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ABSTRACT 

The thesis focuses on the development of different composites, based on 

MWCNT which finds application in various electrochemical sensing platforms. 

MWCNTs possess some excellent properties and this gets enhanced when metals or 

metal oxides are coalesced on to the CNT matrix. MWCNT composites of distinctive 

nature were fabricated by employing different noble metals like silver, palladium and 

ruthenium. Besides these metals certain metal oxides of tungsten, cobalt and iron are 

also incorporated. As different materials are successfully integrated, the newly formed 

MWCNT hybrids could possess some unique properties of all the materials that is 

being incorporated. More over surface functionalisation of MWCNTs provide more 

binding sites for the anchoring of metals and metal oxides. Further more such mild 

functionalisation technique can protect CNTs from structural damage also. The thesis 

elaborate on the fabrication of four distinct nanocomposites based on MWCNT and 

their usefulness in various applications. These include Ag/fMWCNT, Cu-WO3-

MWCNT, Pd@MWCNT-Co3O4 and RuO2/Fe3O4/MWCNT composite electrode. 

Ag/fMWCNT flexible films were fabricated through facile method in which 

silver is being deposited on to MWCNT films by electroless deposition process. The 

substrate employed in this work is PET, which is flexible and the fabricated electrode 

can be employed for sensing dopamine. Electrochemical methods like cyclic 

voltammetry, differential pulse voltametry and chronoamperometry were used to 

study the sensing behavior of the electrode towards dopamine. The LOD values were 

found to be 0.7 µM. The electrode also exhibited good pseudocapacitive behavior. 

Another flexible film electrode Cu-WO3-MWCNT utilized the techniques viz. 

electroless and electrodeposition process for its formation. Tungsten oxide was 

incorporated on to MWCNT matrix which was then deposited on to electroless copper 

substrate. The preliminary and qualitative sensing of ageing of lubricant oils was 

studied using this electrode. This was revealed by electrochemical impedance studies. 

One another work reports on the development of Pd@MWCNT-Co3O4 film. 

The relevance of the electrode lies in the fact that cobalt oxide employed for the 

fabrication was recovered from spent lithium-ion battries. The cobalt was extracted 

from the used lithium ion batteries and then converted into oxide form and finally 

palladium incorporated MWCNT is being deposited on to Co3O4 film by 



electrophoretic deposition process. The developed Pd@MWCNT-Co3O4 electrode 

was used as glucose sensor. The sensing behavior of the electrode towards glucose 

was revealed from the chronoamperometric studies and the limit of detection was 

found to be 0.6 µM. 

Another composite electrode based on MWCNT is from RuO2 and Fe3O4 

mixed oxide. The composite was drop casted on to glassy carbon electrode and the 

sensing behavior of the composite towards simultaneous detection of ascorbic acid 

and dopamine was studied using cyclic voltammetry and differential pulse 

voltammetry. The limit of detection was found to be 1.12 µM for ascorbic acid and 

0.11 µM for dopamine.  

In brief, all the nanocomposite electrodes of MWCNTs fabricated were 

developed through different facile strategies that were found to have good sensing 

capability towards different analyte molecules. The procedures adopted for the 

fabrication process were simple and economical. The composites films were 

characterized by different analytical and instrumental methods. The sensing 

characteristics were studied using different electrochemical techniques. All the 

electrodes were found to be stable and reproducible.  
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സംْഗഹം 

 

മൾ؂ിവാൾഡ് കാർബൺ നാേനാ ടّൂബ് (MWCNT) സംയു׹װളുെട 

നിർأാണവും ഇലക്േْടാ െകമിׯൽ െസൻസിങ് േമഖലകളിൽ ഇവയുെട 

ഉപേയാഗവുമാണ് ഈ ْപബؖ؋ിൽ ഉൾെؚടു؋ിയിരിؗുׯത്. 

വളെരയധികം സവിേശഷതകളുت MWCNT െമْടി٧عിേലാ؂് േലാഹ׹േളാ, 

േലാഹ ഓക്ൈസഡുകേളാ സംേയാജിؚിുׯേآാൾ കി؂ുؗ സംയു؋װിന് 

ഗുണ׹ൾ ഏെറയാണ്.  ഉൽകൃذ േലാഹ׹ളായ സിൽവർ, പേലഡിയം, 

റുഥീനിയം, േലാഹ ഓക്ൈസഡുകളായ  ടങ്زൻ, േകാബാൾട,് അേയൺ 

എؗിവ MWCNT യുമായി സംേയാജിؚി׺ാണ ് വിവിധതരം MWCNT 

ൈഹْബിഡ് േകാംേപാസിുئകൾ  നിർأി׺ിരിؗുׯത്. വّതّر 

േലാഹ׹ളും േലാഹസംയു׹װളും സംേയാജിؚി׺തിനാൽ പുതിയതായി 

രൂപെؚ؂ MWCNT ൈഹْബിഡുകൾ്ׯ സംേയാജിؚി׺ പദാർ،׹ളുെട 

തനതായ ഗുണ׹ൾ ഉ؇ായിരിുׯം. േലാഹ׹െളയും 

േലാഹസംയു׹װേളയും  ഉൾെׯാؗുتതിനുت ൈബൻഡിംഗ് 

ൈസുئകൾ നിർأിുׯവാനായി MWCNT െയ ശരിയായ രീതിയിലുت 

ഫങ്ഷണൈലേസഷൻ നടേ؋؇തു؇്. MWCNT യുെട നാല് വّതّر 

നാേനാ േകാേآാസിുئകളായ Ag/fMWCNT, Cu-WO3-MWCNT, Pd@MWCNT-

Co3O4, RuO2/Fe3O4/ MWCNT േകാംേപാസി്ئ ഇലക്േْടാഡ് എؗിവയുെട 

നിർأാണവും ْപാേയാഗികതയുമാണ് ഈ ْപബؖ؋ിൽ 

ഉൾെؚടു؋ിയിരിؗുׯത്. 

ഇലക്േْടാെലസ് ഡിേപാസിഷൻ ْപْകിയയിലൂെട സിൽവർ MWCNT 

ഫിലിമിേല്ׯ സംേയാജിؚി׺ാണ് Ag/fMWCNT ഇലക്േْടാഡ ്

നിർأി׺ിരിؗുׯത്. ഇ؋ര؋ിൽ നിർأി׺ ഇലക്േْടാഡിന് േഡാപമിൻ 

സാؗിധّം തിരി׺റിയാൻ കഴിയുെമ്ؗ കെ؇؋ി. ഇലക്േْടാെകമിׯൽ 

അനലിئിׯൽ രീതികളായ ൈസױിക് േവാൾ؂ാെമْടി,  ഡിഫെറൻഷّൽ 

പൾസ് േവാൾ؂ാെമْടി, േْകാേണാ ആംേْബാെമْടി എؗിവയിലൂെടയാണ് 

ഇലക്േْടാഡിന് േഡാപമിൻ െസൻസറായി ْപവർ؋ിׯാൻ കഴിയുെമ്ؗ 

കെ؇؋ിയത്. ലിമി്ئ ഓഫ് ഡിײئൻ   മൂലّം 0.7 µM ആെണ്ؗ കെ؇؋ി. 

ഇലക്േْടാഡ് നب സّുേഡാ കؚാസിئീവ് സٔഭാവവും ْപകടിؚിു׺. 

ഈ ഗേവഷണ؋ിന്െറ ഭാഗമായി നിർأിׯാൻ കഴി؁ മെئാരു 

ഇലക്േْടാഡായിരുؗു Cu-WO3-MWCNT. ഈ ഇലക്േْടാഡ് 

നിർأാണ؋ിനായി ഇലക്േْടാെലസ് ഡിേؚാസിഷൻ, ഇലക്േْടാ 



ഡിേؚാസിഷൻ െട٠عിുׯകളാണ് ഉപേയാഗി׺ത്. WO3-MWCNT ൈഹْബിഡ് 

നിർأി്׺, ഈ സംയുװെ؋ ഇലക്േْടാെലസ് േകാؚർ സബ്സ്േْടئിേല്ׯ 

നിേײപിുׯകയും െചᅃٝു. ഇലക്േْടാ െകമിׯൽ ഇംപീഡൻസ് സ്െപക്

േْടാസ്േകാؚി്ׯ െട٠عിׯിലൂെട ഈ ٧ع؜ിബിൾ ഇലക്േْടാഡ് ഉപേയാഗി്׺ 

ലൂْബിׯന്റ് ഓയിലുകളുെട ْപവർ؋നײമത പരിേശാധിׯാെമ്ؗ 

കെ؇؋ി. 

വളെരേയെറ ْപേയാജനْപദമായ Pd@MWCNT-Co3O4  ഇലക്േْടാഡും 

ഈ ഗേവഷണ ْപവർ؋ന؋ിലൂെട നിർأെ׺ടുׯാൻ സാധിു׺. ഈ 

ഇലക്േْടാഡ് നിർأാണ؋ിന് ഉപേയാഗി׺ െകാബാൾ؂് ഓക്ൈസഡ് 

ഉപേയാഗശൂനّമായ ലിഥിയം അേയാൺ  ബാئറികളിൽ നി്ؗ 

വീെ؇ടു؋താണ്. ഉപേയാഗശൂനّമായ ബാئറികളിൽ നി്ؗ െകാബാൾ؂് 

േവർതിരിെ׺ടു്؋ പിؗീട് ഓക്ൈസഡ് രൂപ؋ിേല്ׯ പരിവർ؋നം 

െചᅃٝു. Pd@MWCNT ഇലക്േْടാേഫാറئിക് ഡിേؚാസിഷൻ ْപْകിയയിലൂെട 

Co3O4 ഫിലിമിേല്ׯ നിേײപിുׯകയും െചᅃٝു.  ൂ׷േׯാസിന്െറ സാؗിധّം 

തിരി׺റിയാനുت സവിേശഷ േശഷി ഈ ഇലക്േْടാഡിനുെ؇്ؗ േْകാേണാ 

ആംെപേറാെമْടിക് പഠന؋ിലൂെട കെ؇؋ി. ൂ׷േׯാസിന്െറ ലിമി്ئ ഓഫ് 

ഡിײئൻ മൂലّം 0.6 µM ആെണ്ؗ ഈ ഇലക്േْടാഡിലൂെട കെ؇؋ാൻ 

കഴി؁ൂ. 

അവസാനമായി പഠനം നട؋ിയ MWCNT സംയുװം,                                      

RuO2/ Fe3O4/ MWCNT യാണ്. ഈ സംയുװെ׷ ؋ാشി കാർബൺ 

ഇലക്േْടാഡിേല്ׯ (GCE) േْഡാ്ؚ കാ്ز െചᅃٝു. അതിന്െറ ഫലമായി ലഭി׺ 

RuO2/ Fe3O4/ MWCNT/GCE ഇലക്േْടാഡിന് ഒേര സമയം േഡാപമിന്െറയും 

അസ്േകാർബിക് ആസിഡിന്െറയും സാؗിധّം തിരി׺റിയാൻ കഴി؁ു.

 ഇതിനായി ഇലക്േْടാെകമിׯൽ െട٠عിുׯകളായ ൈസױിക ്

േവാൾ؂ാെമْടി, ഡിഫറൻഷّൽ പൾസ് േവാൾ؂ാ െമْടി െട٠عിുׯം 

ഉപേയാഗെؚടു؋ി . അസ്േകാർബിക് ആസിസിൻ◌്െറ  ലിമി്ئ ഓഫ് 

ഡിײئൻ  മൂലّം 1.12 µM ഉം േഡാപമിന്േറത്  0.11 µM ആെണ്ؗ കെ؇؋ി. 

ൈവവിധّമാർؗ െട٠عിുׯകളിലൂെട നിർأി׺ വّതّر MWCNT 

ൈഹْബിഡ് ഇലക്േْടാഡുകൾ വിവിധ പദാർ،׹ളിെല തؘാْതകളുെട 

സാؗിധّം തിരി׺റിയാനുت െസൻസറുകളായി ഉപേയാഗെؚടു؋ാെമ്ؗ 

കെ؇؋ി. ലളിതമായി നിർأി׺ ഈ ഇലക്േْടാഡുകൾ 

കാരّײമതയുളളതും   പുന:ർനിർأിׯാവുؗതുമാണ്. 

 



PREFACE 

The research work carried out here focus on different facile strategies adopted for the 

fabrication of distinct types of MWCNT composites which finds application in 

different sensing platforms. Carbon nano tubes (CNTs) are considered as the 

allotropes of carbon which is an intermediate between graphite and cages of 

fullerenes.  Among the conductive carbon based nanomaterials, CNTs are used for 

wide variety of applications. This is due to its excellent properties which include 

weightlessness, high specific area, small size, bio-compatibility and excellent thermal 

and chemical stability. Based on the number of cylindrical walls CNTs are again 

classified as SWCNTs and MWCNTs. Among the above two classification, 

MWCNTs are dominant over SWCNTs due to several reasons which include 

excellent stability, more ease of mass production, low cost and easy functionalization. 

