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ABSTRACT 

Polyaniline salts (PANI-ES) were synthesized by chemical and electrochemical oxidation using 

primary dopants such as HCL, HNO3, H2SO4 and CH3COOH and the aniline as the monomer.  

All the synthesized PANI have resulted in emeraldine salts form as indicated by dark green 

colour of the salts. Various characterization techniques employed were UV-Visible spectroscopy, 

FT-IR and Cyclic voltammetery studies. All these techniques confirm the various properties of 

PANI. The characteristic bands in UV-Visible spectra of the samples indicate that effective 

doping has occurred in the synthesized polymer.  Quinoid and benzenoid peaks at 1553-1596 cm-

1 and 1437 – 1496 cm-1 respectively were observed in all the samples. The band gaps for all the 

samples, both bulk and thin film, were obtained using the absorption spectra and Stern relation. 

PANI-H2SO4 had the least band gap for both bulk and thin film samples whereas PANI-

CH3COOH had the highest band gap.  The voltammogram showed the various oxidation states 

during the electrochemical deposition at potential of 0.8 V. Four probe method was used to study 

the conductivity of both thin and bulk samples.  The conductivity values for PANI-H2SO4 were 

found to be highest i.e. 1.183 S.cm−1 and 3.424 S.cm−1 for bulk and thin film respectively. 
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CHAPTER ONE 

INTRODUCTION 

Polymers are a class of materials that are important to our everyday life. Cabinets, plastic cutlery 

and latex paints are examples of polymers that are used every day. They are giant molecules of 

high molecular weight which are built up by linking together large numbers of smaller molecules 

called monomers. The reaction by which the monomers combine to form a huge polymer is known 

as polymerization (Gowariker et al., 1986). Traditionally polymers were thought of as insulators 

when it comes to its applications in electronics. In the mid-19th century scientist conducted 

research into some organic based polymers for their application in electronics (Inzelt, 2008). In the 

case of polypyrrole it was observed that it had resistivity as low as 1 ohm/cm (Bolto et al., 1963). 

(Songxi, 2012) cites multiple reports of similar high conductivity oxidized polyacetylenes. 

DeSurville and coworkers reported high conductivity in polyaniline (De Surville et al., 1968). In 

1980, Diaz and Logan also reported films of polyaniline that can serve as electrodes (Diaz et al., 

1980). Hideki Shirikawa, Alan MacDiarmid and Alan J. Heeger in 1977 published a paper on the 

high conductivity in oxidized iondine-doped polyacetylene (Shirikawa et al., 1977). They were 

awarded the 2000 Nobel Prize in Chemistry for the discovery and development of conductive 

polymers (Natarajah, 2012). 

Lightfoot’s studies on the oxidation of aniline in 1860s led to the discovery of polyaniline 

(MacDiarmid, 2001). The first definitive report of polyaniline did not occur until 1862, which 

included an electrochemical method for the determination of small quantities of aniline (Letheby, 

1862). Only since the early 1980s has polyaniline captured the intense attention of the scientific 

community. This interest is due to the rediscovery of high electrical conductivity. Amongst the 

family of conducting polymers and organic semiconductors, polyaniline has many attractive 
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processing properties (Pandya, 2016). Polyaniline (PANI) is one of the most studied conjugated 

polymers due to its widely tunable electrical conductivity (Cao et al., 1992) and environmental 

stability (Rannou and Nechtschein, 1997, DeLongchamp and Hammond, 2001). PANI can be 

readily synthesized from commercially available starting materials under mild conditions by 

oxidation methods (Masters et al., 1991), (Wei et al., 1989). Polyaniline remains one of the most 

interesting materials due to its unique conduction mechanism and good environmental stability in 

the presence of oxygen and water (Kumar et. al.,1997).  

           Structure of PANI 

 

Polyaniline is obtained from the monomer aniline. Aniline is an organic compound with the 

formula C6 H5 NH2. Consisting of a phenyl group attached to an amino group, aniline is the 

prototypical aromatic amine. Its main use is in the manufacture of precursors to polyurethane and 

other industrial chemicals. Like most volatile amines, it has the odor of rotten fish. It ignites 

readily, burning with a smoky flame characteristic of aromatic compounds (Kahl et al., 2000). 

Aniline is a planar molecule. The amine is nearly planar owing to conjugation of the lone pair 

with the aryl substituent. 

 

                                           Figure 1.1: Aniline Monomer 
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The C-N distance is correspondingly shorter. In aniline, the C-N and C-C distances are 

close to 1.39 Å, indicating the π-bonding between N and C. Polyaniline has a rather 

unique polymeric structure which is mainly composed of sequentially alternating benzene 

rings and nitrogen atoms (Skotheim, 1997). The existence of nitrogen atoms as imine (in 

sp2 hybridized state) or amine (in sp3 hybridized state) forms, and their relative 

proportion in the overall polymer backbone chain determines the resulting structure and 

the different properties of polyaniline. 

Figure 1.2: Generalised Structure of Polyaniline. 

Polyaniline consists of monomer units built from reduced (y) and oxidized (1-y) blocks: 

where 0 ≤ y ≤ 1. The redox state of the polymer is determined by the value of y, which 

may vary continuously from zero to unity. At y = 0.5, polyaniline occurs in the form of 

emeraldine, y = 0 corresponds to the fully oxidized form, permigraniline, while y = 1 

corresponds to the fully reduced form, leucoemeraldine. Permigraniline and emeraldine 

may occur as either salts or bases. PANI has different forms with different colors, 

stabilities, and conductivities. Leucoemeraldine is a pale brown substance characterized 

by an absorption band at 343 nm (in Nmethylpyrrolidone) (Masters et al., 1991). The 

conducting form of polyaniline is emeraldine-salt (ES). The emeraldine base (EB) can be 

converted to ES by protonic acid doping or oxidative doping with aqueous acid. This 
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process is reversible and that makes polyaniline unique among the class of conducting 

polymers. 

 

Figure 1.3: The Different forms of PANI 
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OBJECTIVES OF THE PROJECT WORK 

The main objectives of this thesis are to synthesize and study the properties of polyaniline 

(PANI). In this direction the following specific objectives have been achieved: 

1. Synthesize (PANI) using four different dopants Hydrochloric acid (HCl) Sulfuric 

acid (H2SO4 ), Nitric acid (HNO3 ) and Acetic acid (CH3COOH) by chemical 

oxidative method. 

2. Prepare thin films of polyaniline (PANI) by electrochemical oxidation 

polymerization technique. 

3. Characterize the samples prepared using FTIR spectra to determine the functional 

groups and the dominant spectral peaks peculiar to PANI 

4. Use UV-Vis spectrophotometer to determine some  absorption peaks and also to 

determine Eg values 

5. To use cyclic voltammetry to observe the various oxidation states during the 

deposition of PANI onto ITO glass. 

6. Measure the conductivity of the synthesized conducting polymer.    

 

REASONS FOR STUDYING THE EFFECT OF DOPANT ON THE PROPERTIES OF 

POLYANILINE 

The processability, conductivity and stability are major requirements of any polymer for 

technological application (Chauhan et al., 2010). Modifications of the oxidation state, dopant and 

polymerization conditions are means of optimizing the processability, conductivity and stability of 
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PANI for technological application. Researchers are interested in improving properties such as the 

electrical conductivity of PANI through the choice of appropriate dopants (Alesary et al., 2018). 

The ease of processability and electrical characteristics of polyaniline is why it has gained much 

attention among the other class of conducting polymers. Dopants create charge carriers in a 

conducting polymer which is responsible for the conductivity of the conducting polymer (Atassi et 

al., 2008). A study on the effects of primary dopants on the properties of Polyaniline will help in 

the determination of the most appropriate dopant for electrical and optical applications of the 

material.  

JUSTIFICATION OF THE PROJECT 

Although dopants have profound effect on the properties of PANI comparative study on the effects 

of dopant is relatively less (Sinha et al., 2008). The formation of charge carriers responsible for the 

conductivity of the materials is mostly achieved by the dopant. It is therefore essential to consider 

the type of dopant most appropriate in the synthesis of PANI and its influence in the conductivity 

of the material for technological applications. Some comparative study on the effect of different 

dopants (HCl and some organic acids) on the properties of PANI showed that the properties of 

doped PANI were function of the type of dopant (Sinha et al., 2009). To study the effect of 

primary acids as dopants on the properties of polyaniline will be an addition to the knowledge we 

have about the material. 
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STRUCTURE OF THE THESIS 

The thesis is in fix chapters: Chapter one gives an introduction to polymers and how there has been 

a shift from using polymers as insulators for electronic applications to them becoming essential in 

the semiconductor world. In this chapter also polyaniline is introduced and its uniqueness among 

the other class of conducting polymers is pointed out. The chapter also talks about the objectives 

for this work, reasons for interest in the effect of dopants on the properties of polyaniline and 

justification for the work is also given. The second chapter deals with the literature review, 

experimental techniques and relevant theory governing the work; conducting polymers, theory of 

conduction in conducting polymers, conduction mechanism in polyaniline and characterisation 

approaches to understanding the properties of polyaniline. The chapter three covers the methods 

and materials used in this project. The results in figures are represented and discussed in chapter 

four. Conclusion to the entire work and recommendations are presented in chapter five. There is an 

appendix at the end of the references.  
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CHAPTER iTWO 

LITERATURE iREVIEW 

2.1 iCONDUCTING iPOLYMERS  

Conductive ipolymers iare iorganic ipolymers ithat iconduct ielectricity i(Inzelt, i2008). iIn igeneral, 

iconducting ipolymers iinclude ielectronically iconducting ipolymers iand iionically iconducting 

ipolymers. iIonically iconducting ipolymers iare iusually icalled ipolymer ielectrolytes. iElectronically 

iconducting ipolymers ican ialso iinclude iconjugated iconducting ipolymers iand ithe iinsulating 

ipolymers iblending iwith iconducting imaterials i(Li iet ial., i2015). iThese icompounds ican ibe 

isemiconductors. iThe iadvantage iconductive ipolymers ihave iis itheir iprocessability. iThey ican ioffer 

ihigh ielectrical iconductivity ibut ido inot ishow isimilar imechanical iproperties icompared ito iother 

icommercially iavailable ipolymers. iThe ielectrical iproperties ican ibe ifine-tuned iusing ithe imethods 

iof iorganic isynthesis i(Naarmann, i2000) iand iby iadvanced idispersion itechniques i(Kasai iet ial., 

i2000). iMost iorganic ipolymers iwere icommonly iregarded ias ielectrical iinsulators iby inature. 

 

The ifirst ipolymer iwith isignificant iconductivity isynthesized iwas ipolyacetylene ifrom iacetylene 

ipolyethene, ias ithe imonomer. iIts ielectrical iconductivity iwas idiscovered iby iHideki iShirakawa, 

iAlan iHeeger, iand iAlan iMacDiarmid iwho ireceived ithe iNobel iPrize iin iChemistry iin i2000 ifor ithis 

idiscovery. iThey isynthesized ithis ipolymer ifor ithe ifirst itime iin ithe iyear i1974 iwhen ithey iprepared 

ipolyacetylene ias ia isilvery ifilm ifrom iacetylene, iusing ia iZiegler-Natta icatalyst. iDespite iits imetallic 

iappearance, ithe ifirst iattempt idid inot iyield ia ivery iconductive ipolymer. iHowever, ithree iyears ilater, 

ithey idiscovered ithat ioxidation iwith ihalogen ivapor iproduces ia imuch imore iconductive 

ipolyacetylene ifilm iShirakawa iet ial. i(1977). iConducting ipolymers iare iorganic ipolymers ithat 
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iconduct ielectricity. i iThey ican iact ias isemiconductors ior iconductors. iThese ipolymers iare 

iconjugated. i 

 

Conjugated ipolymers iare icharacterized iby ia ibackbone ichain iof ialternating idouble iand isingle 

ibonds. iTheir ioverlapping ip-orbitals icreate ia isystem iof idelocalized iπ i-electrons, iwhich ican iresult 

iin iinteresting iand iuseful ioptical iand ielectronic iproperties. iThe ielectrical iconductivity iof ithese 

ipolymers iis ibased ion ithe ipresence iof iconjugated idouble ibonds ialong ithe ipolymer ibackbone. iThe 

istrong ichemical ibonds ibetween ithe icarbon iatoms iare ithe iso-called ilocalized iσ ibonds iwhereas ithe 

idouble ibonds iprovide iweaker iand iless istrongly ilocalized iπ ibonds. iHowever, ithe iinherent 

iconductivity iof ithese ipolymers iis irather ilow. iThe istructure iof iconducting ipolymers iis iusually 

icomposed iof iC, iH iand iheteroatoms ilike iNitrogen i(N) ior ioxygen i(O) iwithin ia iπ iconjugated isystem 

i(Hutchison iet ial., i2003). 

