity of peak 

(cm-1) 

500 705 467 211902 

1372 243 73460 

1587 92 27701 
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Figure 5.15: Raman spectrum of the sample prepared at 600°C. 

 

Table  5.5 Peak positions, FWHM and Intensity values obtained from Raman 

spectrum of chitosan film after 1 hr pyrolysis at 600°C 

Temperature 

(°C) 

Peak Position 

(cm-1) 

FWHM 

(cm-1) 

Intensity of peak 

(cm-1) 

 

600 

768 321 83754 

1378 236 11612 

1589 88 7135 

1703 9.45 1899 
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Figure 5.16 : Positions of G-peak and D-peak at temperatures ranging 

from 250 -600°C 

Figure 5.16 shows  the  variation  of  the  positions  of  G-peak  and  the  D-

peak  as  a  function  of synthesis temperature. Rise in peak position for G-peak may 

imply that with the increase in the temperature, the structure of the sample changes 

from amorphous graphitic regions to crystalline graphite. An associated decrease in 

FWHM confirms improvement in crystallinity (uniformity of the bond environment) 

up to the synthesis temperature of 500oC.  

Figure 5.17 shows the variation of the FWHM in cm-1of the G-peak and D-

peak with increase in the temperature. The continuous decrease in FWHM of the G-

peak corresponding to the increase in temperature may imply the increasingly uniform 

surrounding at clusters’ surface. The substantial decrease in FWHM from 400 °C to 

500 °C may imply the change in the structure of the sample indicating towards the 

cluster formation or nano-crystalline regions in the sample. Conversely D-peak 

appearing at 500°C shows slight decrease from 243 cm-1 to 236 cm-1 indicating a 

uniform surrounding.  
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Figure 5.17: FWHM of G-peak and D-peak ranging from 250 -600°C 

 

Figure 5.18 : I(D)/I(G) ratio of the samples prepared at 500°C and 600°C 
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In figure 5.18,  I(D)/I(G) ratio of the sample  shows a considerable decrease at 

600°C  with a value of 1.62 from that at 500 °C   having value of about 2.6. The value 

indicates formation of nanoclusters or the nanocrystalline graphitic region.  

The frequency bands appearing in the range of 2000-2400 cm-1 may relate to 

D* peak. The D* peak is the overtone of 2D peak and is the second order resonance 

peak.   

5.4 Discussion  

The  dehydration  of  the  Polyhydroxypyraazines,  which  are  the  secondary  

pyrolysis  products results  in  the formation  of  aromatic  furan.  Similarly  amino-

carbonyls  produced  by  the  pyrolysis of chitosan are considered to be responsible 

for the production of pyrazines [224].  

Successive removal of these volatile products converts the structure consisting 

of major aromatic carbon along with some hetero-atoms.  Finally the cross-linking 

configures the structure into carbon nano-clusters.     

Raman spectrum provides orientation of the structure and insight of the 

chemical signature of the sample at 250°C.  The  six  obvious  peaks  in  the  

frequency  range  of  500-4000  cm-1  may represent presence of saccharide structure 

with the peak appearance about 860 cm-1. 

In the FTIR spectra  it  is  observed  that  saccharide  peak  at  1000 cm-1 shifts  

to  about  1040 cm-1 and  it  may be seen  that the  peak  appearing  at  1040  and  

1080  are  the  collective  vibration  absorption  of aromatic CH bonding. It may be 

quite possible that due to the disintegration of the pyranose and consequently  the  

depolymerization  absorption  from  scattered  small  rings  contributes  towards the  

blue  shift.  The  second  peak  appears  about  1637  cm-1 , which  may  correspond  

to  the  sp2 C stretching and may also overlap with the sp2C-N linkage. 
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Figure  5.19: Schematic of the probable reactions during pyrolysis of 

irradiated nanowires 
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The red shift of Amide II stretching in the FTIR supports this supposition as 

mentioned earlier.  Peaks,  which  appear  in  the  range  of 2100-2700  cm-1 may  

imply  the  disorderliness  in  the  carbonaceous  part  of  the  sample.  The 

combination of  peaks  under  the  mentioned  frequency  range  are  collectively  

called as G´  peak and may indicate the second order peaks representing the overtones 

2D. G´ peak appears due to the defects in the structure but it is independent of the 

type of defect as in the case of famous “D-peak”. G´  peak  is  a  misnomer  and  it  

has  no  concern  with  the  G-peak , which  represents  the ordered graphitic region.  