MWCNTs finds use in various fields like additive manufacturing technology, field 

emitters, electromagnetic absorbing materials, catalysts for various chemical 

reactions, lithium battery anodes, energy conversion and energy storage devices, nano 

composites, super capacitors, nano probes, drug delivery platforms and also sensors. 

The research work dealt with fabrication of different types of MWCNT composites 

embedding different metals and metal oxides. These specific composites find 

application in sensing various analytes. The preparations of nanocomposites were 

found to be simple and economic. The main objectives of the thesis include 

fabrication of MWCNT based hybrid nano composites that can be utilised in various 

non enzymatic sensing platforms. The research focussed on electrochemical sensing 

of various types of analyte molecules using the synthesised MWCNT composite 

electrodes. MWCNTs were properly functionalised for the fabrication of these 

mentioned composites. Acid functionalisation method was adopted for the 

functionalisation of MWCNT and this could improve the dispersibility of MWCNT. 

For the development of various MWCNT composite electrode materials different 

metals and metal oxides are being incorporated into MWCNT matrix. The metals 

mainly included silver, copper, palladium and  metal oxides used in fabrication of 

different composite electrodes are oxides of cobalt, tungsten, ruthenium and iron. The 

thesis deals with the sensor application of four different MWCNT composites. These 

include Ag/fMWCNT electrode, Cu-WO3-fMWCNT composite film electrode, 

Pd@MWCNT-Co3O4 electrode and RuO2/Fe3O4/MWCNT composite. The fabricated 



MWCNT hybrid composites were characterised using different analytical and 

electrochemical techniques. The flexible Ag/fMWCNT electrode fabricated through 

benign reducing agent was capable of sensing dopamine and also exhibited excellent 

limit of detection. The fabricated flexible film also exhibited good pseudocapacitive 

behaviour. Another MWCNT Composite film electrode was fabricated by 

incorporating WO3/MWCNT composite on to copper substrate and this sensor was 

used for studying ageing of lubricant oils. A glucose sensor fabricated using Co3O4 

electrode in which palladium incorporated MWCNT is being deposited using 

electrophoretic deposition. In this work Co3O4 has been recovered from spent lithium-

ion batteries and the developed Pd@MWCNT-Co3O4 electrode was used as a non-

enzymatic glucose sensor. The ternary composite electrode based on 

RuO2/Fe3O4/MWCNT could simultaneously detect both dopamine and ascorbic acid.  

The entire work of the Ph.D. thesis has been structured into nine chapters.  

Chapter-1 deals with the various types of carbon nano materials. A short description 

of various carbon nanomaterials including fullerenes, carbon nanotubes, graphene, 

carbon nanodiamonds, carbon nano horns, carbon dots, carbon nano fibres and carbon 

black are detailed in this chapter. A comprehensive description of carbon nanotubes  

which include different types of CNTs, synthesis methods, important properties, 

purification techniques together with functionalisation methods are discussed in 

Chapter 1. 

The literature survey dealing with the importance of MWCNT hybrid composite in 

various domains is discussed in Chapter-2. The exclusive review of research on 

MWCNT focus on potential application of MWCNTs and their composites. This 

chapter also highlights on the properties of MWCNT composites for sensing various 

analyte molecules.   

The common experimental methods adopted for the research work are highlighted in  

Chapter-3. The fabrication techniques of different MWCNT-based hybrids and the 

characterization techniques adopted to study the synthesized hybrid composites have 

been outlined in this chapter. 

Chapter-4 discusses on process fabrication of flexible Ag/fMWCNT electrodes using 

benign reducing agent and its application as a dopamine senor. The method of 



preparation is facile and cost-effective. The electrochemical techniques were adopted 

for the sensor characterization. The method includes chronoamperometric technique 

and differential pulse voltammetry. The sensor possessed good reproducibility, 

excellent stability and has very good limit of detection. 

The application of flexible Cu-WO3-MWCNT film electrode as a sensor for studying 

ageing characteristics of lubricant oils is discussed in Chapter-5. The flexible                    

Cu-WO3-MWCNT electrode was fabricated using electrochemical deposition process 

viz. electroless and electrophoretic deposition. The fabricated film exhibited good 

sensing behavior for determining aging characteristics of lubricant oil as revealed by 

the impedance studies. 

Chapter-6 portrays on the development of a glucose sensor. The Pd@MWCNT-Co3O4 

composite electrodes were employed for non-enzymatic detection of glucose 

molecules. The beauty of the experiment lies in the fact that the cobalt oxide used in 

the fabrication of the composite is recovered from spent Li-ion batteries. The 

electrochemical response of the modified electrode towards non-enzymatic glucose 

sensing was studied using the cyclic voltammetry and chronoamperometry. The 

nanocomposite electrode possessed superior sensing behaviour along with excellent 

stability, selectivity and good reproducibility. The results revealed the potential 

usefulness of spent materials from batteries for developing various systems for myriad 

applications. 

One other piece of work delves into fabrication of MWCNT composite prepared as a 

ternary composite of RuO2/Fe3O4/MWCNT/GCE which could detect both dopamine 

and ascorbic acid simultaneously and this is highlighted in Chapter-7. MWCNT 

provided numerous sites for the incorporation of metal oxides of iron and ruthenium. 

The electrochemically stable nano composites provided valid results in detection of 

both the analytes as revealed from cyclic voltammetric and differential pulse 

voltammetric studies. 

The entire work done is concisely summarized in Chapter 8. All the developed 

nanocomposites were found to be ideal candidates for executing their role in the 

electrochemical sensing field. Future scope of the synthesised MWCNT composites is 

detailed in Chapter 9. 
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1.1. CARBON-BASED NANOMATERIALS (CNMs) 

The tetravalency and catenation ability of carbon makes it unique comparing 

other elements. These carbon atoms can undergo different types of hybridization viz. 

sp, sp2 and sp3. Diamond and graphite are the two widely known allotropic forms of 

carbon. Contemporary research delves into modification of carbon based nano 

structures for application in various fields. The unusual properties of carbon-based 

nanomaterials widens the scope of research which leads to discovery of superior 

materials. Carbon nanomaterials (CNMs) can be classified into various categories 

based on the dimensions of the particles and also based on their geometrical structure. 

The CNMs exhibit various shapes which include horns (carbon nanohorns), tubes 

(carbon nanotubes), and spherical or ellipsoid shapes (fullerenes) [1,2]. Based on the 

dimensions, these materials are again classified into zero dimensional nanomaterials 

(0D-NMs), one dimensional nanomaterials (1D-NMs), two dimensional 

nanomaterials (2D-NMs) and three-dimensional Nanomaterials (3D-NMs). Fullerenes 

and carbon dots are included in the class of 0D-NMs,  carbon nanofibres, carbon 

nanotubes, and diamond nanoplatelets come under the category of  1D-NMs, 

graphene, graphite sheets, and diamond nanoplatelets have been categorized into 2D-

NMs and 3D-NMs include nanocrystalline diamond and nanostructured diamond-like 

carbon. The different forms of carbon nanoallotropes are shown in Figure-1.1 and 

Figure-1.2. 

 

 

Figure-1.1. Classification of carbon based nanomaterials. 
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Figure-1.2. Classification of carbon nano allotropes based on different dimensions [3]. 

(Copyright 2015, American Chemical Society) 

1.1.1. Fullerenes 

Fullerenes are one of the allotropic modifications of carbon invented in 1985 

by H. W. Kroto, R. F. Curl, and R. F. Smalley [4]. The carbon atoms in fullerenes are 

sp2 hybridized. The Fullerene family was formed with atomic Cn clusters (n>20), 

comprising pentagonal and hexagonal faces. The extensively studied fullerene is C60 

in which there are 12- five-membered rings and 20 six membered rings. Fullerene has 

a diameter of 0.7 nm [5]. Fullerenes are found in the soot of flames produced during 

combustion [6]. The synthesis of fullerenes mainly includes sputtering, electric arc 

discharge, and electron beam ablation methods [7]. The application of fullerenes in 

the medical field mainly includes cancer therapies, gynecological malignancies, and 

MRI [8,9]. 
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1.1.2. Carbon Nanotubes 

Carbon nanotubes (CNTs), discovered by S.Iijima in 1991 is one of the 

allotrophic modification of carbon with sp2 hybridized carbon atoms. CNTs are 

rolled-up graphene sheets in cylindrical or tubular forms having diameter in 

nanometers. CNTs are further classified as single-walled carbon nanotubes 

(SWCNTs) and multiwalled carbon nanotubes (MWCNTs). The diameter of 

SWCNTs is around 1-3 nm and those of MWCNTs range from 5-25 nm with  length 

of around 10 microns [10,11]. Chemical vapour deposition (CVD), Carbon arc 

discharge and laser ablation methods are commonly employed for synthesizing CNT. 

Due to the excellent features of these nanotubes, they find applications in sensing 

platforms, nano-electromechanical systems and biomedical applications [12–14]. 

1.1.3. Graphene 

In 1947, P. R. Wallace identified graphene and later A. Geim and K. 

Novoselov carried out further investigation of the sample. Graphene is a 2D 

allotrophic form of carbon with carbon atoms in sp2 hybridization. The interatomic 

distance between carbon hexagons is 0.142 nm. Graphene can be modified into other 

allotropic forms of carbon. If graphene is wrapped up 0D fullerenes are formed, if 

rolled up it forms 1D nanotubes and if stacked up 3D graphite is formed. This is 

shown in the Figure-1.3 [15,16]. The synthesis method employed for the fabrication 

of layered graphene includes solvo-thermal production, liquid phase exfoliation, CVD 

peeling off from graphite and also other techniques [17,18]. Graphene finds its 

application in electrochemical sensors, photo-catalytic materials etc. due to its unique 

characteristics [19,20]. 
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Figure-1.3. Different forms of graphene [16] (Copyright (2007) 

1.1.4. Carbon Dots 

Carbon dots (CDs) are the new class of materials in the carbon family with the 

size of carbon atoms below 10 nm. These zero-dimensional materials possess 

significant properties. Carbon dots possess excellent photoluminescence and their 

small size, low toxicity, and biocompatibility make them important in the area of 

biosensing [21,22]. The synthesis method mainly involves hydrothermal methods, 

pyrolysis, electrochemical methods etc. [23,24]. Based on the mechanism of 

formation and the properties, carbon dots are classified as carbon quantum dots 

(CQD), graphene quantum dots (GQDs), and carbonized polymer dots (CPDs) [25]. 

1.1.5. Carbon Nanofibres 

Carbon nanofibres (CNFs) are wire-shaped nanostructures. The diameter of 

nano fibers varies between 10 to 500 nm. The synthesis method of CNFs mainly 

includes plasma enhanced chemical vapour deposition, thermal chemical vapour 
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deposition, and electrospinning methods [26–28]. CNFs are used for electrochemical 

sensing applications due to their excellent properties like large surface area, good 

electrical conductivity, and biocompatibility. 

1.1.6. Carbon Nanodiamonds 

Carbon nanodiamonds are nanoparticles exhibiting properties similar to 

diamonds and can exist in various forms like nanocrystalline diamond (NCD) films, 

nanostructured diamond-like carbon (DLC) films, and particulate nanodiamonds 

(PNDs) [29]. Nanodiamonds are formed by detonation. The CNDs display 

fluorescence properties and hence can be used as biomarkers and in bio-labeling 

studies [30]. 

1.1.7. Carbon Nanohorns 

Carbon nanohorns (CNHs) consist of sp2-bonded carbon atoms and exist as 

closed cages. It is also known as nanocones consisting of a diameter ranging from 2-5 

nm and length ranging from 40−50 nm [31]. The synthesis method mainly includes 

arc discharge, laser ablation, and joule heating method [32, 33]. CNHs find their use 

as drug carriers, biosensors, supercapacitors, dye-sensitized solar cells etc. 

1.1.8. Carbon Black 

The combustion of petroleum products yields Carbon black (CB). They are 

spherical nanoparticles of size varying from 3.0 to 100 nm. The carbon black 

nanoparticles can be prepared by thermal plasma process [34]. The presence of sp2 

hybridized carbon atoms makes carbon atoms to functionalize with different 

biomolecules on the surface. This could find applications in the field of bio-sensing 

and electrochemical sensing applications [35]. 

1.2. CARBON NANOTUBES 

Carbon nanotubes (CNTs) are quasi-one-dimensional straight tubes that 

resemble graphene in most of its physical properties. Carbon atoms in CNTs are sp2 

hybridized and have cylindrical structure formed from the rolled up graphene sheets. 