 

Delocalized iπ ielectrons ioriginate ifrom ione iunpaired ielectron iper icarbon iatom iin icontrary ito 

isaturated ipolymers iwhere iall ifour ivalence ielectrons iare iused ito iconstitute icovalent ichemical 

ibonds. iWhat iall iconducting ipolymers ihave iin icommon iis ia ihigh iπ ielectron ioverlap ialong ithe 

ipolymer ichain iwhich ifacilitates ithe ipossibility iof ifast ielectron itransfer. iIn ispite iof ithat ifact, 

idelocalization iof iπ ielectrons ialong ithe ipolymer ibackbone iitself iis inot isufficient ito iobtain ihigh 

iconductivities iand ia iprocess icalled idoping iis ineeded. iOnly iwhen ian ielectron iis iremoved ifrom ithe 

ivalence iband iby ioxidation i(p-doping) ior iadded ito ithe iconducting iband iby ireduction i(n-doping) 

ithen ithe ipolymer ibecome ihighly iconductive. iThrough isuch ia idoping iprocess, icharge idefects 

i(polaron, ibipolaron iand isoliton) iare icreated ithat ican itravel ithrough ithe ibackbone iof ithe ipolymer. 
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Charge idefects iconceptually iare inot ireal iparticles, ilike ielectrons iand iholes, iand ithat iis iwhy ithey 

iare ireferred ito ias iquasi-particles. iConcerning itheir itransport ialong ithe ipolymer ibackbone, ithe 

ipolarons iand ibi-polarons iare idistortions iintroduced iinto ithe istructure iof ithe ipolymer ias ia iresult iof 

i‘relaxation’ ioccurring iin ithe ipolymer ias ia iresult iof ithe ipolymer isystem i‘trying ito iadjust ifor ithe 

ipresence ior iintroduction iof ian ielectric icharge ionto ithe ipolymer. iUnder iapplied ielectric ifield, ithese 

idistortions, ialong iwith ithe iassociated icharge i(constituting ia icharged idefect), iare iconsidered ito 

ipropagate ialong ithe ipolymer ibackbone. iElectronically, ieach icharged idefect ihas iassociated iwith iit, 

ian ienergy ilevel iin ithe ienergy igap iand iso iconduction iconsists iof itransitions ibetween ithese ienergy 

ilevels. iAs idoping ilevels iincrease, imore iand imore iof ithese ienergy ilevels iare iformed iin ithe ienergy 

igap, iwhich ieventually idevelop iinto ia iband, iso ithat ithe iconductivity iof ithe idoped ipolymer ireaches 

imetallic ilevels iof iconduction ias itransition ibetween ithe ienergy ilevels iwithin ithe iband ibecomes 

ialmost icontinuous, ilike ioccurs iin imetals. i 

 

Solitons imay ibe iconsidered iin ithe isame ilight, iconceptually, ibut ithey iare iexclusively iformed iin 

idegenerate iconducting ipolymers, ilike ipolyacetylene, iand iare iformed ias ia ineutral idefect iat ia ipoint 

iin ithe ipolymer, iwhere ithe iorder iof ithe idouble-bond iis ireversed. iIt ias ia ilocalized ienergy ilevel 

iassociated iwith iit i(and iso iare iits icharged iforms), iright iin ithe imiddle iof ithe ienergy igap. iJust ias ifor 

ithe ipolarons iand ibipolarons, ialso iform ibands iwith iincreased idoping, iand ithat iis iwhy iconductivity 

iin ipolyacetylene iis ion irecord ias ihaving ireached imetallic ilevels iof iapproximately, i105
 iS/cm. iSo, 

ithe iidea iof ithese idefects itravelling iin ithe iconduction iband iis ia ilittle icontroversial. iThere iare iother 

imodels iof iconduction iin idoped iconducting ipolymers, ilike ithe ipercolation itheory iand ithe iMott 

iVariable iRange iHopping. iUnlike ithe icase iof itraditional isemiconductors iwhere ithe idoping ilevels 
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iare ivery ihigh, ifor iexample, iabout i1 idopant iatom ifor ievery i1010
 isemiconductor iatoms, iin ithe icase 

iof iorganic iconducting ipolymer idoping, iabout i10% idoping ilevel ican iproduce ivery iappreciably 

ihigh iconductivity. iFor idoped iconducting ipolymers, ithe ifield iof ithe icounterions idoes inot iproduce 

iany inet iflow iof icurrent iand iso iadd inothing ito ithe iconduction iin ithe ipolymer i(Dissado iet ial., i1992). 

 

Polythiophene i(PT), ipolyaniline i(PANI), ipoly i(3,4-ethylenedioxythiophene) i(PEDOT), 

ipoly(phenylene ivinylene) i(PPV), ipoly(p-phenylene ivinylene) i(PPV iand ipolypyrrole i(PPY) iare 

iconjugate ipolymers iof igreat iinterest. iThis iis ibecause iof itheir iexcellent ichemical iand 

ielectrochemical istability. iThey iare ieasy ito iprepare iin ithe iform iof ilarge iarea ithin ifilms iand ican 

istore icharge ithroughout itheir ientire ivolume. iPPY iand iPANI ican ibe iformed ichemically ior 

ielectrochemically ithrough ioxidative ipolymerization iof ipyrrole iand ianiline imonomers, ithe ifinal 

iform iof iPPY iand iPANI iare ithose iof ia ilong-conjugated ibackbone. 

 

2.2 i i iTHEORY iOF iELECTRICAL iCONDUCTION iIN iCONDUCTING iPOLYMERS 

 

The ielectronic iconducting iproperty iand iconduction imechanism iof iconducting ipolymers i(CPs) 

ihave ibeen ithe imajor iinspiration ifor istudies iby iresearchers iwith iinterest iin ithe ifield i(Poyraz, i2010). 

iThis isignificant iproperty iof iCPs ican ibe iexplained iusing ithe iband igap imodel. i 

2.2.1 Band iTheory ias ia iFunction iof iApplication iof imolecular iorbital iTheory 

The iband itheory ioriginates ifrom ithe iformation iof ienergy ibands iin imaterials ifrom idiscrete ienergy 

ilevels ifound iin isingle iatom isystem. iThe ichemical iapproach ito iband itheory iis ito irelate iit ito 

imolecular iorbital itheory. iIn imolecular iorbital itheory, iusing iH1 iand iH2 ihydrogen iatoms ias ian 
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iexample i(Fig i1.4), imolecular iorbital ifrom iH1 iatom ican ioverlap iwith ia imolecular iorbital iof iH2 

iatom, iresulting iin ithe iformation iof itwo imolecular iorbitals iknown ias ithe ibonding i(corresponding 

ito ithe ivalence iband) iand iantibonding i(corresponding ito ithe iconduction) imolecular iorbitals i(Peter 

iAtkins, i2017). These are delocalized over both atoms, and the bonding molecular orbital possess 

lower energy than the H1 and H2 atomic orbital, while the antibonding molecular orbital has 

higher energy. The energy band that results from the bonding orbitals of a molecule is known as 

the valence band, while the conduction band is due to the antibonding orbitals of the molecule. 

The width of individual bands across the range of energy levels is called band width (Molapo et 

al., 2012)S 

 

Figure i2.1 iMolecular iorbitals iin ia idiatomic imolecule. 
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The ivalence iband i(VB) irepresents ithe ihighest ioccupied imolecular iorbital i(HOMO) iand ithe 

iconduction iband i(CB) irepresents ithe ilowest iunoccupied imolecular iorbital i(LUMO). iThe igap 

ibetween ithe ihighest ifilled ienergy ilevel iand ilowest iunfilled ienergy ilevel iis icalled iband igap i(Eg). 

iThese iare idelocalized iover iboth iatoms, iand ithe ibonding imolecular iorbital ipossess ilower ienergy 

ithan ithe iH1 iand iH2 iatomic iorbital, iwhile ithe iantibonding imolecular iorbital ihas ihigher ienergy. iThe 

ienergy iband ithat iresults ifrom ithe ibonding iorbitals iof ia imolecule iis iknown ias ithe ivalence iband, 

iwhile ithe iconduction iband iis ibecause iof ithe iantibonding iorbitals iof ithe imolecule. iThe iwidth iof 

iindividual ibands iacross ithe irange iof ienergy ilevels iis icalled iband iwidth. iThe ivalence iband i(VB) 

irepresents ithe ihighest ioccupied imolecular iorbital i(HOMO) iand ithe iconduction iband i(CB) 

irepresents ithe ilowest iunoccupied imolecular iorbital i(LUMO). iThe igap ibetween ithe ihighest ifilled 

ienergy ilevel iand ilowest iunfilled ienergy ilevel iis icalled iband igap i(Eg). iThis iband igap irepresents ia 

irange iof ienergies iwhich iis inot iavailable ito ielectrons, iand ithis igap iis iknown ivariously ias i‘the 

ifundamental ienergy igap’, ithe i‘band igap’, ithe i‘energy igap’, ior ithe i‘forbidden igap. iThe ilevel iof 

ielectrons iin ia isystem iwhich iis ireached iat iabsolute izero iis icalled ithe iFermi ilevel i(Fg) i(Daintith iand 

iMartin, i2010). iIt ihas ibeen idemonstrated ithat iin iorder ito iallow ithe iformation iof idelocalized 

ielectronic istates, iCPs imolecular iarrangement imust ibe iconjugated. iThe idelocalization iof ithe 

ielectronic istates irelies ion ithe iresonance istabilized istructure iof ithe ipolymer. iThe isize iof ithe ienergy 

iband igap idepends ion ithe iextent iof idelocalization iand ithe ialternation iof idouble iand isingle ibonds 

i(Cheng iet ial., i2009). iMoreover, ithe isize iof ithe ienergy iband igap iwill idetermine iwhether ithe iCP iis 

imetal, isemiconductor ior iinsulator. i 

2.2.2 CONDUCTION iMECHANISM iIN iPOLYANILINE 

The ielectrical iconductivity iof ia imaterial iis imainly idetermined iby iits ielectronic istructure. i(Le iet ial., 

i2017). iThe iprimary irequirement ifor ia ipolymer ito ibe iconductive iis ithat iit imust ihave ia iconjugation 

iin ithe ichain ibackbone ifor ieasy imovement iof icharge icarriers iFor iPANI ithere iare isingle iand idouble 

ibonds ithat imakes iit ia iconjugated ipolymer ibut ithat idoes inot imake ithe ipolymer iconductive iunless 

iintrinsic icharge icarriers iare ideveloped. iOnce ithe icharge icarriers iare igenerated, ithe iband igap iis 

ireduced iand ithe isystem ibecomes iconductive. iThis iis ibecause ithe icharge icarriers iare iprovided iwith 
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iextrinsic icharge itransfer iprocess i(partially ioxidation ior ipartially ireduction iwith iappropriate 

iagents). iThis iprocess iin iconducting ipolymers iis inow ias idoping. i 

Doping iof ipolymers imay ibe idone iwith iseveral itechniques isuch ias i 

(a) Gaseous idoping i 

(b) Solution idoping i 

(c) Electrochemical idoping i 

(d) Self-doping i 

(e) Radiation idoping i 

Unlike imetals iwhere ithere iare ifree ispins ifor iits icharge icarriers iregarding itheir iconductivity, 

iconducting ipolymers ias istated iearlier ihave icharge icarriers iwithout ifree ispins. iDuring idonor ior 

iacceptor imolecule ito ia iconjugated ipolymer ithe ireaction iwhich itakes iplace iis ia iredox ireaction. 

iThis iis iquite idifferent ifrom ithe idoping iof imetals isuch ias isilicon iand igermanium iwhere 

isubstitution iof iatoms itakes iplace iin ithe ilattice. iDoping iin iconducting ipolymers ilike iPANI 

iinvolves ithe iformation iof ipolymer isalt iand ithis ihappens ieither iby iexposing ithe ipolymer ito ithe 

idopant iin ia isolution ior iby ielectrochemical iprocess. iThe ireaction iis igiven ibelow: 

 

Where iP irepresents ia isection iof ithe ipolymer ichain. iFirst ia ication ior ianion iradical iis icreated iand 

ithis iis icalled ia isoliton ior ipolaron. iIn ithe icase iof iPANI ithe iradical icreated iis ia ipolaron. iThis iis 
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ifollowed iby ia isecond ielectron itransfer iwith ithe iformation iof ia idication ior idianion iknown ias 

ibipolaron. iThe ipolarons iand ibipolarons iare imobile iunder ithe iinfluence iof ielectric ifield iand ican 

itransport ialong ithe ichain. iThe iconduction imechanism iis iknown ito iinvolve ipolaronic icarriers 

i(protonated iemeraldine iwhich iconsist iof ia idelocalized ipoly i(semiquioione iradical ication)). i iThe 

ibasic iform iof ipolyaniline i(A) icontains ibenzenoid iand iquinoid irings iin ithe iratio iof i3:1. iThis iis 

idiamagnetic iand iinsulating iand iits iparamagnetic icenters iand iconductivity iappear iafter idoping. 

iDoping iresults iin ithe iappearance iof ipositively icharged iparamagnetic ipolarons iand idiamagnetic 

ibipolarons itwo ipolarons i(C) ican irecombine ito iform ione ibipolaron i(B). iConductivity ican ibe ias 

iresults iof imotions iof iboth ipolarons iand ibipolarons i(Kulikov iet ial., i2002). iBipolarons iprevail iin 

ipolyaniline isalt inevertheless iconductivity ioccurs imainly ithrough ijumps iof ipolarons iboth ialong 

ithe ipolymeric ichain iand ibetween ithe ichains. i 

Figure i2.2 iDifferent iforms iof iPANI iwith iPolarons iand iBipolarons 

The ipresence iof initrogen iin ithe iconjugated ipath iof iPANI ichain iprovides ia iway ito idope iPANI 

ithrough inon-redox iroutes iand ithis ihas isignificant iinfluence ion ithe inature iof iquasi-particles 
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iwhich iare iresponsible ifor icharge itransport. iOxidative idoping ican ibe icarried iout iby ireacting 

iPANI iwith ian iacid i(nitric iacid i(HNO3), ihydrochloric iacid i(HCl), iSulfuric iacid i(H2SO4)) iand 

iothers ithat itend ito ipull iout ilone-pair iof ielectrons ifrom ithe idouble-bonded iimine iN iatoms iand 

ithereby icreating ivacancies iin ithe iπ-electron icloud i(34-37). iThis iconverts ithe iimine isites ito 

iiminium i(an iimine iwith ipositive icharge) isites. iPANI ican ialso ibe idoped iwith iorganic idopants 

isuch ias iacetic iacid i(CH3COOH), icamphor isulfuric iacid i(CSA) ietc. iThe idoped isamples ican ialso 

ibe ielectrically inuetralised ior idedoped. iThis iprocess iis ireversible ias idoping ior idedoping iof iPANI 

iis idone iby iexposing ithe ipolymer ito iacid iand ibase irespectively. iThe ielectronic istate iof ican ialso ibe 

ialtered ivia ielectrochemical idiffusion iof idopant iions iin ithe ipolymer. iThis iis idone iby iapplying ia 

iproper ivoltage ibetween itwo ielectrodes ithrough ia ipotential iloading idevice ito icause ia ireverse 

ielectrode ireaction iin ithe ielectrolyte isolution. i 

 

 

2.3 iEXPERIMENTAL iTECHNIQUES 

2.3.1 iSynthesis iof ipolyaniline i(PANI) 

Polyanilines iare iprobably ithe imost irapidly igrowing iclass iof iconducting ipolymers ias ican ibe 

iseen ifrom ithe inumber iof ipapers iand ipatents i(1237) ipublished iduring ithe ilast ifive iyears, i2 i) 

iviz., i1986 i(108); i1987 i(221); i1988 i(236); i1989 i(383); i1990 ito iJune i3, i1991 i(289). iThese 

ifigures iare idue iin ilarge ipart ito ithe ivery iconsiderable iindustrial iinterest iin ithe ipolyaniline 

i(MacDiarmid iet ial., i1987). 