Alternately G´ peak is also known as D*. The peak, which appears at a frequency  of  

about  3100 cm-1in  the  Raman  spectrum  of  nanotubes  obtained  at  250°C  may 

indicate  the  formation  of  =CH  stretching  in  the  structure.  The peak at around 

3600-3700 cm-1range may depict the OH bonding. The full width half maximum 

(FWHM) of the peak at about 1637 cm-1  is  about  666 cm-1wide  suggesting  the  

scattering  of  the  phonons  over  a  broad region [225]. 

 Summarizing  the  above  mentioned  results  it  can  be  concluded  that  in    

one  way  or  other conjugation has begun in the nanotubes  at 200°C although there 

are still signatures of skeletal saccharide  structure .  Apart from this, appearance of 

G´ peak is indicative of formation of disordered graphitic region.  

FTIR  spectra  of  the  nanotubes  prepared  at  300°C  shows  considerable  

changes  in  the  chemical structure.  A  clear  indication  of  the  formation  of  the  

graphitic  region  may  be  obvious  by  the appearance  of  peak  at  a  frequency  of  

about  850 cm-1 representing  A2u symmetry  of  graphite mode. A red shift of the 

peak from 1547 to 1530 cm-1 may imply the increase in the conjugation and 

aromatization. There are also some weak signatures of alkenes (C=C=C) and (C≡C) 

alkynes.  

Peaks at  3000-3100 cm-1 supports the formation of aromatic structures .The 

peak temperature of the major weight loss region in TGA curve is also at about 300°C 

and hence the FTIR results for the formation  of  pyrazines  or  furans  type  structures  

at  this  temperature.  The  third  weight  loss regions overlaps  the  major  weight  loss  

regions  and  spans  up  to  500°C.  This shows the excessive formation and evolution 

of the volatile products occur in the range of 250°C to 500°C although above 300°C 
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considerably low weight is observed. That is why only the shifting of peaks towards 

lower frequency side is observed in the FTIR spectra above 300°C.  

Raman spectrum of the nanotubes obtained at 300°C also correlate with the 

FTIR spectrum and shows substantial changes in the structure. The  peak  

representing  the  saccharide  structure disappears  in  this  spectra  and  a  new  peak  

at  about  820  cm-1 appears,  which  may  imply  the appearance of out of plane 

phonons of the graphitic structure predicting the 2D graphitic layers.  

The  appearance  of  G-peak  at  1519  cm-1 represents  the  pure  graphitic  

structure,  although  the FWHM  is as  high as 619 cm-1. G´ peak still appears but the 

contribution of the peak at about 2400 cm-1   is very low, while the major contribution 

of transmission band at about 2018 cm-1 is obvious.    Stretching of -OH at 3700 cm-1 

also shows a diminishing trend. This implies that the structures of the nanotubes 

obtained at 300°C.  At  400 °C  the  peak  position  of  G –band  shifts towards higher  

frequency  side, which  may  imply the  formation of condensed graphitic structure 

while the FWHM of G-peak reduces to about 511 cm-1. Transmission band for G´ 

peak shows a red shift and appears at 1990 cm-1. Substantial transformation in the 

structure is observed in the sample prepared at 500°C. The peak at around 800 cm-1 

shows a large red shift of about 100 cm-1 and appears at about 700 cm-1.    Appearance 

of D-peak introduces the turbo-static graphitic region. 