A σ- 𝜋 rehybridization occurs due to strong curvature of carbon nanotubes resulting in 

three σ bonds to be located slightly out the plane and due to this 𝜋 orbital getting 
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more delocalized outside the tube. This is the reason why CNTs possess excellent 

electrical, thermal and conducting properties than graphite. 

CNTs can exist as single-walled carbon nanotubes (SWCNT) and multiwalled 

carbon nanotubes (MWCNT). Iijima invented MWCNT in 1991 and SWCNT in 1993 

[10]. SWCNT consists of a single well and the wall of the nanotube consists of only 

one graphene layer thickness having a diameter varying between 0.4 and 2 nm. They 

may also be called as graphene nanotubes. MWCNT consists of concentric SWCNT 

in which multiple layers of graphene are rolled up to form a tube shape with a 

diameter ranging from 2 to 100 nm [36]. Besides SWCNT and MWCNT, there exist 

polymerised SWCNT, nanotorus, and nanobuds [37]. The hardness of polymerized 

SWCNT is compared to diamond. They are formed when many SWCNTs get coiled. 

Nanotorus CNTs is a kind of zero-dimensional CNT-based structure in which carbon 

nanotubes are bend into torus shaped or possess a donut shape. These are also known 

as carbon nanoring and possess high magnetic moment [38]. Carbon nanobuds are 

novel fullerene-CNT hybrid nanostructure in which fullerenes gets attached to the 

outer surface of CNTs by covalent bonds [39]. These five different types of CNTs 

classified based on structure are shown in Figure-1.4. 

 

 Figure-1.4. Diagrams of (a) Single-walled CNTs (SWCNTs) and (b) Multi-walled 

CNTs (MWCNTs) (c) Polymerised SWCNT (d) Nanotorus (e) Nanobuds (36,37). 
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Graphene sheets can be rolled to into form tubular structures in three distinct 

ways depending upon the direction, which determine the unique properties of single-

walled carbon nanotubes. These include armchair, zigzag, and chiral as shown in 

Figure-1.5. The chiral vector 𝐶ℎሬሬሬሬሬሬ⃗   determines the circumference of the CNTs. It is also 

known roll-up vector and is defined by Ch= na1+ ma2 (where n and m are integers and 

a1 and a2 are graphite lattice vectors).  A (m,n) carbon nanotube can be visualized by 

rolling up of graphene sheet in such a way that the tip of the chiral vector touches its 

tail.This criterion determines the existence of three distinct forms of nanotubes 

[40,41]. If m=0, CNTs form a zig-zag structure. If m=n then the armchair structure is 

formed whereas m≠n makes the chiral form of CNT. The above structures are also 

classified based on chiral angles [42]. If chiral angle ϴ=0 then zig-zag structures are 

formed and if ϴ=30 armchair structures are formed. Chiral nanotubes correspond to 0 

<ϴ< 30°.The properties of the nanotube change from metallic to semiconducting 

depending upon the change in chiral vectors. Armchair CNTs display metallic 

properties whereas other arrangements of CNTs exhibit semiconducting properties. 

The ends of MWCNT are closed by half-fullerene molecules which are dome-shaped 

and they appear to be straight whereas SWCNT tends to form bundles. 

 

Figure-1.5. Schematic diagram showing armchair, zigzag, and chiral forms of carbon 

nanotubes [39]. 

The diameter (D) of the carbon nanotube is given by D= |Ch|/Π = 

a√n2+nm+m2/ Π. Chiral angle (ϴ) is given by ϴ = √3m /Tan (m+2n). Thus structures 

of SWCNT and MWCNT can be generated by using lattice constant and inter-tube 

spacing. 
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Two structural models are commonly used to relate MWCNT. These include the 

Parchment model and the Russian doll model. If the graphene sheet is wrapped in 

such a way that it resembles a rolled newspaper then the model is termed as 

Parchment model and if graphite sheets are arranged in concentric layers then the 

model is referred to as the Russian Doll model [43]. Both models have been 

highlighted in Figure-1.6. A summary on the classification of CNTs [44] is given in 

Figure-1.7. 

 

Figure-1.6. Two structural models of MWCNT (a) Parchment model and (b) Russian 

Doll model [40]. 

 

Figure-1.7. Summary of classification of CNTs [44]. 
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1.2.1. SYNTHESIS OF CNTs 

Different methods such as chemical vapour deposition, arc discharge process, 

hydrothermal method, pulsed laser deposition method and laser ablation method are 

employed for the synthesis of CNT.  In these various processes, three methods are 

most commonly employed for the synthesis of CNT viz. arc discharge, laser ablation 

and chemical vapor deposition methods [45–47]. 

(a) Electric Arc Discharge 

This is one of the most common methods used for the synthesis of SWCNTs 

and MWCNTs with only a few structural defects.  Arc discharge setup mainly 

includes two graphite electrodes of high purity kept at an atmospheric pressure of 500 

torr under a helium atmosphere. The electrodes are separated by a distance of 1-2 mm 

inside the chamber. A direct current of 50 to 100 A and a potential difference of 

nearly 20 V, develops a temperature greater than 3000 °C between the two electrodes 

which vaporizes carbon atoms. As a result, anode will get consumed and the 

evaporated carbon atoms get deposited on the cathode in the form of a ‘cylindrical 

hard deposit or cigar-like morphology’. For the production of SWCNTs, the anode 

used is graphite doped with metal catalyst (Co, Ni, Fe etc.) and pure graphite as 

cathode. Pure graphite rods in the presence of hydrogen gas are used for the 

production of MWCNTs [48,49]. The CNTs synthesized using this method usually 

tend to be short and there is only little control over the alignment and this method 

requires purification. 

(b) Laser Ablation 

The laser ablation method is another promising method involved in the 

synthesis of carbon nanotubes. In this method graphite target kept inside a quartz tube 

under high temperature in an inert environment is vaporized by a high-power laser 

beam. The vaporized carbon species is swept along with flowing inert gas and the 

mixture is cooled to produce large clusters from which desired CNTs are produced. 

For the production of SWCNTs, a similar technique and principle are applied for laser 

ablation and arc discharge process. The only difference is that here a strong laser 

beam is made to strike the graphite target which holds a catalyst such as cobalt or 

nickel. The size and diameter of nano tube can be varied by tuning the laser 
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properties, nature of gas and its pressure, composition of the catalyst and its growth 

temperature [50–52]. The advantage of this method lies in the fact that low metallic 

impurities are being produced and the disadvantage of the laser ablation method is 

that the method is not so economical due to the requirement of pure graphite rods and 

high energy laser source. 

c) Chemical Vapor Deposition 

Chemical vapor deposition (CVD) is the most versatile and economical 

method for synthesizing CNTs. The different types of CVD techniques include- 

catalytic CVD (CCVD), microwave plasma enhanced CVD (MPECVD), radio 

frequency CVD (RFCVD), hot filament CVD (HFCVD), and water assisted CVD. 

CCVD is further classified as thermal CVD and plasma enhanced CVD (PECVD). 

The CVD process used for the synthesis of CNTs mainly includes two steps- 

preparation of catalyst particles on the substrate which is followed by the 

decomposition of carbon precursor resulting in the formation of nanotubes. 

Sputtering, physical vapor deposition and dip coating are mainly used for catalyst 

preparation. The substrate is finally heated in a carbon-rich environment (carbon 

sources mainly include carbon monoxide, methane, acetylene etc) at a temperature of 

500-1000 ⁰C.  By controlling the experimental parameters such as temperature, type 

of hydrocarbons used, catalyst type etc., we can produce CNTs in a variety of forms 

[53–56].  

1.2.2. PURIFICATION OF CNT 

Carbon nanotubes synthesized by various methods may contain a lot of 

impurities and this depends on the mode of synthesis. The purification process can be 

done through a gas phase, liquid phase and intercalation method to improve CNT 

purity. The impurities may include amorphous carbon, metal impurities, other 

carbonaceous particles etc. The unwanted large aggregates of graphite can be 

removed by filtration. Catalyst particles can be removed by dissolution in acidic 

solvents, fullerenes can be removed by organic solvents and amorphous carbon 

clusters are removed by chromatographic techniques. The air oxidation technique is 

used to remove amorphous carbon or polyhedral graphite-like particles from 

MWCNTs synthesized by the arc discharge technique. Surfactant-aided sonication, 
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size exclusion chromatography and ultrasonic assisted microfiltration are the 

commonly used nondestructive methods adopted for the separation of CNTs from 

amorphous carbon and catalytic impurities. Besides these techniques, fluorination, 

bromination, and density gradient ultra-centrifugation methods are also concomitantly 

applied for the purification process. The ultimate aim of the purification process is the 

production of clean CNTs which can be produced in a single step without loss of its 

inherent properties [57–61]. 

1.2.3. FUNCTIONALISATION OF CNTs 

CNTs are ideal nanoscale materials that finds applications in numerous fields. 

However, the chemical inertness of CNT due to their sp2 hybridized carbon atoms 

with the hexagonal network, makes them insoluble in almost all solvents and there 

limits its applications. Functionalization of CNTs is done to overcome these 

limitations and the most common functionalization methods include- covalent 

functionalization, defect group functionalization, non-covalent exohedral 

functionalization, and endohedral functionalization [62,63]. These are shown in 

Figure-1.8. Controlled functionalization of CNTs are still in dilemma and the 

solubility issues exist after all sort of functionalization methods .It is also noted that 

CNT functionalization result in fragmentation of nanotubules into smaller units and 

also change in hybridization occurring during functionalization techniques results in 

the disruption of π electron system which inturn results in change in the electrical and 

thermal properties of CNTs. Furthermore some of the reagents used for 

functionalization are not ecofriendly. So new researches focus on development of 

CNTs in which properties are not altered to a great extend. 

(a) Covalent functionalization 

Side wall halogenation is one of the covalent approaches for the 

functionalistaion of CNTs. These mainly include fluorination, chlorination and 

bromination and such coupling of halogen groups with carbon nanotubes makes it 

soluble in protic solvents [64,65]. Moreover, further substitution can be accomplished 

by replacing the fluorinated groups with alkyl groups [66]. Hydrogenated CNTs can 

be produced using glow discharge, proton bombardment or by carrying out birch 

reduction [67–69]. The attachment of various moiety through cyclo-addition reaction 
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has also been reported. The tubular CNTs can be functionalized by carbene [2+1] 

cycloaddition, nitrene [2+1] cycloaddition, 1,3 dipolar cycloaddition, Bingel [2+1] 

cyclopropanation reactions, Diels-Alder cycloaddition etc. [70–74]. Covalent 

functionalization of CNTs can be done by thermal and photochemical methods and 

also by nucleophilic and electrophilic addition reactions [75-78]. The chemical 

reactivity of nanotubes can be further enhanced by the addition of inorganic 

compounds which result in the formation of nanotube-metal complexes and also by 

ozonolysis reaction which yields CNT- ozonides [79,80]. Mechano-chemical 

functionalization which includes ball milling technique, glow discharge plasma 

activation technique and grafting of polymers onto the surface of CNTs are also some 

of the covalent functionalization approaches [81-83]. 

(b) Defect group functionalization 

Defect sites created on the surface of CNTs serve as a base for further 

anchoring of other functional groups onto the CNT surface. The surface oxygenated 

functionalities can be attached to CNT surface by oxidative process. The oxidation 

also helps to remove the impurities like amorphous carbon which is usually produced 

during the synthesis process. The carboxylic functionalities can be further modified 

into acid chlorides, esters, amides, amines, porphyrins etc. [84–87]. The introduction 

of such groups makes CNTs soluble in various solvents and can be applied in various 

fields. The attachment of CNTs to biomolecules is another type of defect group 

functionalization by which different bio-electronic systems can be framed. 

Biomolecules can also provide an environment for further derivatization in CNT 

tubes. The carbon nanotubes can act as a nano connector which amplifies the 

electrical signals in the nanotube-enzyme system and by sensing proteins, DNA and 

other biomolecules [88–90]. Polymers can be grafted onto the defect sites of CNTs 

and hence these CNTs are found to be well-dispersed in common organic solvents 

[91–93]. 