Oxidation iof ianiline iis ithe imost iwidely iemployed isynthetic iroute ito ipolyaniline i(Boeva iet 

ial.,2014). iPolyaniline ihas ian iadded iadvantage iof ibeing ieasily isynthesized ior iprepared ifrom 
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icommon ichemicals isuch ias iHydrochloric iacid i(HCl) ior isulfuric iacid i(H2 iSO4) ibeing iused ias ia 

idopant ifor iinducing ithe iformation iof ian iemeraldine isalt i(ES) ithat ican ibe iperformed ivia ithe 

ichemical ior ielectrochemical ipolymerization iof ianiline iin ithe ipresence iof idopants i(acidic imedium) 

iwith ia ichemical ioxidizing iagents isuch ias iammoniumpersulfate. i 

Depending ion ithe isynthesis iprocedure; ithe itemperature iand itime iregimes; ithe itypes iof ioxidant, 

idopant, iand isolvent; ithe ivoltage iapplied ion ithe ielectrode; ietc., ipolyaniline ifeaturing idifferent 

iproperties inamely, ithe istructure, imorphology, iand iredox istate imay ibe iprepared i(Heeger, i2001). 

iAs istated iearlier ithe iemeraldine isalt i(ES) iis ithe imost iconducting iform iof iPANI. iThe iemeraldine 

ibase i(EB) ican ibe iconducting iwhen iprotonated iusing ithe iacidic imedium. iSimilarly, ithe iES ican ibe 

iconverted ito ibase i(suggestion: i‘base iform’) iby iadding iNH4OH isolution ito iit. iBulk isamples iof iPANI ican 

ibe iobtained iafter idrying ior iduring ithe ioxidation iprecipitation ias ifilms ion isubstrates, ias ilayers ion ia isupport. 

 

2.3.2 i i iChemical iOxidative iSynthesis 

Bulk isamples iof iPANI ican ibe iprepared iby iusing ithe ichemical ioxidative ipolymerization imethod. 

iFor ichemical ipolymerisation ito itake iplace imonomers ihave ito ibe ioxidized ito iinitiate ithe ireaction. 

iSynthesis iof iPANI iby ichemical ioxidation iway iinvolves ithe iuse iof ihydrochloric iacid, isulfuric iacid 

iand iother ikinds iof iacids iin ithe ipresence iof iammonium ipersulfate ias ithe ioxidizing iagent iin ithe 

iaqueous imedium. iAlso, iammonium iper isulphate ihappens ito ibe ithe icommonest ioxidant iused, ibut 

ithere iare iseveral iothers, iincluding isome ivery icommon iones, ilike ihydrogen iperoxide iand 

ipotassium iper isulphate. iThe imain ifunction iof ithe ioxidant iis ito iwithdraw ia iproton ifrom ian ianiline 

imolecule, iwithout iforming ia istrong ico-ordination ibond ieither iwith ithe isubstrate i/ iintermediate ior 

iwith ithe ifinal iproduct. iPolymer ichains iproceed iby ia iredox iprocess ibetween ithe igrowing ichain iand 

ianiline iwith iaddition iof imonomer ito ithe ichain iend. iThe ihigh iconcentration iof ia istrong ioxidant, 
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i(NH2)2S2O8, iat ithe iinitial istage iof ithe ipolymerization ienables ithe ifast ioxidation iof ioligomers iand 

ipolyaniline, ias iwell ias itheir iexistence iin ithe ioxidized iform i(Bavane, i2014). i 

Chemical isynthesis irequires ithree ireactants: ianiline, ian iacidic imedium i(inorganic ior iorganic) iand 

ian ioxidant. iThe imore ipopular isynthesis iis ito iuse i1 imol iaqueous iacid isolution, iammonium 

ipersulfate ias ioxidant iwith ian ioxidant/aniline imolar iconcentration iratio iof i≤ i1.15 iin iorder ito iobtain 

ihigh iconductivity iand ireduce iwastage iof imonomer i(Syed iet ial., i1991). iThe isolution itemperature 

imay ibe iset ibetween i0 iand i2◦C iin iorder ito ilimit isecondary ireactions. iThe iduration iof ithe ireaction 

ivaries igenerally ibetween i1 ihr iand i2 ihr. iThe iexperimental ipart iconsists iof iadding islowly i(drop iby 

idrop) ithe iaqueous iammonium ipersulfate isolution ito ithe ianiline/acid. iThe imixture iis istirred ifor 

iabout i1 ihr. iThe iobtained iprecipitate iis iremoved iby ifiltration iand iwashed irepeatedly iwith ithe 

iacidic imedium iand idried iunder ivacuum ifor i48 ihr. iThe iobtained imaterial iis ipolyemeraldine isalt: 

ipolyemeraldine ihydrochloride i(PANI-HCl). iTo iobtain ipolyemeraldine ibase, ipolyemeraldine 

ihydrochloride iis itreated iin ian iaqueous iin ieither ipotassium ihydroxide ior isodium ihydroxide 

isolution. iThe iobtained ipowder iis iwashed iand idried i(Bavane, i2014). 

 

2.3.4 Electrochemical iOxidative iSynthesis 

It iis ipossible ito isynthesize ipolyaniline iby ithe ielectrochemical ioxidation iof ianiline iin iaqueous 

iacidic imedia ion iconducting iglass ielectrodes i(e.g. iITO) ias ithin ifilms. iElectrochemical isynthesis 

iinvolves ioxidation ior ireduction iof ithe imonomer ispecies iin ielectrolyte isolutions ito iobtain iusually 

icompact ifilms idirectly ion ithe ielectrode i(Wagner, i2013). iIn imost iof ithe iapplications iof iconducting 

ipolymers, iit iis iessential ito isynthesize ipolymers ias ithin ifilms iof iwell-defined istructure. iFor 

ipreparation iof isuch ifilms, ielectrochemical isynthesis iis ia istandard imethod i(Bavane, i2014). iIt iis 

ibest ito iuse ithe ielectrochemical imethod ifor iconducting ipolymers iwhich iare inot iso ieasy ito iprocess 
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iusing ithe ichemical ioxidative imethod. iThe ielectrochemical isynthesis iof iconducting ipolymers iis 

isimilar ito ithe ielectrodeposition iof imetals ifrom ian ielectrolyte ibath; ithe ipolymer iis ideposited ion ithe 

ielectrode isurface iand ialso iin ithe iin-situ idoped iform. iThere iis ithe ithree-electrode isystem iand ithe 

itwo-electrode isystem. iThe ithree-electrode iset-up icomprises iof ia iworking ielectrode ion iwhich ithe 

ipolymer iis ideposited, ia icounter ielectrode iand ia ireference ielectrode. iThe imost icommon iworking 

ielectrode iis ia iplatinum ione, ibut iPANI idepositions ihave ialso ibeen imade ion iconducting iglass i(glass 

icovered iby iindium-doped itin ioxide i(ITO) ielectrode), iFe, iCu, iAu, igraphite, istainless isteel, ietc. 

i(Syed iet ial., i1991). iPANI ican ibe ithen ipeeled ioff ifrom ithe ielectrode isurface iby iimmersion iin ian 

iacidic isolution. iThe ielectrochemical isynthesis iis inormally icarried iout iin ia isingle icompartment 

icell. i 

 

 

Figure i2.3: iSchematic iset-up ifor ielectrochemical ideposition ion iITO iglass islide 



 

20 
 

The icell iconsists iof ithe ielectrodes, ielectrolyte iand ipower isupply. iElectrochemical ipolymerization 

ihas imany iadvantages iover ichemical isynthesis iof iPANI, isuch ias istrict icontrol iof ithe ioxidation 

ipotential iapplied iduring isynthesis iproviding ithe iunique iability ito imoderate ithe ipolymerization 

iinitiation iand itermination iprocesses i(Bhadra iet ial., i2007). iAlso, ithere iis icleanness ibecause ino 

iextraction ifrom ithe imonomer–solvent–oxidant imixture iis inecessary, idoping iand ithickness icontrol 

ivia ielectrode ipotential, isimultaneous isynthesis iand ideposition iof iPANI ithin ilayer. i 

 

There iare iother iadvantages ielectrochemical ioxidative imethod ihas iover ichemical ioxidative 

imethod. iThese iare: 

1. It iis isimple iand iless iexpensive itechnique. iTherefore, ielectrodeposition iof 

iconducting ipolymer ion iconducting iglass iis iextremely ieconomical. 

2. Unlike ichemical imethod, ithere iis ino ineed ifor icatalyst iand itherefore, ithe 

ielectrodeposited ipolymers iand ico-polymers iare iessentially ipure iand 

ihomogeneous. 

3. The iconducting ipolymers ican ibe iobtained idirectly iin ithin ifilm iforms ias 

icoating ion ielectrodes iand ithe iproperties iof ithese icoatings ican ibe icontrolled 

ieffectively iby iproper ichoice iof ithe ielectrochemical iprocess ivariables. 

4. Reduction iin ithe ipossible ipollution iby iadopting ithe isuitable isystem ifor 

ielectropolymerization iusing imodern isophisticated iinstrument. i 
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2.4 i i i i i i iCharacterization iTechniques 

2.4.1 i i i i iUV-Vis-NIR iSpectroscopy 

Ultraviolet–visible ispectroscopy ior iultraviolet-visible ispectrophotometry i(UV-Vis ior iUV/Vis) 

irefers ito iabsorption ispectroscopy ior ireflectance ispectroscopy iin ithe iultraviolet-visible ispectral 

iregion. iThis imeans iit iuses ilight iin ithe ivisible iand iadjacent iranges. iThe iabsorption ior ireflectance 

iin ithe ivisible irange idirectly iaffects ithe iperceived icolour iof ithe ichemicals iinvolved. iThe 

iabsorption iof iultraviolet ior ivisible iradiation iby ia imolecule ileads ito itransitions iamong ithe 

ielectronic ienergy ilevels iof ithe imolecule. iIt iis iideal ifor icharacterizing ithe ioptical iand ielectronic 

iproperties iof ivarious imaterials isuch ias: ifilms, ipowders, imonolithic isolids, iand iliquids i(Skoog iet 

ial., i2017). iMeasurements iin ithe iultraviolet/visible iregion i(UV-VIS) icover iwavelengths ifrom 

iabout i200 inm ito i800 inm. iIn ithis iregion iof ithe ielectromagnetic ispectrum, iatoms iand imolecules 

iundergo ielectronic itransitions. iAbsorption ispectroscopy iis icomplementary ito ifluorescence 

ispectroscopy, iin ithat ifluorescence ideals iwith itransitions ifrom ithe iexcited istate ito ithe iground 

istate, iwhile iabsorption imeasures itransitions ifrom ithe iground istate ito ithe iexcited istate. iMolecules 

icontaining iπ-electrons ior inon-bonding ielectrons i(n-electrons) ican iabsorb ienergy iin ithe iform iof 

iultraviolet ior ivisible ilight ito iexcite ithese ielectrons ito ihigher ianti-bonding imolecular iorbitals. iThe 

imore ieasily iexcited ithe ielectrons i(i.e. ilower ienergy igap ibetween ithe iHOMO iand ithe iLUMO), ithe 

ilonger ithe iwavelength iof ilight iit ican iabsorb. iAlso, ithe iabsorbance iof ia isolution iis idirectly 

iproportional ito ithe iconcentration iof ithe iabsorbing ispecies iin ithe isolution iand ithe ipath ilength. 