 This region may be representative of the condensed fused aromatic rings of 

carbons. The blue shift of the G-peak at about 1587 cm-1 may represent the same 

situation. There is a drastic decrease noticed in the FWHM of the G-peak from 511 

cm-1 to 92 cm-1, which may imply  that  the  structure  is  mainly  composed  of  

aromatic  C=C  rings  with  some  heteroatom attached  giving  expression  of  fused  

aromatic  structure.  The  decrease  in  the  FWHM  of  oTO  phonon dispersion peak 

at about 700 cm-1  and that of D-peak indicates reduction in the defective portion in 

the sample prepared at 600°C, further decrease in FWHM of G-peak also support the 

same  supposition.  There  is  a  very  narrow  peak  with  a  FWHM  of  about  10  

cm-1  observed    at about  1700 cm-1 in    the  sample,  which  may  represent  the  

presence  of  C=O  in  the sample conversely this may imply the artifact in the 

measurement otherwise. 
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5.5 Conclusions  

Irradiated  chitosan  has  been  successfully  used  to  synthesize  the  carbon  

nanowires/nanotubes through  the  facile  template  assisting  technique.  By 

irradiation molecular weight of the chitosan was reduced, which helped in easy 

infilteration of the precursor polymer into the alumite pores. Carbon 

nanotubes/nanowires at temperature of 250°C, 300°C, 400°C, 500°C and 600°C have 

been made. Three stage weight losses have been observed at temperature 258°C, 312 

°C and 446 °C. Weight loss has been observed up to 875 °C. The degradation resulted 

in major structural and morphological changes. At a temperature of 250°C nanotubes 

have been observed having signature of poly saccharide structure with some initiation 

of the graphitic structure. At 300°C degradation resulted in considerable chemical 

changes by the formation of graphitic regions. Saccharide structures collapsed at this 

temperature and excessive conjugation has been observed.  Degrees of graphitization 

have been found temperature reliant. At  low  temperatures  polymeric  nanotubes  

with saccharide  structures  have been  synthesized  while  at  each  increasing  

temperature the  degree  of  graphitization  has  been increased gradually converting 

the amorphous graphitic regions into crystalline graphitic regions with a portion of 

inter-crystalline regions near the boundaries. Pyrolysis processes at 500°C and 600°C 

introduced some turbostatic graphitic region apart from the pure graphitic region, 

which might be due the hetroatomes attached to the boundaries of the graphitic region 

giving the expression of fused aromatic structure.  



 

 

 

Chapter 6 

6.1 Conclusions and Future Work Recommendations  

6.1.1 Conclusions 

1. Characterization of the pyrolyzed PVA nanowires confirmed that the 

chemistry of nanowires was found to vary with the decomposition 

temperature. Successful formation of nanowires was confirmed by scanning 

electron microscopy (SEM), which showed that the nanowires were formed at 

temperatures as low as 300oC. The nanowires formed at temperatures of up to 

600oC were quite rigid, while those synthesized at 700oC were flexible. A 

further increase in temperature resulted in fragmented and rigid nanowires.  

TGA showed four major weight loss regions depicting sequential 

change in structure of nanowires with increase in temperature, thus giving 

different functionality of nanowires prepared at different temperatures. 

FTIR confirmed the formation of aromatic structure at a temperature of 

300°C depicting the degradation of PVA back bone with diminishing of finger 

prints of the polymer. At temperatures of 300 °C, olefinic and different cyclic 

structures along with a certain degree of delocalized/random conjugation in 

the structure appeared.  

Raman spectra showed a G-peak corresponding to the formation of 

graphitic structure at all carbonizing temperatures from 300oC to 900oC. 

Along with this the appearance of D-peak indicated the transformation of 

disordered regions around the boundary of crystalline regions. It may be due 

to the formation of nano-crystalline carbon / small clusters in the nanowires. 

The varying degree of broadness of D-peak might be regarded as to be related 

with the presence of the stresses at the surface and different chemistry at each 

stage of the carbonization temperature. 
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2. Polyvinyl chloride was used as the second precursor for the synthesis of 

carbon nanowires/nanotubes. Infiltration and then carbonization of the 

precursor was done at different temperatures, i.e., at 200°C, 300°C, 400°C and 

600°C.  

From TGA results, PVC was found to have undergone three different 

degradation stages resulting in excessive weight loss of about 45 % in the first 

stage and about 10% in the second one. Both of these stages were attributed to 

the removal of chlorine. Third stage was assigned to the evolution of light 

weight hydrocarbons and it contributed about 20 % in weight loss. The 

sequential weight loss with increase in temperature resulted in the gradual 

morphological and chemical changes and transformation of the precursor 

material into nanofibers and nanotubes. 