(c) Non-covalent exohedral functionalization 

CNTs form bundles that are held together strongly which makes it difficult to 

form a homogeneous dispersion. Noncovalent exohedral functionalization is one kind 

approach in which CNT bundles are exfoliated to prepare individual CNTs in which 

the electronic network of the tubes is retained. The widely used noncovalent wrapping 
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agents involved in the functionalization of CNTs include polymers, surfactants, 

polynuclear aromatic compounds and biomolecules [94-97]. Nanotube-polymer 

composites mainly include epoxy composites, hydrocarbon polymers, acrylates, 

conjugate polymers, polycarbonates, fluoro-polymers, polyvinyl alcohol, polyethylene 

glycol, silicon etc. Organic acids and their salts have been applied for CNT 

functionalization. Commonly used surfactants include sodium dodecyl benzene 

sulfonate (SDBS), sodium dodecyl sulfate (SDS), sodium collate (SC), 

cetyltrimethylammonium bromide (CTAB), benzethonium chloride, triton X-100, 

tween-80, sodium lignosulfonate (SLS). Physical methods are also adopted to prepare 

CNT dispersion which include ultrasonication, dielectrophoresis combined with mega 

sonification and plasma techniques [98]. 

(d) Endohedral functionalization 

Endohedral filling of CNTs mainly involves trapping of different elements of 

appropriate sizes into the inner cavities of carbon nanotubes. These elements mainly 

include fullerenes and their derivatives, inorganic species, metallocenes, metals, 

metal-oxides, biomolecules, liquids etc. Such types of encapsulations on CNTs allow 

CNTs to find applications in a vast number of fields, since this type of 

functionalization results in combined properties of both CNTs and the encapsulated 

species [99–101]. 

 

Figure-1.8. Scheme showing various functionalization techniques of Carbon 

nanotubes (62). 
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1.2.4.  PROPERTIES OF CNTs 

Due to excellent thermal, mechanical, electronic and optical properties, CNTs 

and their composites finds application in various fields. The tensile strength of CNT is 

very high compared to steel as well as kevlar. 

(a) Mechanical properties 

CNTs are highly elastic and their elasticity is examined in terms of modulus of 

elasticity or elastic modulus. CNTs are flexible and can retain their original shape and 

are prone to less deformation when strong compression force is exerted. CNTs do not 

undergo any damage on being kinked, bent, twisted and buckled on the application of 

compressive force in axial direction. The major factor influencing the mechanical 

properties of CNTs is diameter. The mechanical properties get enhanced when the 

tube diameter increases. A very high modulus and high tensile strength are observed 

for CNTs which is of the order of 1 TPa and 10 GPa. The remarkable strength, 

exceptional flexibility and resilience are the important mechanical properties of the 

CNTs which are reflected in the composites constituting CNTs. In the case of                

CNT-polymer matrix composites the reinforcement of CNT into the polymer matrix 

increases the mechanical strength [102–104]. 

(b) Electronic properties 

In CNTs each carbon atom is bonded to three other carbon atoms by sp2 

hybrid orbitals and the fourth valence which remains free contributes to the 

conducting nature of CNTs. The electrical conductivity also depends on the chiral 

nature of CNT. The metallic and semiconductor nature of CNTSs depends on the 

chiral integers n and m. Nanotubes act as a 1D metal if |n-m| is a multiple of three 

otherwise they possess semiconducting nature. The electron transport in SWCNTs is 

considered to be ballistic where as for MWCNTs it is quasi-ballistic or diffusive. The 

remarkable electronic properties of CNTs facilitate these materials as well as their 

composites to find application in molecular electronics which include field-effect 

transistors, rectifiers, vacuum microelectronics, sensors etc [105–107]. CNTs also 

find application in quantum computing and other switching applications. 
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(c) Optical properties 

The symmetry and structure of SWCNTs enable them to act as promising 

materials for opto electronic and optical applications. Optical properties in CNTs arise 

due to three processes which include photo absorption, relaxation and photo emission 

[108]. SWCNTs have been found to exhibit both the highest photoluminescence 

quantum yield and Raman scattering abilities [109,110]. The chirality of 

semiconducting SWCNTs can be analyzed by the optical signals in the near infrared 

region and different kinds of metallic SWCNTs can be found by studying the 

absorption signal in the blue UV region. 

(d) Thermal properties 

CNTs and their hybrid composite materials find applications in thermal 

management in industries since incorporation of CNTs into composites improves the 

thermal conductivity of the initial material. The thermal conductivity of carbon 

nanotube is higher than graphite. Several factors that influence thermal properties of 

CNT-based composites. These include diameter and length of tubes, morphology, 

impurities, phonon active modes etc. CNTs and their composites are employed in 

micro and optoelectronic devices due to their high thermal conductivity [111–113]. 

1.2.5. APPLICATIONS OF CNTs 

Among the various carbon nanomaterials, carbon nanotube possess 

extraordinary physical and chemical properties and hence they are widely explored in 

to various fields including electrochemical sensing, piezoelectric sensing and gas 

sensing. CNTs also possess antibacterial and antifungal activity which attributes them 

in the field of biological systems. 

(a) CNTs as electrochemical biosensors 

Basically, an electrochemical biosensor consists of a bioreceptor and a 

transducer. Bioreceptor consists of a biological recognition element that is combine 

with a transducer in which the electrode converts the recognition event to an electrical 

signal thereby distinguishing the analyte in the sample. CNTs with other nanoparticles 

and polymers can act as electrochemical sensors for the recognition of various 

analytes like dopamine, albumin, glucose, amino acids, quercetin, heavy metals such 
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as lead and mercury, hydrogen peroxide, phenol, bilirubin [114-119] etc. The 

extraordinary electron transport properties and the improved electrocatalytic activity 

of CNTs enhances the sensing ability of the electrodes which in turn helps in lowering 

the limit of detection of various analytes. 

(b) CNTs as gas sensor 

Gas sensors find application in environmental, industrial and medical fields. 

CNT-based hybrid composites show good analytical performance which includes 

good response time, excellent stability, and recovery in sensing various gas 

molecules. The various CNT-based composites developed were found to sense gases 

like NOx, ammonia, sulphur dioxide, chlorine, volatile organic compounds, various 

pollutants etc [120-123]. The introduction of nanomaterials as gas sensors paves an 

alternative for conventional methods which require bulky instrumentation methods 

and skilled labor. 

(c) CNTs as piezoelectric sensor 

The electromechanical properties of MWCNTs have been widely applied for 

fabrication of stretchable sensors on various substrates. These sensors are found to be 

highly compatible, economic, specific and flexible. CNT-based piezo electric sensors 

are mainly employed in strain sensing, measuring pressure and human functions as 

these types of sensors are employed in gloves and bandages. Moreover these 

composite sensors of CNT are highly stable and they show excellent sensitivity, 

linearity and good detection limit [124,125]. 

(d) CNTs for drug targeting and cancer diagnosis 

The hydrophobic nature of CNTs makes them excellent candidates for drug 

transfer as well as targeted drug delivery. Targeted drug delivery refers to the delivery 

of a therapeutic drug to a precise part over an extended period. In                                   

CNT-modified composites, the diameter of nanotube and the composition determines 

the efficiency of the drug release. The excellent pharmacokinetic properties of CNTs 

make them suitable for drug targeting and also in gene delivery. The optical properties 

of CNTs enable their use in the field of photo therapy [126,127]. MWCNTs are also 

employed in cancer diagnosis and its further treatments [128]. 
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(e) CNTs for antibacterial and antifungal activity 

The antibacterial activity of MWCNT mainly depends upon the aspect ratio. 

The carbon nanotubes with shorter length and smaller diameters interact with the 

microbes when compared to tubes of longer lengths and larger diameters. The 

antibacterial mechanism of CNTs mainly includes the formation of close association 

of CNT with the cell membrane followed by damage of the cell membrane with the 

release of DNA content. Functionalization of CNTs decreases the toxicity and 

increase the anti-microbial activity. MWCNTs together with its composites are found 

to enhance the antibacterial activity against various bacteria [129,130]. Chitosan 

derivatives along with MWCNT were found to exhibit good anti-fungal activity 

against a large number of fungi [131]. 

(f) CNTs for energy storage devices 

The chemical inertness, excellent conducting behavior and good mechanical 

properties qualify CNTs and their composites to act as supercapacitors. The double 

layer formation between the CNT composites and electrolyte interface results in 

charge storage mechanism. A substantial increase in capacitance is noticed when 

CNTs are modified with metal oxides or conducting polymers [132,133]. 
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2.1. MWCNT Hybrid Composites-“Limelight in Research” 

Carbon nano tubes (CNTs) are considered as the allotrope of carbon which is 

an intermediate between graphite and fullerenes. Among the conductive carbon based 

nanomaterials, CNTs are used for wide variety of applications. This is due to its 

excellent properties which include weightlessness, high specific area, small size, bio-

compatibility and excellent thermal, chemical stability. Based on the number of 

cylindrical walls CNTs are again classified as SWCNTs and MWCNTs. Among the 

above two classification, MWCNTs are dominant over SWCNTs due to several 

reasons which include   (1) Excellent stability (2) More ease of mass production (3) 

Low cost and (4) Easy functionalization [1]. 

MWCNTs are good thermal and electrical conductors and the high aspect ratio 

of MWCNTs enables them to perform as electron field emitters. MWCNTs are 

involved in the synthesis of electrically conductive polymers and also in the 

preparation of some composites with improved structures. In the medicinal field 

MWCNTs play an indispensable role since they have the capability to act as 

biosensors and also they are found to be effective in targeting certain type of tumor 

cells [2]. MWCNTs plays an inevitable role in the development of solar cells, as these 

gets incorporated with in iron coated silicon wafer, the need for orienting the cells to 

face the sun by mechanical means gets reduced since MWCNTs has already been 

aligned vertically. MWCNTs also play an important role in battery research. Recent 

work delves to substitute graphite in lithium ion battery with MWCNTs, as they are 

thousand times more conductive than amorphous carbon containing electrodes. It has 

been observed that, the evolution of flexible sensors using certain materials could 

alter the electrical and mechanical properties and hence these can replace the micro-

electro mechanical (MEMS) based silicon sensors in the microelectronic world [3]. 

Flexible sensors can be fabricated using different types of polymers and 

nanomaterials. The polymers mainly employed include polydimethyl siloxane 

(PDMS), polyethylene terephthalate (PET), polyethylene naphthalene (PEN), poly 

vinyl chloride  (PVC) etc [4-7] etc. Among the second category of nanomaterials 

involved in the fabrication of sensors, MWCNTs plays an important role when 

compared to graphite, graphene etc. Thus in short, MWCNTs can function as efficient 

transistors and can be used in the construction of flat panel displays, energy storage 
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materials and solar cells. The enhanced electrical, thermal and mechanical properties 

of MWCNTs also pave the way for these materials to become a part of composite 

materials in the fabrication of sensors and also for the above mentioned applications. 

In short MWCNTs finds its applications as catalysts, electron field emitters of cathode 

ray lighting elements, flat panel displays, gas discharge tubes in telecom networks, 

lithium battery anodes, nanolithography, nano-electrodes, nano-probes for scanning 

tunneling microscope  (STM), atomic force microscope (AFM) and electrostatic force 

microscope (EFM) tips. Furthermore these MWCNTs are excellent materials which 

can be employed in the field of sensors, energy storage materials especially 

supercapacitors, drug delivery systems, additive manufacturing technology, hydrogen 

storage stuffs and also reinforcements in composites. 

2.2. Additive Manufacturing Technology 

The carbon nano allotropes together with the polymers plays a revolutionary 

role in the 3D printing additive manufacturing (AM) processes. MWCNTs when 

introduced in a polymer matrix, results in improvement in the properties of polymers 

to a great extent. It is possible to tune the properties of polymers by changing the 

composition of MWCNTs inorder to produce flexible and light weight conductors. 

The only essential criteria for the synthesis of MWCNT-polymer composite is the 

requirement of homogeneous dispersion of CNT in polymer matrix which is achieved 

by proper functionalization techniques and sonication methods. Studies based on the 

synthesis of multifunctional polylactic acid (PLA)-multiwalled carbon nanotubes  

(MWCNTs) nanocomposite, nitrogen-doped bamboo-shaped carbon nanotube-poly 

vinyl chloride (N-BCNT/PVC) composite, MWCNT- acrylonitrile butadiene styrene 

(ABS) polymer, composite materials of sodium cholate modified MWCNT with 

thermoplastic like polyamides and polyurethanes (s-CNT/PA12 ands-CNT/PU), poly-

ether-ether-ketone- carbon nanotube (PEEK–CNT) composite, Polypropylene/ 

carbonnanotube (PP-CNT) nanocomposites  (PPCNT), multi-walled carbon nanotubes 

- poly  (methyl methacrylate) (MWCNT/PMMA) [8-16] has been carried out. 