iThus, ifor ia ifixed ipath ilength, iUV/Vis ispectroscopy ican ibe iused ito idetermine ithe iconcentration iof 

ithe iabsorber iin ia isolution. iThe iabsorbance ichanges iwith iconcentration. i 
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The idata ithat iUV-Vis ispectroscopy igives, iwhen icombined iwith ithe iinformation iprovided iby 

iother ispectral idata isuch ias i(infrared) iIR iand i(Nuclear iMagnetic iResonance) iNMR ileads ito 

ivaluable istructural idata. iAtoms iand imolecules iexist iin ia inumber iof idefined ienergy istates ior 

ilevels iand ia ichange iof ilevel irequires ithe iabsorption ior iemission iof ian iintegral inumber iof ia iunit iof 

ienergy icalled ia iquantum iof ienergy ia iphoton. iThe ienergy iof ia iphoton iabsorbed ior iemitted iduring 

ia itransition ifrom ione imolecular ienergy ilevel ito ianother iis igiven iby ithe iequation: 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i iE i= ihv i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(2.1) 

Where ih iis iknown ias iPlanck’s iconstant iand iυ iis ithe ifrequency iof ithe iphoton. i 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i ic i= iυλ i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(2.2) 

 iTherefore, 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i iE i= ihc/λ i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(2.3) 

A imolecule iof iany isubstance ihas ian iinternal ienergy iwhich ican ibe iconsidered ias ithe isum iof ithe 

ienergy iof iits ielectrons, ithe ienergy iof ivibration ibetween iits iconstituent iatoms iand ithe ienergy 

iassociated iwith irotation iof ithe imolecule. iThe ielectronic ienergy ilevels iof isimple imolecules iare 

iwidely iseparated iand iusually ionly ithe iabsorption iof ia ihigh ienergy iphoton, ithat iis ione iof ivery 

ishort iwavelength, ican iexcite ia imolecule ifrom ione ilevel ito ianother. iThe iUV-Vis 

ispectrophotometer ioperates iby ipassing ia ibeam iof ilight ithrough ia isample iand imeasuring 

iwavelength iof ilight ireaching ia idetector. iThe iwavelength igives ivaluable iinformation iabout ithe 

ichemical istructure iand iconcentration iin ithe isample. iAnalytical iinformation ican ibe irevealed iin 

iterms iof itransmittance, iabsorbance ior ireflectance iof ienergy iin ithe iwavelength irange ibetween i160 

iand i3500 imμ iLight iis iquantized iinto itiny ipackets icalled iphotons, ithe ienergy iof iwhich ican ibe 

itransferred ito ian ielectron iupon icollision. iHowever, itransfer ioccurs ionly iwhen ithe ienergy ilevel iof 

ithe iphoton iequals ithe ienergy irequired ifor ithe ielectron ito ibe iexcited ito ia idesignated ihigher ienergy 
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istate iof ithe iatom ior imolecule, ifor iexample ifrom ithe iground istate ito ithe ifirst iexcitation istate. iThis 

iprocess iis ithe ibasis ifor iabsorption ispectroscopy. i 

Generally, ilight iof ia icertain iwavelength iand ienergy iis iilluminated ion ithe isample, iwhich iabsorbs ia 

icertain iamount iof ienergy ifrom ithe iincident ilight. iThe ienergy iof ithe ilight itransmitted ifrom ithe 

isample iafterwards iis imeasured iusing ia iphoto idetector, iwhich iregisters ithe iabsorbance iof ithe 

isample. iA ispectrum iis ia igraphical irepresentation iof ithe iamount iof ilight iabsorbed ior itransmitted 

iby imatter ias ia ifunction iof iwavelength i(Sibilia, i1996). iBouguer–Beer ilaw iis ia ibasic iprinciple iof 

iquantitative ianalysis, iis ialso icalled ithe iLambert–Beer irule. iThe ifollowing irelationship iis 

iestablished iwhen ilight iwith iintensity iIo iis idirected iat ia imaterial iand ilight iwith iintensity iI iis 

itransmitted. 

 

 

Where ik iis iproportionality iconstant iand il iis ilength iof ilight ipath ithrough ithe icuvette iin icm. iFrom 

ithe iabove iformulas, itransmittance iis inot iproportional ito isample iconcentration. iHowever, 

iabsorbance iis iproportional ito isample iconcentration i(Beer’s ilaw) ialong iwith ioptical ipath 

i(Bouguer’s ilaw). iIn iaddition, iwhen ithe ioptical ipath iis i1 icm iand ithe iconcentration iof ithe itarget 

icomponent iis i1 imol/l, ithe iproportionality iconstant iis icalled ithe imolar iabsorption icoefficient. iThe 

imolar iabsorption icoefficient iis ia icharacteristic ivalue iof ia imaterial iunder icertain, ispecific 

iconditions. iFinally, istray ilight, igenerated ilight, iscattered ilight, iand ireflected ilight imust inot ibe 
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ipresent ifor ithe iBouguer–Beer irule ito iapply i(Sibilia, i1996). iAn iabsorption ipeak iat iaround i380 inm 

iis iattributed ito ithe icharge itransfer icorresponding ito itransition iof iaromatic iring. i 

There iis ia ipeak iaround i270 inm, iwhich iis iattributed ito ia itransition iinvolving inon-bonding 

ielectrons ifrom ithe ibonding iband ito iother ianti-bonding iorbitals. iFor iexample, ifrom ithe inon-

bonding ielectron iorbital ito ithe ianti-bonding iorbital iin ithe iaromatic iring, ip→p*, ithe ifirst 

iabsorption iband iof ip–p i* ibond iappears iat i280–295 inm iand iit iis iassigned ito ithe ip–p i* itransition iof 

ithe ibenzenoid iring ion ithe ibasis iof ithe iearlier istudies ion ipolyaniline i(Tzou iet ial., i1993) iand iit iis 

irelated ito ithe iextent iof iconjugation ibetween ithe iadjacent iphenyl irings iin ithe icopolymer ichain. 

iThe isecond iabsorption iband ilocated iat i605–635 inm iis iattributed ito ithe iquinoid iring itransition 

i(charge itransfer ifrom iHOMO iof ithe ibenzenoid iring ito iLUMO iof ithe iquinoid iring) i(Tzou iand 

iGregory, i1993). iThe iabsorption ispectrum iof ithe ipolyaniline isalt idoped iwith iHCl ishows ibands iat 

i326, i433 iand i630 inm, iwith ihigher iconductivity i(Yang iand iMu, i2008). iA icharacteristic iband ifor 

ipolaron-p i* itransition iappeared iat i450 inm, iindicating ithat ithe iresulting iPANI iemeraldine isalt 

iwas iin ithe idoped istate i(Razak iet ial., i2009). 

 

2.4.2 FTIR iSpectroscopy 

An ieasy iway ito iidentify ithe ipresence iof icertain ifunctional igroups iand ito iconfirm ithe ipresence iof 

iparticular ibonds iin ithe isample iin ia imolecule iis ito iuse iFTIR ispectroscopy. iAlso, ione ican iuse ithe 

iunique icollection iof iabsorption ibands ito iconfirm ithe iidentity iof ia ipure icompound ior ito idetect ithe 

ipresence iof ispecific iimpurities. iAnalysis iby iinfrared ispectroscopy iis ibased ion ithe ifact ithat 

imolecules ihave ispecific ifrequencies iof iinternal ivibrations. iThese ifrequencies ioccur iin ithe 

iinfrared iregion iof ithe ielectromagnetic ispectrum i∼ i4000 icm−1
 ito i∼ i200 icm−1. iIdentification iof ia 

isubstance iis ipossible ibecause idifferent imaterials ihave idifferent ivibrations, iyield idifferent 
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iinfrared ispectra iand idifferent ichemical icompositions. iFurthermore, ifrom ithe ifrequencies iof ithe 

iabsorption iit iis ipossible ito idetermine iwhether ivarious ichemical igroups iare ipresent ior iabsent iin ia 

ichemical istructure. iIn iaddition ito ithe icharacteristic inature iof ithe iabsorption, ithe imagnitude iof ithe 

iabsorption idue ito ia igiven ispecies iis irelated ito ithe iconcentration iof ithat ispecies i(Sibilia, i1996). i 

There iare ispecific ibands ithat iare icharacteristics iof ipolyaniline. iThe iband iat i3380 icm−1
 icorresponds 

ito ithe iN-H ivibrations iof iPANI i(Sariciftci iet ial., i1987). iThe ibands iat i3274 iand i3051 icm−1
 iin ithe 

ispectrum iof ia iPANI ibase iare iattributed ito ihydrogen-bonded iN–H istretching i(Kang iet ial., i1998) 

i(Sedˇ ienkovˇ ia iet ial., i2006) i(Stejskal iet ial., i2008). iA ibroad iabsorption iband´ iat iwavenumbers 

ihigher ithan i2000 icm−1
 iin ithe ispectrum iis idue ito ithe iabsorption iof ifree icharge-carriers iin ithe 

iprotonated ipolymer i(Neoh iet ial., i1993) i(Ping, i1996). iA ishoulder iobserved iat i1610 icm−1
 iin ithe 

ispectrum iis icharacteristic iof iC=C iring ivibrations iin ithe ipolymer ichains iwhose isymmetry ihas ibeen 

ibroken iby iconformational ichanges iinduced iby iprotonation. iThe ibands iat i1577 iand i1482 icm−1
 idue 

ito iquinonoid i(Q) iand ibenzenoid i(B) iring-stretching ivibrations, irespectively, iobserved iin ithe 

ispectrum i(protonated isalt iform) i(Ping, i1996). iThe iband icharacteristic iof ithe iconducting 

iprotonated iform iis iobserved iat i1248 icm icm−1
 iin ithe ispectrum. iIt ihas ibeen iinterpreted ias 

icorresponding ito ia iC–N i+• istretching ivibration iin ithe ipolaron istructure i(Ciri ic-Marjanovic iet ial., 

i2008). i 

The ispectrum iexhibits ia istrong iand ibroad iband icentered iat i1148 icm icm−1
 i, iwhich ihas ibeen 

iassigned ito ithe ivibration imode iof ithe i–NH i+ i= istructure, iand iis iassociated iwith ithe ivibrations iof 

ithe icharged ipolymer iunits iQ=NH i+ iB ior iBNH i+• iB i(Trchova iand iStejskal, i2011). iThis iindicates 

ithe iexistence iof ipositive icharges ion ithe ichain iand ithe idistribution iof ithe idihedral iangle ibetween 

ithe iquinonoid iand ibenzenoid irings. iThe iabsorption iband iincreases iwith iincreasing idegree iof 
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iprotonation iof ithe iPANI ibackbone i(MacDiarmid iand iChiang, i1986). iThe iband iat i882 icm−1
 iin ithe 

ispectrum ican ibe iattributed ito ithe iHSO4
-

 icounterion, iwhich iwas iremoved iduring ithe ideprotonation 

i(Lin-Vien iet ial., i1991). iThe iband iobserved iat i760 iand i695 icm−1 iin ithe ispectrum icorresponds ito 

ithe iC–H iout-of iplane ibending i(Trchova iet ial., i2006). 

2.4.3 Cyclic iVoltammetry 

Voltammetry iis iany iexperiment iwhere iwe iexpose ia isolution iof ian ianalyte ito ian ielectrode, ichange 

ithe ielectrode ipotential, iand iobserve ithe icurrent ithat iflows iin iresponse. iCyclic ivoltammetry iis 

igenerally iused ito istudy ithe ielectrochemical iproperties iof ian ianalyte iin isolution ior iof ia imolecule 

ithat iis iadsorbed ionto ian ielectrode i(Trojanowicz iet ial., i2006). 

In icyclic ivoltammetry, ithe ielectrode ipotential iramps ilinearly iversus itime iin icyclical iphases. iThe 

icurrent iis imeasured ibetween ithe iworking ielectrode iand ithe icounter ielectrode iwhile ithe ipotential iis 

imeasured ibetween ithe iworking ielectrode iand ithe ireference ielectrode. iThe icurrent i(i) iis iplotted 

iagainst ithe iapplied ipotential. iThe iutility iof icyclic ivoltammetry iis idependent ion ithe ianalyte ibeing 

istudied. iThe ianalyte ihas ito ibe iredox iactive iwithin ithe ipotential iwindow ito ibe iscanned. iCV 

iexperiments iare iconducted ion ia isolution iin ia icell ifitted iwith ielectrodes. iThe isolution iconsists iof 

ithe isolvent, iin iwhich iis idissolved ielectrolyte iand ithe ispecies ito ibe istudied. iCyclic iVoltammetry 

ican ibe iused ito istudy iqualitative iinformation iabout ielectrochemical iprocesses iunder ivarious 

iconditions, isuch ias ithe ipresence iof iintermediates iin ioxidation-reduction ireactions iand, ithe 

ireversibility iof ia ireaction i(Dryhurst iet ial., i2012). i 
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Figure i2.4: iCyclic iVoltammogram iof iPANI iat ipotential iof i0.8 iV 

 

For ianalyte iwhich iis iredox–active i(aniline i+ iaqueous iacid), iit iwill iexchange ian ielectron iwith ian 

ielectrode iwhen iit ireaches icertain ipotentials. iThe iredox–active ianalyte iwill iundergo ireduction 

i(accept ian ielectron ifrom ithe ielectrode) iwhen ithe ipotential ienergy iof ithe ielectrons iin ithe ielectrode 

iis ihigher ithan ithe ipotential ienergy iof ithe iempty imolecular iorbital ion ithe ianalyte iso iit iis 

ienergetically ifavorable ifor ian ielectron ito itransfer ifrom ithe ielectrode ito ithe ianalyte. iConversely, 

ithe ianalyte iwill iundergo ioxidation i(losing ian ielectron ito ithe ielectrode) iwhen ithe ihighest ienergy 

ielectron iin ithe imolecule iis iat ia ihigher ipotential ienergy ithan ithe ielectrons iin ithe ielectrode, iand iit 

ibecomes ienergetically ifavorable ifor iit ito itransfer ifrom ithe imolecule ito ithe ielectrode. iIn iboth iof 

ithese icases, ielectrons iare itransferred iin iorder ito iminimize ithe ipotential ienergy iof ithe itotal isystem. 
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iWe ican iuse ithe ipotentiostat ito ichange ithe ielectrode ipotential iand iobserve iwhere iwe isee icurrent 

iflowing iin iorder ito ilearn iabout ithe ielectron itransfer ienergetics iof iour ianalyte. 