SEM micrographs showed an early formation of a nano-fibrous 

material at a temperature as low as 200oC depicting the successful infiltration 

of the pitch material into the alumite template. At a temperature of 300 °C, the 

nano-fibers transformed into tubular structures. The SEM at 400°C showed the 

persistency of the tubular structure, while at 600oC, the tubular structure again 

transformed into nano-fibrous / nanowire-like structure. The nanotubes / 

nanowires showed a brush-like morphology.  However the length of the 

nanowires / nanotubes at 600oC seemed to be shorter than those obtained at 

200oC. This might be due to the breakage of the nanotubes or the sluggishness 

of the material in the pore structure or due to the formation of the rigid 

nanostructures. 

 FTIR results showed complete removal of the chlorine from the 

nanostructures at 300°C, however the aromatic structures formation was 

observed event at 100°C. Major changes due to heavy weight loss at 300 °C 

resulted in excessive conjugation in the structure. It might be implied that 

carbonization temperature of 300°C is the transition temperature. The material 

restructured at 400°C showing new peaks related to the alkenes and alkynes 

group formation with a sharply pronounced peak at about 1532 cm-1. No 

obvious changes were observed in the FTIR spectra at 600°C. 
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At 300oC, two types of graphitic regions were depicted by Raman 

spectroscopy, i.e., a highly ordered portion of graphite and another one with 

some intermediate structure. The ordered graphitic structure was demonstrated 

by the appearance of G peak at about 1586 cm-1, while the intermediate 

structure was portrayed by a peak at about 1786 cm-1.  The appearance of oTO 

peak at 872 cm-1 in Raman spectrum at 300oC confirmed the formation of 

nanotubes. An improvement in the homogeneity of the structure was escorted 

by the degradation reaction at 300oC, as is evidenced by a sharp decrease in 

FWHM of oTO and G-peaks. Carbonization at 400oC resulted in a decrease in 

FWHM of G-peak in Raman spectroscopy predicting an enhancement of 

homogeneity accompanied by a decrease in FWHM of oTO  peak suggesting a 

decrease in the diameter of the nanotubes. A further increase in pyrolysis 

temperature to 600oC substituted carbon nanotubes to nanowires. It was 

attributed to the shrinkage of carbon nanotubes into nanowires. 

3. Pyrolysis of irradiated chitosan nanowires was done at 250°C, 300°C, 400°C, 

500°C and 600°C. Reduction of molecular weight of chitosan due to 

irradiation helped in its infiltration into the nanopores of the alumite template. 

Three significant weight loss regions were observed in TGA at temperatures 

of 258°C, 312°C and 446°C. The loss of weight was observed up to 875°C. 

These degradations resulted in major changes in chemical as well as 

morphological structure of the nanotubes /nanowires. The nanostructures 

obtained at 250°C were composed mainly of saccharide structure. Significant 

changes in the chemical composition were noticed at 300°C due to the collapse 

of saccharide structure and formation of conjugation resulting in the formation of 

small graphitic regions. In the temperature range of 250°C to 500°C, 

considerable formation and evolution of the volatile products took place. At 

400°C formation of condensed graphitic structure was observed.  

Increase in pyrolysis temperature resulted in increase in the degree of 

graphitization. At boundaries of the graphitic crystallites formation of the turbo-

static region was formed in the samples prepared at 500°C and 600°C. 
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6.1.2 Recommendations for Future Work 

Synthesis of the nanostructures using template assisted technique playing with 

different polymer precursors at different temperatures has been done in depth. The 

synthesized nanostructures has been interestingly achieved with different degree of 

functionality, application of these nano structures in developing toxic gas sensors 

could be found a promising area of research. The production of alumina in bulk is the 

pre-requisite to produce large amount of nanostructure in less time. In addition in-situ 

study of the sample regarding the functional groups may lead to the synthesis of the 

nanostructures of the desired chemical functionality, which could in-turn widen the 

applications. Hence in this, author’s opinion, applications of these nanostructures 

should be the spotlight area of future research work 

.
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