Polymer MWCNT composites were found to be applicable in serving various 

functions. 
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2.3. Photocatalysts  

MWCNT composites can act as efficient photocatalyst and electrocatalyst 

serving various purpose. Semiconductors like TiO2, ZnO, BiO, CdS are commonly 

used photocatalyst engaged in the photocatalytic degradation of pollutants. When 

MWCNT is combined with these semiconducting materials, the photocatalytic 

efficiency is being boosted and such hybrid composites can be used to minimize the 

pollutants entering the environment via, waste water treatment [17]. MWCNT 

mediated TiO2 composites, ZnO/MWCNT composites, MWCNT mediated bismuth, 

CdS, Ag  are also explored as efficient photocatalyst utilized for the removal of 

pollutants by photocatalytic process. In short, combination of appropriate amount of 

MWCNTs and semiconductor materials results in creation of an efficient degradation 

mechanism. 

2.4. Electrocatalysts 

One of the advanced and cleaner energy technology involved in hydrogen 

production is electrochemical water splitting. The reactions proceeding in an electro-

catalytic cell during the splitting of water is hydrogen evolution at cathode and 

oxygen evolution at anode. Various hybrid composites of MWCNTs are very well 

capable of performing its role as a stable and durable electrocatalysts. Composites of 

MWCNT together with nickel, ruthenium, molybdenum etc. shows superior activity 

towards hydrogen evolution reactions (HER) [29–31]. Besides HER reactions, 

MWCNT and its hybrids with various metals and metal oxides are capable of 

performing oxygen evolution reaction (OER) reactions also. In one of the study it is 

found that surface oxidized MWCNTs shows an excellent OER activity even in the 

absence of metal oxide catalyst [32]. The metal oxides of cobalt, copper, iridium etc. 

can form hybrid composites with MWCNT which can support OER reactions                    

[33–35]. Some of the MWCNT hybrids can function as bifunctional electro-catalysts 

for overall water splitting [36]. The hetero-doping of nitrogen and sulphur to 

MWCNTs can enhance its ORR activity [37]. Some bi-functional catalysts can even 

play a dual role in oxygen evolution and oxygen reduction reactions [38]. It is very 

well established that electrocatalyst act as a support system for the transportation of 

charges in direct methanol fuel cells (DMFC). Metallic nanoparticles like Au, Ag, Pd, 

Rh, Pt and its alloys are commonly used anode materials involved in the methanol 
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oxidation reactions. MWCNT hybrid materials can act as substitute for these 

materials. MWCNTs act as strong support for the deposition of metallic nanoparticles 

and thereby enhancing the electrocatalytic activity in direct methanol fuel cells [39] 

and direct formic acid fuel cell (DFAFC) [40]. Metals co-doped with MWCNT can 

also perform its role as cathodic catalyst for alkaline membrane fuel cells [41] and in 

some cases MWCNTs act as electrocatalyst in polymer electrolyte membrane fuel 

cells (PEMFCs) [42]. Thus MWCNT is one of the promising support material for 

synthesizing electro catalysts due to its large surface area and high conductivity. 

2.5. Field Emitters 

Some of the diverse fields in which CNTs are established as promising 

material include flat displays, high resolution electron beam instruments, microwave 

amplifiers, X-ray sources and lighting tubes. MWCNTs can be utilized as field 

emitters since these have a potential to act as cold cathodes, they possess long term 

stability, minimal fluctuations and emits high current. MWCNTs can be decorated 

with various metals, metal oxides inorder to improve the field enhancement properties 

so that these can find applications in smart conductors, 3D displays and field emission 

displays [43–46]. 

2.6. Electromagnetic Absorbing Materials 

Nowadays, the electromagnetic (EM) waves are used in electronic devices, 

healthcare devices, military, radar detection equipment’s, pollution control and in 

stealth technology. Inorder for the absorption of electromagnetic waves, 

electromagnetic wave absorption (EMA) materials are required. The excellent 

properties of MWCNTs such as high electrical conductivity, light weight, greater 

surface area and high dielectric polarization ability enables MWCNTs to act as EMA 

materials and hence replaces the traditionally used electromagnetic materials that 

includes carbon black, graphite, ferrite composites etc. MWCNTs are activated with 

metals, metal oxides, magnetic materials, semiconductor dielectrics, polymers etc. in 

order to reinforce the attenuation properties of electromagnetic waves and these 

absorbed EM waves can be converted into thermal or any other forms [47–51]. 
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2.7. Drug Delivery Platforms 

There are numerous report on application of MWCNTs in targeted drug 

delivery systems. The unique properties of MWCNTs has attracted the 

pharmaceutical researchers and envisaged them to replace traditional drug carrier 

systems.  It has been established that carbon nanotubes can be functionalized with 

biomolecules which include proteins, drugs, antibodies, DNA etc. The tubular 

structure of MWCNTs with numerous internal cavities has provided strong adsorption 

and a route for the attachment of desired functional groups. This has benefitted in  

high drug loading capacity which can improve the drug delivery mechanism there by 

improving the productiveness of the various drugs. The tubular structure of CNTs acts 

just like a needle and penetrates easily into the nucleus or cytoplasm of the cells 

enabling the drugs to reach the desired target site [52–54]. MWCNTs has created a 

breakthrough by actively involving in drug delivery systems, bioimaging, vaccine 

delivery, gene delivery, gene therapy etc. Drug delivery of various drugs like 

doxorubicin, dipyridamole, carbamazepine, silibinin etc has been carried out using 

MWCNTs [55–57].  

2.8. Hydrogen Storage 

Hydrogen is one of the ecofriendly fuel for clean and sustainable energy 

resources. But the storage and transportation of it is cumbersome that limits its 

application as green fuel. Hydrogen can be stored in three forms- either as 

compressive gas or liquid hydrogen in cryogenic form or in solid state. MWCNTs 

plays an important role in assisting hydrogen storage by acting as sorbent materials 

due to its enhanced adsorption properties. The hydrogen storage capacity is further 

enhanced by blending the MWCNTs with different metals or suitable hybrids. It is 

also noted that desorption of adsorbed hydrogen is also possible through adopting 

suitable experimental conditions [58–62]. 

2.9. Energy Conversion 

With the advancement of material science, novel materials have been 

fabricated with advanced properties. MWCNTs are one among those materials which 

seek attention of global energy analysts and plays a key role in renewable energy 

conversion. MWCNTs due to its high abundance and low cost, together with its 
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special properties such as optical transparency, high conductivity and electrocatalytic 

activity find applications in transparent conductive films  (TCFs) and solar cells [63]. 

MWCNTs and its modified forms are used to fabricate TCFs which are used as 

electrode materials in photovoltaic (PV) devices , liquid crystal displays (LCDs), 

transparent displays, touch panels and touch sensors and organic light emitting 

devices  (OLED). MWCNTs are found to be flexible and can transmit light in UV and 

mid-IR spectral region and hence are found to be efficient candidates for replacing 

traditional TCFs like indium-doped tin oxide (ITO) and fluorine-doped tin oxide 

(FTO). The TCFs of MWCNTs were fabricated using various techniques which 

include spin coating, spray coating, molecular precursor method (MPM), hot press 

method [64-67] etc. 

MWCNTs provide an excellent path for the movement of photo-generated 

electrons in dye sensitized solar cells (DSSCs). MWCNTs can serve as scaffold 

materials by establishing their significant role in the areas of working electrode, 

counter electrode and electrolyte of dye sensitized solar cells. In dye sensitized solar 

cells, dyes are usually absorbed by the working electrode and the effective functional 

materials consists of composites of different types of semiconducting metal oxide in 

which CNTs are incorporated within the composite matrix. Such hybrid materials 

helps in improving the charge transport processes, reducing the multiple grain 

boundaries thereby preventing the recombination of charges. Thus power conversion 

efficiency and short circuit current density are improved to a great extend [68,69]. 

The electrolytes which are used in dye sensitized solar cells include quasi solid state 

electrolytes in addition to various types of ionic liquids. Acid functionalized 

MWCNTs when compounded with these ionic liquid electrolytes has enhanced power 

conversion efficiency which increases the conductivity. The conventional counter 

electrodes used in DSSCs include ITO glass with thin layer of platinum deposited on 

it. The higher sheet resistance of MWCNTs have qualified them to perform their role 

as counter electrodes in DSSCs. The metallic and polymeric nanocomposites of 

MWCNTs are widely explored as the substitute for traditional counter electrodes                 

[70–72].  
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2.10. Energy Storage 

The hybrid materials of MWCNTS play an indispensable role in energy 

storage purposes which found application in various portable electronic devices. The 

open structure of CNTs  and the enriched chirality makes the electron transport in 

CNT based hybrid materials. MWCNTs finds application in lithium ion batteries as it 

is used to develop both cathodic and anodic materials. Pristine CNTs and doped CNTs 

serves as very good anode material. Moreover CNTs can also act as conductive 

additives in anode fabrication with various types of nanostructured materials like 

transition metal oxides, silicon etc [73,74]. MWCNTs are found to be capable of 

acting as very good conductive materials in cathode along with the lithium metal 

oxides by establishing a good chemical bonding between them [75,76]. Further work 

is going on for developing electrode materials with free standing CNT in which active 

materials have been coated from its slurry form. Such robust materials with amazing 

features like high energy density and power density are the future materials for energy 

storage purposes. Besides these, research is progressing to incorporate CNTs in the 

areas of other rechargeable batteries which include lithium-sulphur batteries and 

lithium–air batteries [77-80]. Novel attempts has begun to commercialize such 

rechargeable batteries incorporating MWCNTs as cathode active materials. 

In addition to LIBs, lithium-sulphur batteries and lithium-air batteries, the 

other modes of energy storage mechanism mainly includes electrochemical 

supercapacitors (ESs). These electrochemical supercapacitors can bridge the gap 

between ordinary capacitors and batteries and hence finds use in mobile phones, toys, 

electrical utilities, camera, medical appliances etc. The electrochemical 

supercapacitors are classified into two categories based on the charge-discharge 

mechanism. These mainly include electrochemical double- layer capacitors (EDLCs) 

and pseudocapacitors [81]. The charge storage mechanism in EDLCs involve non 

faradaic reactions on electrode surface where as in pseudocapacitor is due to 

reversible faradaic charge transfer on or near the electrode surface. MWCNTs can 

perform its role as electrochemical supercapacitor by establishing its role as 

conductive additives due to its large surface area and high conductivity. The low 

percolation threshold of MWCNTs enables diffusion of various ions towards its 

surface. CNT based electrodes especially MWCNT-polymer composites and 



Chapter 2  
 

34 
 

MWCNT-metal oxide composites fabricated by various methods are discovered to be 

excellent charge storing devices which can perform well as supercapacitors [82]. 

Conductive polymer electrodes as well as stretchable supercapacitors are developed 

by incorporation of polymers into MWCNTs. Such composites are found to exhibit 

good stability along with high specific capacitance [83,84]. Apart from these, 

MWCNT- metal oxides composites owns excellent pseudocapacitive properties 

[85,86]. Nowadays researchers are on the way to develop active materials based thick 

electrodes, which can very well perform as solid state super capacitors [87,88]. 

Studies suggests that, advanced MWCNTs composites are capable of accomplishing 

its role as supercapacitors by offering high charge-storage capacity. 

2.11. Sensors 

Sensors are devices used along with an electronic device capable of producing 

an output signal on behalf of any chemical or biological changes occurring in a 

system. Advances in technology have replaced the macrosensors by micro and 

nanosensors that finds applications in micro-electromechanical system (MEMS) and 

nanoelectromechanical system (NEMS) technology. The basic mechanism involved in 

sensing are; recognition of the receptor by the analyte and transduction to generate an 

output signal. MWCNT based sensors are found to be isotropic, possess high 

magnitude of sensing and also give fast response with high sensitivity. The large 

surface area of CNTs together with its high conductivity are the factors which make 

CNTs advantageous in the field of sensors. The sensors which are economic, easy to 

use and which are able to provide single-shot measurements are generally preferred in 

sensing platforms as chemical and biological sensors. Chemical sensors are devices 

which produce signals in response of chemical changes occurring in an analyte 

solution. If the recognition material involved in sensing is biological in nature, then it 

is called as a biosensor. MWCNTs and its hybrids has entrenched its role as sensors 

for a very long period. MWCNT-composite sensors are ultra-low energy consuming 

sensors and can perform its role as pressure sensors, strain sensors, piezo electric 

sensors, temperature gradient sensors, gas sensors, biosensors etc [89–91]. 
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2.11.1. Pressure, Strain, Temperature and Humidity Sensors 

  MWCNT composites are promising candidates for the fabrication of compact 

and low cost flexible pressure sensors which can produce signals under external 

pressure. This enabled the replacement of silicon based sensors. Pressure sensors can 

be classified as resistive, capacitive and piezo electric sensors. MWCNT composites 

plays a crucial role in fabrication of all the three types of above mentioned pressure 

sensors [92–94]. MWCNTs along with suitable filler materials are excellent 

piezoelectric materials that finds application in various fields like medicine, 

automotive and energy harvesting systems [95–97]. Various composites of MWCNTs 

have been prepared by blending polymers and conductive nanomaterials for strain 

sensing applications. The sensors are found to be stable and exhibits high sensitivity 

[98–100]. Besides these, a large number of MWCNT-polymer composites find 

application in cryogenic temperature appliances. MWCNTs are very well capable of 

detecting changes in temperature and hence these are implemented to manufacture 

temperature sensors, thus making a substantial contribution to the microelectronic 

world [101–103]. The porous nature of MWCNTs and the large surface to volume 

ratio facilitates them to absorb large amount of molecules. The humidity 

responsiveness of MWCNT nanohybrids are excellent and hence such sensors can be 

employed for touchless positioning interface devices, biomedical applications, 

wearable electronic systems, soft robotics, skin-like electronics etc [104–107]. 