 

2.3.4 i i i iThin iFilm iThickness iMeasurements iTechniques 

Thin ifilms iare ilayers iof imaterials iwith ithicknesses iranging ifrom ia ifew iatoms ito imicrons. iThe 

imain iuses iare ifor ioptical icoatings, isemiconductor idevices iand ithin ifilm iphotovoltaic idevices. iIn 

imost icases, ithe ithickness iof ithe ifilm iis icarefully imonitored iand icontrolled iso ithat ithe ifinal iproduct 

imay ifunction iproperly. iThis ican ibe idone iby ia inumber iof imethods, ibut ioptical itechniques iare 

ipreferred ias ithey iare inon-contact, inon-destructive, ifast iand iaccurate. iTo imake isure ithat icoatings 

iwhich iwere iproduced iby ia igiven iprocess isatisfy ithe ispecified itechnological idemands ia iwide ifield 

iof icharacterization, imeasurement iand itesting imethods iis iavailable. iThe iphysical iproperties iof ia 

ithin ifilm iare ihighly idependent ion itheir ithickness. iThe idetermination iof ithe ifilm ithickness iand iof 

ithe ideposition irate itherefore iis ia ifundamental itask iin ithin ifilm itechnology. iIn imany iapplications iit 

iis inecessary ito ihave ia igood iknowledge iabout ithe icurrent ifilm ithickness ieven iduring ithe ideposition 

iprocess, ias ie. ig. iin ithe icase iof ioptical icoatings. iTherefore ione idistinguishes ibetween ithickness 

imeasurement imethods iwhich iare iapplied iduring ideposition i(”in isitu”) iand imethods iby iwhich ithe 

ithickness ican ibe idetermined iafter ifinishing ia icoating irun i(”ex isitu”). iThere iare iseveral itechniques 

iused iin imeasurement iof ithe ithickness iof ithin ifilms. iWe ihave ithe iGravimetric imethod, iOptical 

imethod, iDirect imethod ietc 

 



 

29 
 

Gravimetric iMethod 

These imethods iare ibased ion ithe idetermination iof ia imass. iThe ifilm ithickness id ican ibe icalculated 

ifrom ithe imass iof ithe icoating im iif ithe idensity iρ iand ithe iarea iA ion iwhich ithe imaterial iis ideposited 

iare iknown: 

  (2.7) 

For this method one must bear in mind that the density of a coating may deviate significantly 

from that of the bulk (e.g. due to porosity or implanted interstitial atoms). For exact 

measurements calibration is necessary. The weighing under this method which is the simplest 

method for film thickness determination is most probably the determination of the mass gain of 

coated substrate with an exact balance. (Owusu-Sekyere et al., 2017). The difference in the 

mass is related to the density of the material deposited and with that relation the volume which 

has the height of the deposited material can be re-arranged to obtain the thickness of the 

material. Taking into the consideration the measurement of the area of the sample on the 

substrate.  

Optical iMethod 

Optical icoatings, iunlike iother iapplications, irequire ithe imeasurement iof ithe ifilm ithickness ias 

iexactly ias ipossible iduring ideposition. iTherefore, ifilm ithickness imonitors iare iused iwhich, 

iespecially iin ithe icase iof imulti icoated ioptics i(interference ifilters ietc.) iare iincorporated iinto iclosed 

iloop icontrols iby i(in isome icases iquite icomplex) isoftware icomponents. iThere iis iPhotometer 

iMethod imostly iused iin iPhysical iVapor iDeposition i(PVD) iprocesses ifor ithe iproduction iof isingle 
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ilayer iand imultiplayer icoatings ifor ioptical iapplications. iIt imeasures ithe ioptical ithickness iand iso 

ithat iit iallows ifor ia icompensation iof ichanges iin ithe irefractive iindex iby icorresponding ichanges iof 

ithe ifilm ithickness. iFirst iis ithe iTolansky iinterferoneter, ia ifilm ithickness ican ibe idetermined iby ithis 

imethod ias ifollows: iFirst ia iscratch iis imade iinto ithe ifilm iwhich ireaches idown ito ithe isubstrate i(it iis 

ialso ipossible ito imask ia ipart iof ithe isubstrate iduring ideposition iwhich ileads ito ithe iformation iof ia 

istep). iThen ithe isample iis icoated iby ia ihighly ireflective ilayer. iBecause iof ithe iscratch ithe idistance 

ireflector/interference islide iis ichanged, iwhich ileads ito ian ioffset iof ithe iinterference ilines irelative 

ito ieach iother. iThe ifilms ithickness iis igiven iby: 

  (2.8) 

Where i∆ iN iis ithe inumber i(or ithe ipart) iof ithe ilines iby iwhich ithe iinterference ilines iare 

ishifted iby ithe iscratch ior ithe istep. iNext iis iFringes iof iEqual iChromatic iOrder i(FECO) 

imethod, iparallel iwhite ilight iis iilluminating ithe icombination iof isample iand ireference islide. 

iThe ireflected ilight iis ifocused iinto ithe ientrance islit iof ia ispectrograph ivia ia isemitransparent 

imirror. iThe iimage iof ithe istep ihas ito ibe inormal ito ithe ientrance islit. iDark iinterference ilines 

iare iobserved iat ithe iwavelengths. 

  (2.9) 

Where it iis ithe ithickness iand iN iis ithe iinterference iorder i. iOther imethods iunder ithe ioptical 

imethods iinclude; iNomasky iinterferometer iand iEllipsometry. i 

2.4.5 i i iElectrical iConductivity iMeasurements 

In ichemical ibonding iof imaterials iis imostly iindicated iby ithe ielectrical iresistivity imeasurements. 

iThe ichange iin ithe inature iof ithe ichemical ibonding ialters ithe icarrier idensity iwhich iis iinversely 
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iproportional ito ithe icarrier imobility i(Singh, i2013). iThe ielectrical iconductivity iof ithe imaterial iis 

ialso iinversely iproportional ito ithe ielectrical iresistivity. iThere iis itherefore ithe ineed ito ifirst 

idetermine ithe ielectrical iresistivity iof ithe imaterial ibefore icalculating ithe imaterial’s ielectrical 

iconductivity. iTo ido ithis ithere iare itwo iknown itechniques ithat iare iemployed iin idetermining ithe 

ielectrical iresistivity/electrical iconductivity iof ia imaterial. iThey iare ithe itwo i(2) iprobe imethod iand 

ithe ifour i(4) iprobe imethod. i 

 

2-Point iProbe 

The itwo iprobes i(ohmmeter ior ivoltmeter i– iammeter imeasurements) iis ione iof ithe isimplest 

imethods iof imeasuring ithe ielectrical iresistivity iand ican ibe iused ifor ihigher iresistive 

isamples. iThe ifigure ibelow ishows ithe itwo-point iprobe iset-up. iAccording ito ithe idiagram 

ibelow ivoltage idrop iV iacross ithe isample iand icurrent ithrough ithe isample iI iare imeasured. 

iThen ithe iresistivity iis igiven ias: 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i iρ i= i

𝑉  𝑖𝐴

𝐼  𝑖𝐿
 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i(2.10) 

   

Where iL iis ithe ilength iof ithe isample iand iA iis ithe icross-sectional iarea iof ithe isample. i 
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 i i i i i i iFigure i2.5: iCircuit idiagram ifor iTwo-point iprobe ion ia iSample 

4-Point iProbe 

The ipotential iprobe iis ithe imost iwidely iused imethod ifor iresistivity imeasurements ion ithe ilow 

iresistive isamples. iThe idiagram ibelow irepresents ithe ientire iset–up ifor ithe ifour ipoint iprobe. i 

 

Figure i2.6: iCircuit idiagram ifor iFour-point iprobe ion ia iSample 
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The ipotential idrop iis imeasured iacross itwo iprobes iand idistance ibetween ithese iprobes iD ireplaces 

ithe isample ilength iL iin iequation i2.10. iWhen ithe iprobes iare inot ipoint icontacts, iin ithat icase, ithe 

imost iaccurate ivalue ifor ithe iprobe idistance iis ithe idistance ibetween ithe icenters irather ithan ithe 

iclosest idistance ibetween ithe iprobes. iThe iequation iis igiven iby: i 

 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i iρ i= i

𝑉  𝑖𝐴

𝐼  𝑖𝐿
 i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i i (2.11) 

The i‘four-point iprobe’ imethod ihas iproven ito ibe ia iconvenient itool ifor ithe iresistivity 

imeasurement iof ismall isize i(of ithe iorder iof imm) isamples i(Singh, i2013). 
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CHAPTER 3 

METHODOLOGY 

3.1 Synthesis of Polyaniline (PANI) 

3.1.1 Polymerization Process (Chemical Oxidation) 

12.03 g of (NH2)2S2O8 was measured and put in 600 ml beaker. 5.00 g of the aniline monomer was 

measured into a 500 ml beaker. Ammonium persulphate solution (APS) was formed by adding 70 

ml of H2SO4 to it. 75 ml of H2SO4 was poured into the aniline monomer. Drop-wise addition of 

aniline to the APS solution was done. Change in the colour of the solution was observed after 10 

minutes. The colour of the solution changed from brown-whitish to pale green then green 

(emeraldine salt). The solution was left for 12 hours for complete polymerization to occur. 

The oxidant, 12.0 g , was measured into 600 ml beaker. A mass of 5.01 g of aniline monomer was 

measured into a 500 ml beaker. The aqueous acid used this time was HNO3. An APS solution was 

formed, and the aniline solution was poured drop-wise into it. In less than a minute the colour 

change of the solution was observed. A pale green and then a green dark solution was formed. The 

polymer was left for 12 hours at room temperature for complete polymerization to take place. 

 

Using the 1 M HCl prepared, 12.38 g of the oxidant was used to prepare the APS solution. 5.05 g 

of the aniline monomer was measured and the aniline solution formed with 75 ml of the HCl. The 

aniline solution was poured into the APS solution drop-wise. There was an immediate colour 

change when the aniline solution was added to the APS solution. For complete polymerization the 
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solution was left for 12 hours. The same amount of oxidant 12.0 g was measured into 600 ml 

beaker. A mass of 5.01 g of aniline monomer was measured into a 500 ml beaker. The aqueous 

acid used this time was CH3COOH. An APS solution was formed and the aniline solution was 

poured drop-wise into it. A pale green and then a dark green solution were formed. The polymer 

was left for 12 hours at room temperature for complete polymerization to take place. Each of the 

Emeraldine salt formed was filtered by continuously washing with the acid until the filtrate was 

clear. The samples were dried at 70 °in an oven and crushed into powder form. For each sample, 

some of the powder was hard pressed into pellet using a metallic mold. 

 

3.1.2 Electrochemical Oxidation Using Different Dopants 

75 ml of 1 M of the HCl was measured into 100 ml beaker. Volume of 5 ml of the aniline was 

poured into the aqueous acid and stirred for 10 minutes to acquire a uniform solution. The three 

electrodes (ITO (working), Platinum (counter) and Ag/AgCl (reference)) were placed into the 

solution to form a single cell compartment and connected to the potentiostat. A potential of 0.7 V 

was applied for deposition to be completed in 10 minutes for each sample. The samples were 

dried at 60◦C for 30 minutes. The entire steps were repeated for all the other acids used. 

3.2   CHARACTERISATION OF SAMPLES 

3.2.1 FOURIE TRANSFORM INFRARED SPECTROSCOPY (FTIR) 

The bulk samples and thin films were taken to the Central Lab-KNUST for FTIR results using an 

OPUS software along with the BRUKER and PerkinElmer Spectrum Version 10.03.09. Each 
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sample was placed on the sample holder and a probe was adjusted to make contact with the 

sample. Using the OPUS software, the spectrum for the T% against cm−1 for each sample was 

obtained. 

3.2.2  ULTRAVIOLET-VISIBLE SPECTROCOPY (UV-Vis) 

The thin film samples were placed into the sample holder for cuvette and the HyperThermal 

Software was used to run a complete spectrum from 200 nm to 1200 nm. A solution of the 

powered samples was made and poured into a cuvette before a complete spectrum was run 

for the bulk samples. A spectrum of the absorbance against the wavelength of each sample 

was obtained. 

3.2.3  CYCLIC VOLTAMMETRY 

2.309 g of aniline was measured, and 0.05 ml of distilled water was added to it. The solution was 

stirred under a magnetic stirrer for 5 minutes. A 0.05 ml of the 1 M HCl solution was added to the 

aniline solution. This was stirred for 5 minutes to obtain uniform solution. The three electrodes 

(working, counter and reference) were placed into the solution and connected to the potentiostat. 

A potential of 0.7 V was applied for deposition to be completed in 10 minutes for each sample. 

Cyclic voltammetry technique was selected from the interface using the EChem v2.1.12 software. 

The following parameters were used to perform the cyclic process. Scan rate of 100 mV/s, Step 

width of 20 ms, 1 cycle and rest time of 2 seconds were used. The procedure above was repeated 

for the other dopants. A graph of I/mA and V/mV was obtained. 
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3.2.4  CONDUCTIVITY 

The thin film samples were placed in a sample holder and the four-probe adjusted to contact the 

sample surface. An appropriate current ranging from (0.20 -5.00) mA was applied and the 

corresponding voltage in mV was recorded for the samples. For the bulk samples, the pellets were 

placed in the sample holder and appropriate current within the range of 0.22 - 4.50 mA were 

applied and their corresponding voltages measured in mV. 
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CHAPTER i4 

RESULTS iAND iDISCUSSION 

4.1 iFOURIER iTRANSFORMATION iINFRARED iSPECTROSCOPY i(FTIR) 

To ianalysis ithe ivarious ifunctional igroups ipresent iin ithe isynthesized isamples, ia iFTIR 

ispectroscopy iwas icarried iout iusing iBRUKER iEQUINOX-55 iand iPerkinElmer iSpectrum 

iVersion i10.03.09. iBelow iare ithe iresults iof ithe iIR iof ithe idifferent isamples. 

FTIR iof iThin iFilms 

The imost idominant ibands iin ithe ientire ispectra iwhich iare iclear icharacteristics iof ipolyaniline 

iwere i3468 icm−1
 i– i3025.17 icm−1

 i, i1593 icm−1
 i– i1553 icm−1

 i, i1481 icm−1
 i– i1413 icm−1

 i, i1300 icm−1
 

i– i1239 icm−1
 i, i1142 icm−1

 i-1022 icm−1
 iand i883 icm−1

 i– i880 icm−1. iBelow iis ia itable ifor ithe 

ivarious ipeaks irecorded ifor ithe ithin ifilm isamples. 

Table i4.0 iFourier iTransformation iInfrared iSpectroscopy iof ithe iThin iFilm iSamples 

SAMPLE N-H 

istretching 

C-H 

istretching 

C i= iN 

istretching 

Quinoid 

iBond 

Benzenoid 

iBond 

C-H iout iof 

iplane 

HCl - - 1670 1561 1481 787 

H2SO4 - - 1650 1561 1478 789 

HNO3 3468 3266 1673 1563 1500 827 

CH3COOH 3384 3050 - 1553 1481 820 
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Wavenumbers ihigher ithan i2000 icm−1 iare idue ito ithe iabsorption iof ifree icharge-carriers iin ithe 

iprotonated ipolymer iand ithat iis ia icharacteristic iof ia iconducting iform iof ipolyaniline. 

 

 

Figure i4.1: iFTIR iof iPANI-CH3COOH ithin ifilm 
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At i1670 icm−1 iand i1673 icm−1 ifor iPANI-HCl iand iPANI-HNO3 irespectively ithere iis ia iC=N 

istretching imode iof ithe iimine. iThe iquinoid i(Q) istretching ivibrations iappear iat ithe i1563 icm−1 i band ifor 

ithe iPANI-HNO3 ibut iI ithe iPANI-CH3COOH iit iappears iat ithe i1553 icm−1 iband. iThe iquinonoid iring 

istretching iappears iat ia imuch ihigher iwavenumber ithat iis iat i1561 icm−1 ifor iPANI-HCl iand i1561 icm−1 

ifor iPANI-H2SO4 i 

 

Figure i4.2: iFTIR iof iPANI-HNO3 ithin ifilm 

The iband iat i1481 icm−1 iin iboth ithe iPANI-HCl iand iPANI-CH3COOH ican ibe iattributed ito ithe 
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ibenzenoid i(B) iring istretching. iThat iof iPANI-H2SO4 ioccurs iat i1478 icm-1
 iwhilst ithat iof iPANI-HNO3 

ioccurs iat i1500 icm−1. iAn iabsorption iband iin iat i1300 icm−1 iand i1321 icm−1 ifor isamples iPANI-

CH3COOH iand iPANI-HNO3 irespectively icorresponds ito iπ-electron idelocalization iinduced i 

 

Figure i4.3: iFTIR iof iPANI-H2SO4 

in ithe ipolymer iby iprotonation. iThe iwavenumber iat i1239 icm−1
 iin iboth iPANI-HCl iand iPANI-

CH3COOH iis icharacteristic iof ithe iconducting ipolymer. i 
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Figure i4.4: iFTIR iof iPANI-HCl iThin iFilm 

A iband iat ithe i1049 icm−1
 iin ithe iPANI-H2SO4 irepresents in iS=O ibonding ifor ithe icamphor isulfuric 

iacid. iThe iband iat i879 icm-1 iin ithe iPANI-H2SO4, iwhich iis ia iprotonated isample, irepresents ithe 

iH2SO4 i– icounterion. 
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At i827 i820 ifor iPANI-HNO3 iand iCH3COOH irespectively ithe ibands ipresent ican ibe i1,4 i– isubstituted 

ibenzene irings. iFor isamples iPANI-H2SO4 iand iPANI-HCl ithe iquinoid ibands iare iat i1561 icm-1
 i i ifor 

iboth isamples iand ithe ibenzenoid ibands iare iat i1478 icm-1
 i i iand i1481 icm-1

 i i irespectively. iThe iIQ/IB 

iratio ias ireported iby i(Melad iet ial., i2016) ito igive ithe idegree iof ioxidation iindicates ithat iboth isamples 

ihad isimilar idegree iof ioxidation. iAlso ithe iband ithat iconfirms ithe ipresence iof iprotonated iimine 

ifunction iwere ifound iat i1563 icm-1
 i i i i, i1560 icm-1

 i i i i,1561 icm-1
 i i i iand i1553 icm-1

 i i ifor iPANI-HNO3, 

iPANI-H2SO4, iPANI-HCl iand iPANI-CH3COOH irespectively. iFurthermore ithe iband iat i1246 icm-1
 i i i 

iwhich iaccording ito i(Atassi iet ial.,2008) iis ia icharacteristics iof iprotonated iform iof iPANI iwas ifound 

iin ithe ithin ifilm isamples iat i1239 icm-1, i1239 icm-1, i1243 icm-1
 iand i1208 icm-1

 i i i i ifor iPANI-HCl, iPANI-

H2SO4, iPANI-HNO3 iand iPANI-CH3COOH. 

 

 

FTIR iof iBulk iSamples 

Perkin iElmer iSpectrum iVersion i10.08.09 iwas iused ito icarry iout ithe iIR ifor ithe isamples idried iat i700 

i
0C. iBelow iis ithe itable ifor ithe iabsorption iobserved ifor ieach isample. 

 

Table i4.1 iFourier iTransformation iInfrared iSpectroscopy iof ithe iBulk iSamples 

SAMPLE N-H 

istretching 

C-H 

istretching 

C i= iN 

istretching 

Quinoid 

iBond 

Benzenoid 

iBond 

C-H iout iof 

iplane 

HCl 3750 3053 1644 1596 1496 800 

H2SO4 3787 - 1650 1559 1473 800 

HNO3 3787 3060 1647 1544 1437 824 

CH3COOH - - - 1559 1473 877 
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Figure i4.5: iFTIR iof iPANI-HNO3 iBulk isample 

The iFig. i4.5 iabove ishows ithe iFTIR ifor ithe iPANI-HNO3 isample. iThe imost isignificant ibands ifor ia 

iprotonated isample iwere iobserved iin ithe ibands iat i1574.17 icm−1 i and i1488 icm−1. iThe iring-

stretching ivibrations iof ithe iquinonoid iand ibenzenoid irings iof ianiline ican ibe iattributed ito ithe 

i1574.17 icm−1 iand i1488 icm−1 ibands irespectively. iThe iband iat i3060 icm−1 iis idue ito ithe iC-H 

istretching iaromatics iwhich iis ivery istrong. iThere iwas ia iweak iC=N istretching iband iat ithe i2217.82 

icm−1. iThe imono isubstituted ibenzene iis ia iclear icharacteristic iobserved iin ithe iabsorption ipeak iat 

i1041.59 icm−1. iThe iband iat i824.77 icm−1 iwas iattributed ito ithe iout iof iplane iC-H ibending. i 

 

 

Name Description 
JOSEPH iASARE iAWUAH i1 

PANI iES iHNO3 
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Figure i4.6: iFTIR iof iPANI-H2SO4 iBulk isample 

 

 

The ibands iat i3742.7 icm−1 iand i3787.75 icm−1 iare iattributed ito ihydrogen-bonded iN-H istretching. 

iThe iwavenumbers i2660.56 icm−1, i2165.14 icm−1 iand i2050.62 icm−1 iare idue ito iabsorption iof ifree 

icharge- icarriers iin ithe iprotonate ipolymer. iThe iquinonoid iand ibenzenoid iring-stretching ivibrations 

iwere iat ithe i1544.84. i A iblue ishift ican ibe iobserved ifor ithe iquinonoid icaused ibe ithe ivibrations iat 

ithe iprevious ifrequency ito i1599.36 icm−1 i i ithe iband iat i863.50 icm−1 iin ithe ispectrum iof ithe 

iprotonated isample irepresents ithe iH2SO4 i– icounterion. i 

Name Description 
JOSEPH iASARE iAWUAH_001 

PANI iES iH2SO4 
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Figure i4.7: iFTIR iof iPANI-HCl iBulk isample 

The ifigure iabove ishows ithe iIR iof iPANI-HCl isample. iThe ibands iat i3212.94 icm−1 iand i3053.50 

icm−1 iare iattributed ito ihydrogen-bonded iN-H istretching iand ithe iaromatic iC-H istretching. iThe 

ibands iat i1596.19 icm−1 iand i1496 icm−1 ican ibe iattributed ito ithe iquinonoid iand ibenzoid istructure iof 

iPANI icm−1 iin ithe ispectrum iof ithe isample icorresponds ito ithe iπ-electron idelocalized iinduced iin ithe 

ipolymer iby iprotonation. iThe iband iobserved iat i1206.48 icm−1 iis ia icharacteristic iof ithe iconducting 

iprotonated iform iof iPANI. i i 

 

Name Description 
AMOAH iASARE iJOSEPH 

PANI iES iDOPED iHCL iCHEMICAL iOXIDATION 
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Figure i4.8: iFTIR iof iPANI-CH3COOH iBulk isample 

The iquinoid iand ibenzenoid iring-stretching iwere ifound iat ithe i1559.62 icm−1 iand i1473.67 icm−1 

irespectively. iThe iband icharacteristic iof iconducting iprotonated iform iwas iobserved iat i1242.62 

icm−1. iThe i877.04 icm−1 iband ican ibe iattributed ito ithe iC-H iout iof iplane ibending ivibrations iof 

ihydrogen iatoms. i 

Bands iat i1559 icm-1
 iand i1473 icm-1

 iare iassigned ito iquinoid iand ibenzenoid irespectively ifor iPANI-

CH3COOH. iThe isame ibands iwere iobserved ifor iPANI-H2SO4 i. iThe iratio iof iIQ/IB ican ibe iused ito 

iestimate ithe idegree iof ioxidation istate. iThe isimilarities iobserved iin ithese itwo isamples ipoint ito ithe 

ifact ithat ithe ioxidation idegree iin ithe itwo idopants iis ithe isame. i iThe iIQ/IB iratio ifor iPANI-HCl iand 

iPANI-HNO3 isamples iwere inot ithe isame iin icomparison ito iany iof ithe isamples. iThis iindicates ithat 

ithese isamples ihad idifferent idegrees iof ioxidation i(Melad iet ial.,2016). iAccording ito i(Atassi iet 

ial.,2008) iband icharacteristics iof iprotonated iform iof iPANI iis iobserved iat i1246 icm-1
 iand ithis ihas 

ibeen iinterpreted ias ioriginating ifrom ibi-polaron istructures irelated ito iC-N istretchching ivibration. iIn 

Name Description 
JAA 

PANI iES iCH3COOH 
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ithis iwork ibands iat i1288 icm-1,1206 icm-1,1242 icm-1
 iand i1206 icm-1

 iwere iobserved ifor iPANI-HNO3, 

iPANI-H2SO4, iPANI-CH3COOH iand iPANI-HCl irespectively. iAlso ipeaks iat i1580 icm-1
 ihave ibeen 

ireported ito iconfirm ithe ipresence iof ia iprotonated iimine ifunction i(Rao iet ial., i2000). iPANI-HNO3, 

iPANI-H2SO4, iPANI-CH3COOH iand iPANI-HCl ithe ipeaks irecording iaround ithis iband iwere i1574 

icm-1, i1544 icm-1, i1559 icm-1
 i iand i1598 icm-1

 irespectively. 