2.11.2. Gas Sensors 

MWCNTs are prospective materials for gas sensing applications due to its 

hollow nature and large surface to volume ratio. These two features together with the 

excellent electrical conductivity are accountable for the adsorption and storage of gas 

molecules [108,109]. Polymers which are vapor sensitive, metal oxides which are 

semiconducting in nature and also porous materials are often incorporated along with 

MWCNTs for gas sensing mechanism. Gas sensing mechanism mainly involves 

adsorption and desorption of gas molecules in the interface between the analyte and 

sensing material. Gas sensors finds applications in pharmaceutics, for detecting 

leakage of gases in industries, environment monitoring, space exploration etc. 

MWCNT hybrids are found to be efficient as chemical sensor for detecting gases like 

nitrogen dioxide (NO2), ammonia (NH3), methane (CH4), carbon dioxide (CO2) and 
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hydrogen sulphide (H2S) [110-122]. MWCNT based sensors are found to be well 

efficient in detecting volatile organic compounds (VOCs) like acetone, ethanol, 

benzene, toluene [123-131] etc. Thus MWCNTs when modified with certain noble 

metals or polymers or metal oxides or even when undergone activation to the walls of 

the tubules, can be applied for gas sensing applications at room temperatures. Thus a 

wide range of compact and commercially affordable sensors employing MWCNTs are 

manufactured for various applications. 

2.11.3. Electrochemical Sensor for the Detection of Drugs and Heavy 

metals 

Electrochemical sensors are devices capable of converting the reactions 

occurring on the surface of the electrode into measurable electrical signals. In such 

sensors the electrodes act as a transducer. Analyte will be either oxidized or reduced 

on the electrode surface. Thus a quantifiable information is obtained by measuring the 

current occurring due to the reaction between the analyte and electrode. The working 

principle of an electrochemical sensor is shown in Figure-2.1. Basically 

electrochemical sensors are classified into three types depending on the type of output 

signal. These include potentiometric, amperometric and impedimetric sensors where 

the output signals are voltage, current and impedance. In potentiometric sensors, 

potential is measured between working electrode and reference electrode of an 

electrochemical cell and is based on the formation of nernestian equilibrium. This 

gives information about the concentration of analyte. Alternatively, in the case of 

amperometric electrochemical sensing, current produced by the electroactive species 

are measured on application of constant potential. The impedimetric sensors work on 

the principle of EIS technique. The surface impedance of the electrochemical system 

under investigation is measured on application of small sinusoidal AC potential [132–

134]. 
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Figure-2.1. Schematic diagram showing the electrochemical sensing mechanism 

[134]. 

The results of the sensor performance of an electrochemical sensor are 

interpreted using various electrochemical sensing variables. The parameters 

governing the performance of an electrochemical sensor for its applicability in 

sensing platforms includes linear range, limit of detection, selectivity, sensitivity, 

recovery etc. In sensor studies, response signals of the electrode are measured on 

addition of analyte at various concentrations. The particular range of concentration of 

the analyte selected for sensor studies is considered as the linear range. Calibration 

curves are drawn by considering the linear range of concentration with respect to the 

response signals produced by the electrode. From the linear calibration curves the 

limit of detection (LOD) is calculated. LOD refers to the lowest concentration of the 

analyte that can be reliably detected with acceptable statistical certainty. Other 

important variables by which the analytical performance of an electrochemical sensor 

can be obtained are selectivity and recovery. Selectivity refers to the capability of the 

electrode to recognize the analyte of interest in presence of various interfering 

molecules. Acceptable recoveries should be obtained inorder for the electrochemical 

sensor to be authentic. The percentage recoveries of the analyte are calculated by 

comparing the results of spiked and unspiked portions of the sample under 

consideration. It has also been noted that pH plays a very significant role in the 

sensing performance of the sensor towards various analytes of interest. A slight 

change in pH of the medium can dramatically produce variations in the response 
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signals. So it is very important to choose appropriate medium with definite pH for the 

sensor studies [135,136]. 

Numerous biologically active materials including pharmaceutical compounds 

can be detected by using electro-analytical techniques especially voltammetry. 

Suitable electrodes are to be fabricated for the detection of drug molecules. MWCNT 

composite can act as sensors for the detection of different class of substances in 

commercial tablets. Researchers have discovered that MWCNT composite electrodes 

are very much efficient in detection of several classes of drugs including antipyretics, 

antidepressents, analgesics, opiate analgesics, ophthalmic drugs etc. [137-142]. Apart 

from drug detection, specialized MWCNT composites are very much capable of 

sensing synthetic dyes in food products and also fungicides in certain medicines 

[143,144].  

  One other major environmental issue is the pollution caused by heavy metals. 

These non-biodegradable pollutants arises from various natural as well as 

antropogenic factors. The high level of such pollutants can cause detrimental effects 

for environment as well as for human health. Low cost electrochemical sensors 

fabricated using MWCNTs and suitable composites can monitor the elevated levels of 

heavy metal ions in the environment [145–148]. 

2.11.4. Non-enzymatic Electrochemical Detection of Various Analytes 

Various analytes like hydrogen peroxide, urea, glucose, ascorbic acid, 

dopamine etc can be detected by various methods which includes colorimetry, 

fluorimetry, chemiluminescene, electrochemical methods and so on. Among these 

methods, electrochemical technique is mostly preferred due to its low cost and high 

sensitivity. Electrochemical detection of these analytes can further be classified as 

enzymatic electrochemical sensors and non-enzymatic electrochemical sensors. 

Despite the fact that enzymatic sensors of MWCNTs in which biomolecules have 

been immobilised are highly sensitive for analyte molecules, certain drawbacks are 

related with such sensors. In the case of enzymatic sensors, the enzymes tend to 

denature to small changes in temperature, pH and humidity. The expensive nature of 

enzymes together with the monotonous immobilization procedures and sluggish 

purification techniques limits its use as sensors. Non-enzymatic sensors can eradicate 
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such limitations since various MWCNT based nanostructures are found to be 

economical, stable and possess long life. The synergistic effect of MWCNTs and the 

desired metal or metal oxide or polymers makes the non-enzymatic sensing 

mechanism trouble-free for the detection of various molecules. In spite of all these 

advantages, non enzymatic sensors requires high working potential, undergoes redox 

reactions which are unfeasible to predict and undergoes slow electrokinetic 

mechanisms leading to feeble response signals [149].  

Advanced MWCNT based nanocomposites have been fabricated for the non-

enzymatic electrochemical detection of H2O2. H2O2 represents the group of reactive 

oxygen species and is one of the common by-products of several enzymatic reactions. 

MWCNTs incorporated with metal, metal oxides, polymers, quantum dots etc are 

found to be sensitive for the detection of H2O2 molecules in accordance with various 

literatures [150–154]. Similar to hydrogen peroxide detection, detection of urea is also 

a very important since this is most commonly used in fertilizer industry, dairy, food 

and pharmaceutical fields. The presence of urea beyond a permissible level can cause 

severe health problems. MWCNT urea sensors are found to be highly stable and 

sensitive and hence these can replace enzymatic sensors commonly available for urea 

detection. Various MWCNT hybrid electrode materials have been explored by various 

researchers for the non-enzymatic sensing of urea [155–158]. 

Nowadays, continuous monitoring of blood glucose levels are crucial, since 

the conditions of diabetes mellitus are rising globally among mankind. A rich 

profusion of highly efficient and selective non-enzymatic glucose sensors have been 

fabricated in the past decades for glucose sensing. This has led to the way to replace 

the ideal enzyme, ‘glucose-l-oxidase’ for glucose oxidation reaction which played a 

dominant role in the first, second and third generation of glucose sensors. Finally 

fourth generation glucose sensors included a novel idea for the development of non-

enzymatic glucose sensors which can directly oxidise glucose on the surface of 

electrodes constituting the desired nanomaterials [159,160]. The schematic diagram of 

glucose oxidation mechanism on electrode surface is shown in the Figure-2.2. 

MWCNT composites in conjunction with various metals, metal oxides, metal 

complexes, alloys, polymers, quantum dots and other carbon materials provides an 

ideal platform for the oxidation of glucose molecules. These surface modified 

MWCNTs enhance the electrocatalytic oxidation mechanism due to the increased 
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surface area along with the intrinsic electronic properties. Metals like platinum, gold, 

cobalt, nickel, ruthenium, copper etc, their bimetallic forms or their oxide forms or 

other polymers etc are often distributed on MWCNTs to achieve the desired glucose 

sensing mechanism. Voltammetric techniques and amperometric techniques are 

mostly employed in the electrochemical detection of glucose molecules [161–164]. 

The non-enzymatic sensors developed for glucose sensing can also be applied in the 

fuel cell industry. Researchers are on their way to replace batteries in the portable 

devices by glucose or other saccharide fuel cells in the near future  [165,166].The 

non-enzymatic glucose sensors are capable of detecting sugar in food stuffs and hence 

such type of sensors finds application in food industry also. 

 

 

Figure-2.2. Schematic diagram representing oxidation of glucose [160]. 

MWCNT hybrids play a vital role in sensing of an important catecholamine 

neurotransmitter dopamine which helps in controlling behavioural and physiological 

conditions. Dopamine can act both as an excitory neurotransmitter and also an 

inhibitory neurotransmitter. Higher dopamine level can lead to heart failure, drug 

addiction and hypertension where as low dopamine level can result in alzheimer’s 

disease, parkinson’s disease, depression, stress etc. The principle behind detection of 

dopamine by amperometry, differential pulse voltammetry and cyclic voltammetry is 

the conversion of dopamine to dopamine-o-quinone by the sensing material on the 

working electrode surface [167,168]. The superior electron transfer ability between 

the electrode surface and the biomolecules and excellent electrical conductivity of 

metals, increased surface area and biocompactible nature of metal oxide nanostructure 
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drives them to be embedded as functional materials in the MWCNTs. MWCNTs 

modified with other carbon materials and also with conducting polymers are also 

explored in biosensing of the neurotransmitter [169–172]. In recent studies, it is noted 

that biosensor performances of many electrode materials increased when MWCNTs 

were functionalized with highly efficient materials and such modified electrodes can 

detect dopamine at very low levels even in presence of common interferants. Ascorbic 

acid is one of the common interferent molecule whose oxidation potential lies close to 

the potential of dopamine. Certain hybrid sensors of MWCNTs can detect ascorbic 

acid alone [173–175] and detection of ascorbic acid is also very important similar to 

dopamine since abnormal levels can lead to parkinson’s diseases, alzheimer’s disease 

and cardiovascular disorders. These type of hybrid electrochemical sensors are found 

to be stable, can operate at low temperatures and can detect the analytes in real 

samples. In summary, MWCNT-hybrid materials with excellent electrocatalytic 

activity are found to be efficient sensors for sensing dopamine along with the 

common interferents like ascorbic acid and uric acid  [176]. Table-2.1 summarizes the 

different types of MWCNT-hybrid systems employed in the electrochemical sensing 

of various analytes. 

Table 2.1: MWCNT-hybrid Systems for Electrochemical Sensing 

Sl no Electrode Material 
Analyte 

detected 
Linear range LOD Reference 

1 MWCNT-CuBTC Glucose 0.2-1 mM 10 µM [161] 

2 MWCNT/Ni-Co Glucose 5-10 mM 1.2 µM [162] 

3 
CHI-

GOx/APTES/MWCNT-
dPIn 

Glucose 0.01-100 mM 10 µM [163] 

4 MWCNT/ZnO QDs Glucose 0.1-2.5 µM 0.2 µM [164] 

5 Co3O4@MWNT Glucose Upto 11 mM 2 µM [165] 

6 MWCNT-RuO2/CPE Glucose 0.5-50 mM 33 µM [177] 

7 Ni (OH)2-CNT-PVDF Glucose 0.25-39.26 mM 
0.023 

mM 
[178] 

8 Pt Ag/MWCNT Glucose 1-25 mM 600 µM [179] 

9 Pd- Ni@f-MWCNT Glucose 0.01-1.4 mM 
0.026 

µM 
[180] 
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10 Au-Pd/MWCNTs Dopamine 0.98-200 µM 
0.058 

µM 
[169] 

11 ErGO/MWCNTs/PPy Dopamine 25-1000 mM 2.3 nM [170] 

12 GQDS-MWCNT Dopamine 0.005-100 µM 
0.87 

nM 
[171] 

13 f-MWCNT/AgNP Dopamine 0-8 µM 
0.2778 

µM 
[172] 

14 
Cu-NPs/c-

MWCNT/PANI 

Ascorbic 

acid 
5-600 µM 1 µM [173] 

15 MWCNT-AONP 
Ascorbic 

acid 
0.16-0.640 µM 

0.3663 

µM 
[174] 

16 AF-MWCNT/EPI-CPE 
Ascorbic 

acid 
0-8 µM 4.1 µM [175] 

17 
Zn-Ni NPs@f-

MWCNT 

Uric acid, 

Ascorbic 

acid and 

Dopamine 

0.25-1.7 mM  

(dopamine) 

0.2-1.2 mM 

(ascorbic acid) 

0.0655 

µM 

 

0.5 µM 

[176] 

18 SnO2/MWCNT/CPE 

Dopamine, 

Uric acid 

and 

Ascorbic 

acid 

 

0.3-50 µM 

(dopamine) 

3-200 µM 

(Uric acid) 

0.1-5 Mm 

(Ascorbic acid) 

0.03 

µM 

 

1 µM 

 

50 µM 

[181] 

19 Pt –MWCNT-Graphene 

Dopamine 

and 

Ascorbic 

acid 

2-50µM  

(dopamine) 

100-120 µM 

(Ascorbic acid) 

0.5 µM 

 

10 µM 

 

 

[182] 

 

 

20 
Acridine Orange -

MWCNT 

Dopamine 

and 

Ascorbic 

acid 

0.1-90 µM 

(dopamine) 

0.1-90 µM 

(Ascorbic acid) 

0.03 

µM 

 

 

0.03 

µM 

 

[183] 
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CuBTC: Copper-1,3,5-benzene tricarboxylic acid 

MWCNT: Multi walled carbon nanotubes 

CHI-GOx: Glucose oxidase mixed with chitosan 

APTES: 3-aminopropyl triethoxy silane 

dPIn: doped polyindolle 

QDs: Quantum dots 

CPE: Carbon paste electrode 

Ppy: Polypyrrole 

ErGO: Electrochemically reduced graphene oxide 

PANI: Poly aniline 

AO: Antimony oxide 

AF: Amino functionalized 

EPI: Electro active polyimide 

2.12. Scope of the Present Work 

MWCNT- hybrids play a very dominant role in electrocatalysis of various 

analyte molecules. This is due to the outstanding properties of MWCNTs which 

include high surface area, small size, highly stable nature and excellent electrical and 

thermal properties. Thus MWCNT hybrid composites can perform its role in sensing 

and energy storage applications. The main problem regarding MWCNTs is their poor 

dispersability, which can be overcome by acid functionalization. When various metals 

and metal oxides are incorporated on these functionalized MWCNTs, a dramatic shift 

in properties is being noted which further leads to an enhanced sensing mechanism. 

The focus theme of the present investigation is on development of facile, low 

cost and ecofriendly preparation of MWCNT hybrid films decorated with various 

metals and metal oxides which include Ag, Pd, WO3, RuO2, Fe3O4, Co3O4. These 

composites are prepared by various techniques including dip coating, drop casting, 

electroless and electrophoretic deposition techniques on various substrates inorder to 

find application in sensing of different analytes like dopamine, ascorbic acid, glucose 

etc. The fabricated Ag/fMWCNT and Cu-WO3-MWCNT electrodes are flexible films 
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applied for sensing dopamine and analyzing the quality of lubricant oils which is 

subjected to various heat treatments. The Pd@MWCNT-Co3O4 electrode was used as 

an efficient sensor towards glucose oxidation. The cobalt oxide required for the 

development of the electrode is extracted from the spent Li-ion batteries, thus 

exploring a new step towards battery waste management. The hybrid composite 

RuO2-Fe3O4-MWCNT synthesised using hydrothermal synthesis is an ideal sensor 

capable of simultaneous detection of dopamine and ascorbic acid. Some of the 

modified electrodes are also capable of performing its role as pseudocapacitors. In 

short, all the different hybrid electrode materials prepared can perform its role in 

sensing various analytes with high efficiency.  

2.13. Objectives of the Present Investigation 

The present work carried out deals with the fabrication of MWCNT based 

hybrid composites that can be utilized in various non-enzymatic sensing platforms. 

The hybrid composites included incorporation of metals like Ag, Pd etc and also some 

oxides of tungsten, ruthenium and iron on to MWCNT resulting in the formation of 

Ag/fMWCNT, Cu-WO3-MWCNT, Pd@MWCNT-Co3O4electrode and RuO2-Fe3O4-

MWCNT composite electrodes. These individual composite electrodes can serve as 

sensors in the electrochemical detection of various analytes. 

 The motivation behind the present research work is briefed. 

 A facile and economic method to develop flexible Ag/fMWCNT electrode 

film for sensing dopamine. The pseudocapacitive nature of fabricated film is 

also evaluated. 

 The fabrication of flexible Cu-WO3-fMWCNT electrode used to analyse the 

quality of engine oils subjected to various heat treatments. The electrodes were 

fabricated employing electroless and electrophoretic deposition techniques. 

 For glucose sensing mechanism, an efficient Pd@MWCNT-Co3O4 electrode 

was developed by electrodeposition process. The cobalt required for the 

preparation of Co3O4 electrode was extracted from the spent lithium-ion 

batteries. 

 Synthesis of RuO2-Fe3O4-MWCNT composites by simple hydrothermal 

method, and the modified RuO2-Fe3O4-MWCNT /GCE was used for the 

simultaneous electrochemical detection of both dopamine and ascorbic acid. 
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3.1. INTRODUCTION 

Various experimental methods were employed for the fabrication of CNT 

based hybrid nano composites on different substrates for sensor and capacitor 

applications. The composite material involved in the fabrication of working electrodes 

and also sensor studies of the various working electrode towards particular analytes 

are characterized by various techniques. The present chapter discusses on common 

methods adopted for the fabrication of electrodes and their different characterization 

techniques. These methods include electrochemical as well as other analytical 

techniques viz. spectroscopic, physico-chemical and microscopic methods. 

Electrochemical studies include cyclic voltammetry (CV), differential pulse 

voltammetry (DPV), chronoamperometry (CA) etc. Electrochemical impedance 

spectroscopy (EIS) and galvanostatic charge-discharge techniques were also explored 

to predict the behavior of   working electrode under different experimental conditions. 

Scanning electron microscopy (SEM) and Field emission scanning electro microscopy 

(FESEM) as well as AFM are the techniques employed for analyzing morphology and 

topography of the films formed on the substrates. Surface Chemical analysis of the 

films are analysed by energy dispersive X-ray diffraction (EDX) and mapping studies. 

Other characterization techniques viz. Ultra violet-visible (UV-Vis) spectroscopy, 

fourier – transform infrared (FTIR) and raman spectroscopy are also used for 

characterization of the synthesized composites. 

3.2. Electrochemical Methods & Techniques 

3.2.1. Process methods for Electrode Fabrication 

As per the literature report the substrates commonly employed for fabrication 

of sensors include copper in the form of foils, pins, sheets, nickel foams, steel, titania, 

silicon wafers, ITO, FTO etc. The substrates used in the present study include 

polyethylene terephthalate film and copper film. Poly ethylene terephthalate (PET) 

films which are transparent and flexible was made conducting through metallization 

process and was used as substrate with improved properties such as reflectivity, 

electrical conductivity, abrasion resistance etc. Metallization can be done on such 

substrates by various techniques like brush plating with a metal paint, plasma spray 

deposition technique, sputtering, electroforming, and dipping the substrate in metal 
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paint, electroplating, electroless plating and vapour deposition techniques [1]. In the 

present work electroless plating on polyethylene terephthalate sheets was employed 

which is further deposited with desired nanocomposite material of interest for specific 

application. The modified poly ethylene substrates were deposited with MWCNT 

anchored with different metal composites for various sensing applications. 

The substrates to be studied should be subjected to various pretreatment 

process. The pretreatment step varies according to the nature of substrates and it is 

one of the indispensable preliminary steps employed in the fabrication of electrodes. 

The flexible PET substrates are roughened using various grades of silicon carbide 

paper and then cleaned using mild acid followed by alkali and deionized water. The 

film substrate was thoroughly washed in running water and then dried. Further the 

substrates are sensitized with stannous chloride and activated with palladium chloride 

so as to facilitate electroless deposition process. 

Electroless deposition is an auto catalytic process where metal ions are 

chemically reduced and deposition takes place on to the substrate from the bath 

solution without the passage of current. The substrates which has undergone 

sensitization and activation process develops a built-in-potential due to which 

deposition occurs on the substrate surface from the metal ion bath [2,3]. The metallic 

coatings formed are found to be adherent in nature.  A schematic cell set up for 

electrolytic and electroless deposition (R denotes reducing agent) are shown in the 

Figure-3.1. 

 

Figure-3.1. Schematic diagram representing (A) Electrolytic deposition process (B) 

Electroless deposition process [3]. 
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Another method of forming thin films on substrates is through electrophoretic 

deposition (EPD). EPD is one of the simplest and easiest ways to obtain thin films of 

carbon nano tubes from its corresponding homogeneous solutions. When compared 

with other processing methods, electroless and electrophoretic deposition are simple 

and cost-effective. Moreover thickness of the deposit, its uniformity etc can be 

controlled so that properties of the electrodes can be controlled [4]. The schematic 

diagram for electrophoretic deposition of CNT is shown in Figure-3.2. 

 

Figure-3.2.  EPD of carbon nanotubes [4]. 

Dipcoating and dropcasting are very similar deposition techniques applied to 

deposit CNTs from solutions. In dip coating process, the substrate or the sensing 

probe is dipped into the desired solution or suspension and removed at a controlled 

rate. The deposition process is repeated until a desired thickness is obtained on the 

substrate. On the other hand if the dispersion is spread on to a substrate, then the 

process is called dropcasting. After both process the liquid medium in substrate is 

evaporated by either leaving the substrate to stand for long period of time or by 

placing in an oven [5]. The dipcoating and dropcasting process is shown in                 

Figure-3.3. 
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Figure-3.3. Deposition techniques (a) Drop casting (b) Dip coating [5]. 

3.2.2 Electrochemical techniques 

a) Cyclic Voltammetry (CV) 

Cyclic voltammetry is one of the most popular electroanalytical technique. It 

provides information about the electrochemical reactions including electrochemical 

kinetics, reversibility of reactions, reaction mechanisms, electrocatalytic process and 

so on. One of the important parameter which plays an important role in voltammetric 

behavior of the sample is scan rate. If the peak current increase with increasing scan 

rate, then it signifies a better pseudocapacitive nature of the electrode and the peak 

current is calculated using Randles-Sevick equation. 

ip = 2.69 x 105n3/2 AC V1/2 D1/2 

ip is the peak current, n is the number of electrons, A is the area of the working 

electrode, C is the concentration of the electroactive species at the electrode, v is the 

scan rate, D is the diffusion coefficient. The current ip increases with increase in scan 

rate and this is also directly proportional to the concentration of electroactive species. 

A reaction is termed as reversible reaction if ratio of cathodic and anodic current is 

equal to one. If ratio is not equal to one, then reaction is quasi reversible and finally if 

the oxidized or reduced product is not reversible, then the system is considered to be 

irreversible. The difference in anodic and cathodic peak potentials give the number of 

electrons involved in a reversible reaction. 

ΔEp = |Ep
A -Ep

C| = 59/n m V 
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ΔEpis the difference in anodic and cathodic peak potential, Ep
A is the oxidation peak 

potential, Ep
C is the reduction peak potential, n is the number of electrons involved. 

CV can also give a detailed idea regarding capacitance behavior and hence specific 

capacitance (Cs ) can be calculated using the formula 

Cs = ∫Idv/m v ΔV 

ΔV is the potential window, m is the mass of electroactive species in grams, v is the 

scan rate in m V/s, ∫Idv is the area under the curve of plot I vs V. 

The electrochemical set up for doing all the electrochemical characterization 

consists of three electrode arrangement comprising of working electrode, reference 

electrode and counter (auxillary) electrode. Saturated calomel electrode and Ag/AgCl 

electrode are used as reference electrode and platinum is used as the counter 

electrode. The instrument used for doing all the electrochemical characterization is 

biologic SP-200 is shown in the Figure-3.4. A cyclic voltammogram is obtained as we 

sweep potential from initial to final range. A current flows through the electrode 

which can either oxidise or reduce the analyte and the current I between working and 

counter electrode is measured and plotted against potential and is shown in the 

Figure-3.5 [6–8]. 