4.2 iUV-Vis iOF iBULK iSAMPLES 

The iabsorption ibands iobserved iare iusually iwithin ithe iranges iof i290-324, i402-430 iand i828-835nm 

ifor ia ipure iPANI i(Owusu-Sekyere iet ial., i2017). iThe ifigure ibelow ishows ia iblock idiagram iof ioptical 

idetection isystems iof ibulk isamples iof ipolyaniline iusing ithe ivarious iacids iemployed iin ithis 

iexperiment. iThere iare isome ibands ithat iare icharacteristics iof ipolyaniline. i 

 

Figure i4.9: iAbsorbance iversus iwavelength iof iBulk isamples 

The ibands iobserved iin iall ithe ifour isamples iare iin ithe istated iranges iaccording ito iliterature. iFor ithe 

iweak iacids iPANI–CH3COOH, ithe ibands iobserved iare iin ithe irange iof i350-365, i430-440 iand i770-
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800 inm. iThe ipolaron iand ibipolaron ibands iwhich iare iclear icharacteristics iof iPANI ican ibe iseen iin ithe 

irange ifor ithe iacetic iacid. iSimilarly, ithe ibands iin iPANI-HNO3 iappears iin ithe iranges iof i335-360 inm 

iwhich iis iattributed ito ithe iπ i- iπ* ielectron itransition, ipolaron iis iobserved iin ithe i410-440 inm iband iand 

i700-800 inm ibeen ithe iband ifor itransition ibetween ibenzenoid-quinoid irings. iAmong ithe itwo iweak 

iacids iit iwas iobserved ithat ifor iHNO3 ithe ibands istretched ifurther ias icompared ito ithat iof ithe iacetic 

iacid. 

 

The ibands ithat iappear iin ithe iPANI-HCl isample iwere i310-400 inm, i420- i440 inm iwhich ishow ithe 

ipresence iof ipolarons iand ibipolarons itransitions iand ithe i700-810 inm iband iwhich ican ibe iattributed ito 

icharge itransfers ifrom ithe ibenzenoid iand iquinoid irings. iIn ithe isame iway ithese ibands iappeared iin ithe 

iPANI-H2SO4 isample. iThe iabsorption ibands ithat ihave ibeen iobtained ifrom ithe iUV-Visible ispectra 

iare iin igood iagreement iwith ithat ireported iin ithe iliterature. 

Although ithe isamples isynthesized iusing idifferent iaqueous iacids idid ishow ithe ivarious ibands 

icharacteristic iof iPANI. iSome icomparisons ican ibe imade iin iterms iof ithe ibands iand ihow ithey 

iappeared ivia ithe ispectral ilines ifor ieach isample. iTo ibegin iwith iare iPANICH3COOH iand iPANI-

HNO3. iAlthough ithe itransition iin iboth ioccurs iwithin ithe isame iband ithe idifference iin ithe iwavelength 

icould ipossibly ibe ias iresults iof ithe ielectron imaking ia ibigger ijump ifrom ithe ipi ibonding ito ipi ianti-

bonding istate iin iPANI-HNO3. iThis iscenario iruns ithroughout ithe ientire ibands iwhen icomparing 

iPANI-HNO3 ito iPANI-CH3COOH. 
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The itransition iof ithe ipi ibonding ito ithe ipi ianti-bonding iin iPANI-H2SO4 ioccurs iearlier ithan iin iPANI-

HCl isample. iThis ican ionly ibe ias ia iresults iof ithe iH2SO4 iacid ibeen ia istronger iacid ithan ithe iHCl iand ias 

ia iresults ithe itransition ifrom iπ i- iπ* irequired ilower iwavelength ifor iPANI-H2SO4 isample ias icompared 

ito ithe iPANI-HCl isample. iBy icomparing ithe ifour isamples ithe iπ i- iπ* itransition ithen ican ibe iarranged 

ifrom ithe istrongest ito ithe iweakest ias iPANI-H2SO4 ifollowed iby iPANI-HCl ithen iPANI-HNO3 iand ithe 

iweakest ibeen iPANI-CH3COOH. i 

4.2.1 iDetermination iof ithe iBand iGap iof iBulk iSamples 

Using ithe iStern irelation ibelow i(Stern, i1963), ithe ienergy iband igaps i(Eg) iof ithe ithin ifilms 

iwere iestablished iby ithe iabsorbance ispectra. 

 A i= i

𝐾(ℎ𝑣−𝐸𝑔)
𝑛
2

ℎ𝑣
 (4.1) 

 

Where ihν iis ithe iphoton ienergy, iA iis ithe iabsorbance; iK iequals ia iconstant iwhile in icarries ithe 

ivalue iof ieither i1 ior i4. iIn ia idirect itransition in iis iequal ito i1 iand i4 ifor iallowed iand iforbidden 

itransitions irespectively. iThe iband igap, iEg, iwere iobtained ifrom ia istraight iline iplot iof i(Ahν)2
 

ias ia ifunction iof ihν. iExtrapolation iof ithe iline ito iintersect ithe ihorizontal iaxis iat i(Ahν)2
 i= i0, 

igave ithe ienergy iband igap ias ishown iin ithe ifigures ibelow. iThe iEg iobtained iwere i3.30 ieV, i3.75 

ieV, i3.83 ieV iand i3.89 ieV ifor iPANI-HCl, iPANI-H2SO4, iPANI-HNO3 iand iPANI-CH3COOH 

irespectively. 
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Figure i4.10: iBand iGap iof iBulk isamples 

 

4.3 iUV-Vis iOF iTHIN iFILM iSAMPLES 

The iabsorption iobserved i i ifor ithe ithin ifilms ioccurs ibetween ithe iranges iof i320-375, i400-480 iand 

i600-720 inm. iThese iwavelengths ireveal ithe ielectron itransition iin ithe ithin ifilm isamples. iJust ias iin 

ithe ibulk isamples ithere iis ifirst ithe iπ i- iπ* ielectron itransition iwhich ioccurs iearliest iin ithe iweak iacids 

ibetween ithe iwavelength i320-375 inm iand ithen ithe ipolaron i(transitions) itypical iof ipolyaniline 

ioccuring iwithin ithe irange iof i400-480 inm. iThe ielectron itransition ibetween ithe ibenzenoid iand 

iquinoid irings ioccurs iat i600-720 inm. iThe itransitions ioccurring iin ithe ipolaron, ibenzenoid iand 

iquinoid iof ithe ithin ifilm ioccurs iin iall ithe isamples. iThe iclear idifference iis iin ithe iπ i- iπ* itransition 

iwhich ifor ithe iPANI-HCl iand iPANI-H2SO4 ioccurred iat ia imuch ihigher iwavelength. 
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In iboth ithe ithin ifilms iand ibulk isamples ithere iwas ino ishift ifrom i<300 inm ito i>300 inm. iAccording 

ito i(Melad iet ial.,2016) isuch ishifts iare idue ito ithe isteric ieffect iwhich ihinders icharge itransfer 

ibetween ichains iand ileads ito ilow iconductivity iin ithe imaterial. 

 

 

Figure i4.11: iAbsorbance iversus iwavelength iof iThin iFilm isamples 

 

 

4.3.1 Determination ithe iBand iGap iof iThin iFilm iSamples 

The iEg iobtained iwere i3.00 ieV, i2.60 ieV, i3.36 ieV iand i4.1 ieV ifor iPANI-HCl, iPANI-H2SO4, iPANI-

HNO3 iand iPANI-CH3COOH irespectively. 
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Figure i4.12: iBand iGap iof iThin ifilm isamples 

Table i4.2 iBand igap iof i iThin ifilm iand iBulk isamples. 

 

SAMPLE Thin ifilm i(Eg/eV) Bulk isample i(Eg/eV) 

 i i iHCl 3.00 3.30 

 i i iH2SO4 2.60 3.75 

 i i iHNO3 3.36 3.83 

 i i iCH3COOH 4.10 3.89 

The iband igap iis iin iagreement ito ithe iconductivity iof ithe iPANI isamples 
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4.4 CYCLIC iVOLTAMMOGRAMS iOF iTHIN iFILMS 

 

Figure i4.13: iVoltamographs iThin ifilm isamples 

 

Cyclic ivoltammetry iwas iused ito istudy ithe iqualitative iinformation iabout ithe ielectrochemical iprocess 

iin isynthesizing iPANI iby ielectrodeposition ion ian iITO iglass iwith iaqueous iacids iforming ipart iof ithe 

ielectrolyte. iCyclic ivoltammograms iobtained ifrom ithe ielectrochemical iprocess iusing ithe ieDaQ 

isoftware iintegrated iinto ithe iPOTENTIOSTAT i468 idevice. iThe ielectrochemical ibehavior iof 

ipolyaniline iis idependent ion ithe iapplied ipotential iand ithe isurface iarea iof ithe ielectrodes i(Song iet ial., 

i2013). iThe icyclic ivoltammograph i(CV) ishow itwo iset iof idistinct iredox ireaction. iThat iis itwo ipairs iof 

ianodic iand icathodic icurrent ipeaks iwith ipotential ipeaks ialso. iThis iwas iobserved iin ithe 

ivoltammograph ifor iHCl iand iCH3COOH. iA isingle icurrent ipeak iand ipotential ipeak iare iobserved ifor 

iboth icathodic iand ianodic iprocesses ifrom ithe ivoltammograph. iThe iCV icurve ifor iCH3COOH ishows 

ia iset iof iredox icouple ibetween ithe ipotential iE= i-0.29 iV iand i+0.134 iV iusing ithe iAg/AgCl ias 

ireference ielectrode. iThis iis irelated ito ithe iconversion iof ifully ireduced ileucoemeraldine ibase ito ithe 
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ipartially ioxidized iemeraldine. iThe isecond iset iof iredox icouple ioccurs ibetween ithe ipotentials iE i= 

i+0.63 iV iand iE i= i-0.25 iV iusing iAg/AgCl ican ibe irelated ito ithe iconversion iof iemeraldine ito ithe ifully 

ioxidized ipernigraniline. i 

For iall ithe ifour isamples iit iwas iobserved ithat ithe ioxidation ipeak iand iits icorresponding ireduction 

ipeak iappeared ito imove ito imore inegative ivalues iat ithe iscan irate iused iwhich iwas i100 imV/s. iThis 

iimplies ithat ithe iprotons iare iinvolved iin ithe ireaction iunlike ithe ifirst ipeaks. iThe ianodic ipeak 

iobserved iat imore ipositive ipotentials iof iE i= i+0.13 i– i0.73 iV ifor iCH3COOH, iE i=+0.22 i– i0.74 iV ifor 

iH2SO4 i, iE i= i+0.20 i– i0.83 iV ifor iHCl iand iE i= i+0.41 i– i0.77 iV ifor iHNO3 iwas ivery istrong iin ithe ifirst 

icycle iof ithe ianodic ibranch ifor ithe icase iof ieach ielectrolyte iused iin ithe iexperiment. iThis ican ibe 

iattributed ito ithe iinitial imonomer ioxidation iaccording ito i(Genies iet ial., i1987). 

 

Almost iall ithe imonomer iwere ioxidized ibetween ithe ipotentials iof iE i= i+0.73 ito i+0.83 iV/S.C.E iand 

iafterwards ia iredox iequilibrium iwas iinstalled iat iE i= i-0.20 iv ifor iCH3COOH, iH2SO4 iand iHCl iexcept 

iHNO3 iwhich iwas iinstalled iat ia ipotential iof iE i= i+0.06 iV. iThe ivoltammograph ishow ia inarrow 

ianodic-cathodic ipeak iof ithe ipolymer iand iaccording ito i(Genies iand iLapkowski, i1987) ithat ishows 

ithe ipolyaniline isynthesized iis ihighly iconductive i(Bejan iet ial., i1998) irevealed ithat ifor ia iPt ias icounter 

ielectrode, ireduction iwill ialways iprevail iand ithat iwas iexperienced iin iall ithe ifour ielectrolytes iused iin 

ithis iexperiment. 
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4.5 iCONDUCTIVITY iOF iSAMPLES 

Using ithe ifour ipoint iprobe irequires ithe iuse iof ithe iequation ibelow: 

  (4.12) 

Where; iρ i= iresistivity iof ithe imaterial, ithe ireciprocal iwhich igives ithe iDC iconductivity, iσ, 

isince iσ i= i1/ iρ 

I i= iAverage icurrent isupplied ito ithe ientire iset-up 

V i= iAverage ivoltage idrop imeasured iacross ithe isample 

t i= ithickness iof ithe isample 

For ithe ibulk isamples ia imicrometer iscrew-gauge iwas iused ito imeasure ithe ithickness. iEquation ibelow 

iwas iused: 

  (4.13) 

Where: iρ iin ithis iequation irepresents ithe idensity iof iPANI i 

m i= imass iof ithe isample iobtained iby isubtracting ithe imass iof ithe iITO ifrom ithe imass iof ithe 

iITO iwith ithe isample iafter ideposition. 

A i= iArea iof ithe isample iobtained iby imultiplying ithe ilength ix iwidth, i(l ix iw) iof ithe isample. 

Below iis ithe idata iobtained ifor icalculating ithe iresistivity iof ithe ithin ifilm iand ibulk isamples. 

Density iof iPANI iis igiven iby i1.326 i± i0.014 ig/mL i(Stejskal., i2011 i) 

The imass iof ithe isubstrate, iITO i1.215 ig 
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Table i4.3 iData ifor idetermining ithe ithickness iof ithe iThin ifilm isample 

DOPANT Length il/cm Breath ib/cm Initial iMass 

im/g 

Final iMass im/g 

 i iHCl  i i i i3.00  i i1.20  i i1.45  i i0.24 

 i iH2SO4 i i i i i i  i i i i2.80  i i1.20  i i1.39  i i0.17 

 i iHNO3  i i i i3.10  i i1.20  i i1.47  i i0.25 

 i iCH3COOH  i i i i3.00  i i1.20  i i1.37  i i0.15 

 

 

 

Table i4.4 iThickness iof iThin ifilm iand iBulk isamples 

DOPANT THICKNESS iOF iTHIN iFILM 

t/ i103
 iμm 

THICKNESS iOF iBULK 

iSAMPLE it/103
 iμm 

 i iHCl 0.048 0.322 

 i iH2SO4 0.038 0.438 

 i iHNO3 0.051 0.367 

 i iCH3COOH 0.031 0.371 

 

 

 

 

 

 

 

Table i4.5 iResistivity iand iConductivity iof iThin iFilm iSamples 

DOPANT AVERAGE 

iCURRENT 

iI/mA 

AVERAGE 

iVOLTAGE 

iV/mV 

ρ i/ iΩ.cm 

 

σ/ iS.cm-1 

 

σ/ iS.cm-1 

from 
literature 

Reference 

 i iHCl 2.00 3.10 0.337 2.967 1.79 i(Owusu-

Sekyere iet ial., 

i2017) 

 i iH2SO4 2.00 3.40 0.292 3.424 1.23 (Vivekanadan 

iet ial., i2011). 

 i iHNO3 2.00 8.60 0.994 1.006   

 i iCH3COOH 2.00 14.20 0.998 1.002   
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Table i4.6 iResistivity iand iConductivity iof iBulk iSamples. 

DOPANT AVERAGE 

iCURRENT 

iI/mA 

AVERAGE 

iVOLTAGE 

iV/mV 

ρ i/ iΩ.cm 

 

σ/ iS.cm-1 

 
σ/ iS.cm-1 

from 
literature 

Reference 

HCl 1.95 2.00 1.956 0.669 0.16 (Sinha et al., 

2016) 

H2SO4 2.35 1.00 0.578 1.183 1.09  (Alesary et 

al., 2018) 

HNO3 0.35 0.70 2.719 0.300 0.04 (Manaf et al., 

2016) 

CH3COOH 0.25 1.00 5.438 0.148 0.04 (Kulkarni et 

al., 2004). 

 

 

Figure i4.14  iGraph  iof iConductivity  iagainst  iType iof iDopant  ifor iThin  ifilms  iand  iBulk  

isamples. 
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The iconductivity ivalues ifor iPANI-HCl, iPANI-H2SO4 iand iPANI-HNO3 iare iseen ito ibe igreater ithan 

ithe iorganic iacid iand ithe isame itrend iis iobserved iin iall ithe isamples. i iAccording ito i(Heinze iet ial., 

i2010) idopants ipossessing isulfonate icounter iion iare icapable iof iforming ihydrogen ibonds iresulting 

iin ienhanced iDC iconductivity iand ithat iis iwhy iPANI-H2SO4 ihad ithe igreatest iconductivity ithan ithe 

iothers. iAnother ireason iis ithat iproton idissociation ifrom ithe iacid iis iof iimportance idue ito iits ieffect 

ion ithe iprotonation i(Kim iet ial, i2014) iand iH2SO4 ihas ithe ihighest iacid idissociation iconstant 

ifollowed iby iHCl iand iHNO3. i i 

The iconductivity ivalue ifor iPANI-HCl iin ithis iwork iwas i6.69 ix i10-1
 iS/cm iwhich iis igreater ithan ithe 

ireported i1.6 ix i10-1
 i(Sinha iet ial., i2016). iIn itheir iwork ithe ireaction imedium iwere ikept iat i0oC iwhich 

icould ibe ithe ireason ifor ilow iconductivity ifor ithe ichemically isynthesised iPANI-HCl. iAll ireactions 

iin ithis iwork iwere iperformed iat iroom itemperature. iAccording ito i(Priyanka iet ial. i2015) iat ihigh 

itemperatures iconductivity iincreases idue ito ithe ihopping iof ipolarons ifrom ione ilocalised istate ito 

ianother ilocalised istate. iAnother ifactor ithat imight ihave icontributed ito ithe idifferences ialthough ithe 

iconcentration iof ithe idopants iis ithe isame iwould ibe ithe ivolume iof ithe idopant iused. i 

Alesary ireported ia iconductivity ivalue iof i1.09 iS/cm ifor ipolyaniline idoped iwith iH2SO4 i(Alesary iet 

ial., i2018). iIn ithis iwork ithe iconductivity iof iPANI- iH2SO4 iby ichemical ioxidation imethod iwas 

i1.183 iS/cm iwhich iwas inot iso ifar ifrom ithe iliterature. iAlthough i1 iM iof iH2SO4 iwas iused iin iboth 

icases ithe idifference iin ivolume iof ithe idopant iin ithe iAPS isolution iand ianiline isolution icould ibe ithe 

ireason ifor ithe idifference iin iconductivity. iOne iother ifactor iis ithe itemperature iat iwhich 

ipolymerization iwas iallowed ito ioccur. iIn ithis iwork iall ithe isynthesis iwas idone iat iroom itemperature 

iwhilst iAlesary iconducted ihis iwork iat ia ilower itemperature i(0-1) i
oC. i 
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(Manaf iet ial., i2016) ireported ithat ithe ivalue iof iconductivity iat i0.04 iS/cm iwhen ipolyaniline iwas 

idoped iwith iHNO3 iindicated ithat ithe ianionic iof initric i(NO3
-) iwas inot iable ito iincrease ithe 

iconductivity ilevel iof iPANI-ES. iThis iwas iobserved iin ithis iwork, ithe ivalue iof iPANI-HNO3 iwas ithe 

ilowest iin icomparison iwith ithe iinorganic iacids iused iin ithe iexperiment. iKulkani ialso ireports iof ithe 

ilow iconductivity iin ithe iorganic idopant isynthesised iby ichemical ioxidation iat i(0-5) i
oC ito ibe i4.21 ix 

i10-2
 iS/cm, iin ithis iwork ithe iconductivity iof iPANI-CH3COOH iwas irecorded ias i1.48 ix i10-1

 iS/cm 

iwhich iwas ilower ithan ithe iother idopants ibut ihigher iin icomparison iwith ithe iprevious istudy 

i(Kulkarni iet ial., i2004). 

The iconductivity ipattern ifor ithe ielectrochemically isynthesised isamples iis iin iagreement iwith ithe 

ireport igiven iby i(Mamman iet ial. i2013). iIn itheir iwork, ithey ireported ithat ithe idopant iH2SO4 ihad ithe 

ihighest iconductivity ithan iHCl idoped ipolyaniline iand isimilar iobservation iwas imade iin ithis iwork. 

The conductivity of PANI-HCl in Owusu-Sekeyere work was 1.79 S/cm, in this work PANI-HCl 

thin film had a conductivity of 2.96 which is am improvement of the previous study. The 

difference in the results can be attributed to the pH of the electrolyte used during the deposition. 

In his work he reported that a low pH has more charge carriers. iVivekanadan also ireported iin 

itheir iwork ion ithe iconductivity iof iPANI- iH2SO4 isynthesised iby iboth ichemical iand 

ielectrochemical imethods iat iroom itemperature. iIn ihis ireport ithe ibulk isample ihad ia iconductivity 

ivalue iof i0.27 iS/cm iwhilst ithe ihighest iconductivity irecorded ifor ithe ithing ifilm iwas i1.23 iS/cm 

i(Vivekanadan iet ial., i2011). iSimilar itrend iwas iobserved iin ithis iwok, ifor ithe ibulk isample, ithe 

iPANI- iH2SO4 ihad ia iconductivity iof iwas i1.183 iS/cm iwhilst ithat iof ithe ithin ifilm iwas i3.424 iS/cm. 

iThis ican ibe iattributed ito ithe iregular iarrangement iof ithe imonomer iunits iin ithe ithin ifilm ithan ithat iof 

ithe iPANI- iH2SO4 ibulk isample. 
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CHAPTER 5 

 CONCLUSION AND RECOMMENDATION 

5.1 CONCLUSION 

Polyaniline, PANI-ES was synthesized using four different dopants (HCl, H2SO4, HNO3 and 

CH3COOH) and the methods used were chemical oxidation and electrochemical oxidation. 

Absorption peak was observed between the ranges of 300-350 nm which depicts the π – π* 

electron transition. Another peak between 450 – 540 nm was also noticed for in all the 

samples and can be attributed to the polaron and bipolaron transition in polyaniline. This 

observation was made in all the samples prepared by the different methods. The optical 

band gap determined using the Sterns relation was between the 3.20 – 3.95 eV for the bulk 

samples. The band gap for the thin film samples were determined to be in the range of 2.60-

3.83 eV. Better conductivity of 3.424 S/cm for thin film and 1.183 S/cm for bulk sample 

were observed for the polyaniline doped with H2SO4 and it can be ascribed to the electron 

transfer in the structure as obtained form the UV-Vis analysis. HCl and HNO3 acid doped 

samples resulted in moderate conductivity while CH3COOH doped samples had the least 

conductivity which was due to the decrease in localised defect states in the polaron bond 

indicate by the low intense bond observed from the UV-Vis. The main strength of thin film 

technology is in micro-electronics through large scale integrated circuits. This work gives 

further proof and confirmation of the strength and power of micro-electronics, now and 

deep into the future with conducting polymers. The result from this work gives the evidence 
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for the future development of micro-electronics with conducting polymers. Also, the results 

show that, the band gaps of the thin film samples were much lower than those of the bulk 

samples. The results of the work satisfy one key requirement for successful electronic 

device design and development, which is high conductivity.  

S5.2   RECOMMENDATION 

1. 1. Polyaniline (PANI) composites using the different dopants should be synthesized to 

produce thin films of high reflectivity to be used manufacturing opto-electronic application 

and also to be used for LED. 

2. X-ray diffraction should be performed for structural analysis to see the effect of various 

elements constituting the composites.  
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APPENDICES 

APPENDIX 1 

CALCULATION OF THE THICKNESS OF THIN FILMS 

From Table 4.3 the mass, breath and length of the thin films were used in the following 

calculations.  The thickness of the thin film wer calculated using the equation below. Where 

; 

t = thickness of sample 

m = mass of thin film 

ρ = density of polyaniline, 1.326 ± 0.014 g/mL 

 

For PANI-HCl : m = 0.24 g  L = 3.10 cm  Breath = 1.20 cm 

t = 
0.24 

3.10 𝑥 1.20 𝑥 1.326 
 

t = 0.048 x 10-4  μm 

 

For PANI-H2SO4: m = 0.17 g  L = 2.80 cm  Breath = 1.20 cm 

t = 
0.17 

2.80 𝑥 1.20 𝑥 1.326 
 

t = 0.038 x 10-4  μm 
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For PANI- HNO3: m = 0.25 g  L = 3.10 cm  Breath = 1.20 cm 

t = 
0.25 

3.10  𝑥 1.20 𝑥 1.326 
 

t = 0.051 x 10-4  μm 

 

For PANI- CH3COOH: m = 0.15 g  L = 3.00 cm  Breath = 1.20 cm 

t = 
0.15

3.00  𝑥 1.20 𝑥 1.326 
 

t = 0.031 x 10-4  μm 

 

NOTE: The thickness of the bulk samples were measured with micrometer screw-guage and 

presented in the Table 4.4 

 

 

 

 

 

 

 



 

75 
 

APPENDIX 2 

CALCULATIONS OF ELECTRICAL RESISTIVITY AND CONDUCTIVITY OF 

THIN FILMS 

From Table 4.5 the resistivity and conductivity of the thin films are presented. The average 

voltage and average current were used in the calculations as presented below using the 

equations below: 

    

 and 

 

For PANI-HCl: I = 2.00 mA  V = 3.10 mV       t  = 0.048 x 10-4  μm 

ρ = 4.5324 x 0.048 x   
3.10

2.00 
 

ρ = 0.3372 Ω.cm 

σ = 2.966 S.cm-1 
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For PANI- H2SO4: I = 2.00 mA   V = 3.40 mV       t  =  0.038 x 10-4  μm 

ρ = 4.5324 x 0.038 x   
3.40

2.00 
 

ρ = 0.292 Ω.cm 

σ = 3.424 S.cm-1 

 

For PANI- HNO3: I = 2.00 mA   V = 8.60 mV       t   =  0.051 x 10-4  μm 

ρ = 4.5324 x 0.051 x   
8.60

2.00 
 

ρ = 0.994 Ω.cm 

σ = 1.006 S.cm-1 

 

For PANI- CH3COOH: I = 2.00 mA   V = 14.20  mV       t   =  0.031 x 10-4  μm 

ρ = 4.5324 x 0.031 x   
14.20

2.00 
 

ρ = 0.998 Ω.cm 

σ = 1.002 S.cm-1 
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CALCULATIONS OF ELECTRICAL RESISTIVITY AND CONDUCTIVITY OF 

BULK SAMPLES 

 

For PANI-HCl: I = 1.95 mA  V = 2.00 mV       t  = 0.322 x 10-4  μm 

ρ = 4.5324 x 0.322 x   
2

1.95 
 

ρ = 1.497 Ω.cm 

σ = 0.669 S.cm-1 

 

 

For PANI- H2SO4: I = 2.35 mA  V = 1.00 mV       t  = 0.438 x 10-4  μm 

ρ = 4.5324 x 0.438 x   
1

2.35 
 

ρ = 0.845 Ω.cm 

σ = 1.183 S.cm-1 
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For PANI- HNO3: I = 0.35 mA V = 0.70 mV       t = 0.367 x 10-4 μm 

ρ = 4.5324 x 0.367 x   
0.70

0.35
 

ρ = 3.326 Ω.cm 

σ = 0.300 S.cm-1 

 

 

For PANI- CH3COOH: I = 0.25 mA  V = 1.00 mV       t  = 0.371 x 10-4  μm 

ρ = 4.5324 x 0.367 x   
1.00

0.25
 

ρ = 6.726 Ω.cm 

σ = 0.148 S.cm-1 

 