 

Figure-3.4. Electrochemical Workstation Biologic SP-200 
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Figure-3.5. (a) Variation of working electrode potential as a function of time                    

(b) Electrochemical cell set up (c) CV of the simplest redox couple (adapted from 

reference 8). 

b) Differential Pulse Voltammetry (DPV) 

DPV is a widely used electrochemical technique which finds application in 

sensing of metal ions, biomolecules etc. In this technique small amplitude short pulses 

are superimposed on slowly changing the base potential. The current is measured 

before the application of pulse and after the end of the pulse. The difference between 

the two currents are recorded and is plotted against the base potential to yield 

differential pulse voltammmogams. These are shown in Figure-3.6. DPV technique 

effectively reduces back ground current and as a result faradaic current becomes free 

of capacitive current. The low capacitive current leads to high sensitivity in case of 

DPV technique. Besides this, small step sizes in DPV leads to narrow voltammetric 

peaks [9,10]. 

 

Figure-3.6. (A) Application of small amplitude pulses (B) Measurement of differential 

pulses (C) DPV voltammogram showing  ΔI against applied potential [9]. 
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c) Chronoamperometry (CA) 

Chronoamperometry as the name implies is a time-dependent technique where 

the applied potential of working electrode is changed and the resulting current flow 

from the faradaic process is measured as a function of time as shown in the                        

Figure-3.7. In short, working electrode is stepped from a potential in which there 

occurs no electrode reactions to a point where mass transport limited current occurs 

and accordingly current-time transient is being recorded. Changes in current response 

is due to increase or decrease in diffusion layer of analyte at the surface of working 

electrode. This electrochemical technique is very useful in the studies related to 

electro-catalysis and electrochemical sensing [11–13]. 

 

Figure-3.7. (a) Input and (b) Output signal for chronoamperometry [13]. 

d) Electrochemical Impedance Spectroscopy (EIS) 

The various processes occurring in solutions, solid-liquid and solid-solid 

interfaces are studied using EIS technique. The conductivity of the electrode material, 

resistance, capacitance, inductance etc can be measured using this sophisticated 

technique. In this technique current is measured on application of sinusoidal potential. 

Thus impedance is obtained over a wide range of frequencies. Nyquist plot and bode 

plot are the graphical forms obtained from the data obtained in the EIS studies. A 

semicircle is obtained in the nyquist plot indicating the charge transfer limitations and 

warburg impedance is obtained in a diffusion-controlled process. When impedance is 

plotted against frequency, bode plot are obtained and is shown in the Figure-3.8. EIS 

is applied in the study of sensors, biosensors, corrosion, supercapacitors etc [14,15]. 
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Figure-3.8. Nyquist plot (left) and Bode plot (right) [15]. 

e) Galvanostatic Charge-Discharge Studies (GCD) 

Charge discharge technique was used to evaluate the performance of the 

electrode material including IR drop, electrochemical double layer mechanism etc. as 

a function of time. A precise determination of specific capacitance can be done using 

this technique. In this technique current at the working electrode is kept constant and 

resulting potential is measured as a function of time. 

Specific capacitance can be calculated using the formula  

Specific Capacitance = IΔt/ AΔV  

I is the current in mA, t is the discharge time in seconds, A is the area of electrode in 

cm2, ΔV is the potential window. 

A cycle in GCD means a single loop including both charging and discharging. 

However the GCD plots of EDLC material and pseudocapacitive materials are 

different. The non-linearity in the plots of pseudo capacitive materials is due to the 

redox reactions and these are all shown in the Figure-3.9. The specific capacitance, 

cyclic stability etc of a composite electrode can be obtained from the GCD studies 

[16,17]. 
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Figure-3.9. Charge-discharge curves for (a) EDLC and (b) Pseudocapacitive material 

[16]. 

3.2.3. Analytical Techniques 

a) X-ray Diffraction (XRD) 

XRD is a highly versatile non-destructive technique used to investigate crystal 

structure and chemical composition of various crystalline materials. X-ray beams are 

projected on to a sample and the way in which X-ray beam undergo change in 

intensity after striking the atoms is being scrutinized. X-rays are scattered in different 

directions and hence they interfere with each other. Bragg’s law helps to study these 

interferences and to determine different characteristics of polycrystalline materials. 

The diffraction pattern produced on diffraction of X-rays by interacting with various 

planes of atoms provide information about atomic arrangement with in the crystal. On 

interaction of X-rays with the sample, a constructive interference is produced when 

Bragg’s law is satisfied. 

Bragg’s law is given by 

nΛ = 2dsinϴ 

n is an integer,  Λ is the wavelength of X-ray beam, d is the interplanar spacing 

between rows of atoms and ϴ is the angle between X-ray and the plane. 

Diffraction pattern can be regarded as a chemical fingerprint since these gives 

information regarding the constituents present in the sample. By analysing the peak 

position, the structural determination of unknown samples can be found on comparing 
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the obtained diffraction pattern to the database of known parameters. When X-ray 

strikes a nanocomposite, the obtained spectrum consists of a summative nature of the 

scattering characteristics of all particles present in the composite material [18–20]. 

The instrument and principle behind XRD technique is shown in Figure-3.10. 

 

Figure-3.10. (A) Rigaku Ultima IV (B) Schematic diagram representing the 

instrumentation of XRD instrument (19). 

b) Energy Dispersive X-ray Spectroscopy (EDS/EDX) 

EDX analysis is an analytical technique which is used to characterize 

elemental composition or chemical characterization of materials. EDX is usually used 

in conjuction with field emission scanning electron microscope. During the process 

the specimen is bombarded with a beam of high energy electrons, which excites the 

atoms of the specimen resulting in the release of X-rays. The energy of X-rays 

corresponds to the characteristic atom responsible for its generation. It is possible to 

study EDX spectrum for a specific point of the sample or an entire region [21,22]. 

EDX analysis of electrolessly deposited flexible copper films, Ag/MWCNT films 

electrophoretic deposited Cu-WO3-MWCNT, Pd@MWCNT-Co3O4 and RuO2-Fe3O4-

MWCNT are carried out. 

c) Field Emission Scanning Electron Microscope (FESEM) 

FESEM is a sophisticated technique used to investigate the topographical 

details which includes size, shape and imperfections in the nanocomposites with a 

very high resolution. FESEM is one of the microscope which works with electrons 
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instead of light. The electrons liberated from the source, scan the specimen in a zig-

zag pattern and gives the useful information regarding the morphology of 

nanostructure. The field emission source is usually a tungsten wire with a pointed tip 

so as to focus the entire electric field to a very good level. The primary electrons 

liberated are accelerated under a high electric field and are focused on to the 

electronic lenses so that narrow beams can be generated. These primary electrons 

when strikes the specimen produces secondary electrons which are emitted from 

atoms and these electrons are capable of producing signals which are identified by the 

detector and finally signals are amplified and converted to a scan image which is 

processed further. On collision of primary electrons with sample, besides secondary 

electrons; back scattered electrons and X-rays are also generated. Surface morphology 

of specimen is determined by considering the angle and velocity of secondary 

electrons and backscattered electrons [23–27]. These all are shown in the                   

Figure-3.11. 

 

Figure-3.11. (A) Zeiss Gemini SEM 300 (B) Schematic diagram of scanning electron 

microscopy set up [25]. 

d) Atomic Force Microscopy (AFM) 

Atomic force microscopy is a topographical technique used to measure the 

surface roughness and mechanical properties at atomic resolution in a three 

dimensional mode. This is one of the scanning probe microscope (SPM) which uses 

the fine probe to scan the surfaces in many ways. So this can also be regarded as the 
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modified version of scanning tunneling microscope (STM). AFM does not use 

electrons or beam of light to investigate the surface properties. 

The principle behind AFM is the interaction between the tip and the sample. 

AFM tip is attatched to a flexible cantilever and when the probe is moved along the 

surface, generated forces deflects the cantilever. This deflection is called ‘stiffness of 

cantilever’, which is measured. Most of the AFMs use laser beam detection in which 

photodiodes are used. These photodiodes are position sensitive detectors. The basic 

instrumental set up is shown in Figure-3.12. Widely used mode for analyzing the 

surface properties of different samples is the contact mode where the AFM tip is in 

contact with the surface of the sample. Thus this robust technique helps in analyzing 

polymers, films, fibers, powders, adsorbed molecules etc [28,29]. 

 

Figure-3.12. (A) Bruker multimode 8 AFM (B) Schematic diagram for AFM working 

principle [29]. 

e) Fourier-Transform Infrared (FTIR) Spectroscopy 

The absorption or emission infrared spectrum of solids, liquids and gases are 

obtained using FTIR technique. This characterization technique is used to identify 

various functional groups in the compounds. FTIR technique takes advantage over 

dispersive spectrometer, since this can give information over a wide spectral range 

from 4000 to 400 cm-1. The most common FTIR method for nanocomposite 

characterization includes attenuated total reflection (ATR), transmission, diffuse 

reflectance and specular reflection spectroscopy. FTIR technique uses IR source 

which emits radiations and this radiations are made to pass through Michelson 
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interferometer. Interferometer consists of beam splitter, fixed mirror and moving 

mirror. The beam splitter splits up the light beam which is again reflected by the 

mirrors and finally spectra is generated depending upon the absorbed or transmitted 

radiations. This is shown in the Figure-3.13. Each molecule will be having unique 

infrared fingerprint making it easier for identification. FTIR spectrum is represented 

by wave number on x-axis and absorbance or transmittance on y-axis [30–33]. 

 

Figure-3.13. (A) Bruker Tensor 27 FTIR (B) Working principle of FTIR [30]. 

f) Raman Spectroscopy 

Raman spectroscopy is a non-destructive technique which involves elastic 

scattering of photons. Depending on the frequencies of incident light and scattered 

light different types of scattering lines occurs. These includes rayleigh scattering, 

stokes line and anti-stokes lines. Instrumentation technique mainly includes scattering 

of light by the sample when sample absorbs monochromatic rays from the laser 

source. The interferometer detects these raman scattered light which involves fourier 

transform methods. Raman spectroscopy can provide information regarding organic 

molecules, inorganic molecules, metal complexes, functional groups and also 

fingerprints of organic species [34,35]. Raman microscope and schematic diagram 

regarding the working principle of raman microscope is shown in Figure-3.14. 
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Figure-3.14. (A) Renishaw confocal raman microscope (B) Schematic diagram 

representing  working principle of raman microscope [34]. 

g) Ultraviolet- Visible (UV-Vis) Spectroscopy 

UV-Visible spectrophotometry is widely used for fundamental and applied 

research applications due to its low cost and easy implementation techniques. Inorder 

to characterize the sample by UV-Visible spectroscopy, sample must be a 

chromophore (absorb in the UV-Vis region). UV-Visible spectrometer calculates the 

amount of light transmitted through a sample. The homogeneous absorbing materials 

obeys Beer’s law as  

A=ϵbc= -log T=log(1/T) 

A is the Absorbance, ϵ is the molar absorptivity, b is the thickness of sample, c 

is the concentration and T is the transmittance.  

The visible and ultraviolet light is used to analyse the chemical structure of the 

substance. This charcterisation technique is used to analyse DNA and RNA, bacterial 

culture, pharmaceutical analysis, analyzing quality of food in food industry etc. 

Optical properties of nanocomposites comprising of metals, oxides, semiconducting 

nanocrystals etc can be studied using this technique. 

In UV-Vis Spectrophotometer, deuterium lamp or xenon lamp serves as the 

light source. The light from the source enters the monochromator which comprises of 

mirrors, slits and grating. The two available configurations of the instrument are 

single beam and double beam configuration. The transmitted or reflected light from 

the sample are converted into a signal by the detector and hence measurement is also 
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made. Thus transmittance is measured with respect to wavelength in UV-visible 

spectrum. These all are highlighted in Figure-3.15. 

 

Figure-3.15. (A) Jasco V-750 (B) Working principle of UV-visible spectrophotometer 

[34]. 

 The above illustrated characterization techniques were used for analyzing the 

efficacy of the synthesized materials and its behavior under specific condition. These 

methods help to scrutinize the different samples prepared by various techniques which 

further find its applications in sensing platform. The behavior of modified electrodes 

were studied using both analytical and electrochemical techniques, however 

electrochemical methods plays an indispensable part in the sensor studies of various 

species using the developed electrodes. 
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4.1. INTRODUCTION 

Dopamine is chemically 3,4-Dihydroxyphenylethylamine and is 

catecholamine neurotransmitter which plays an important role in controlling the 

human behavior and various physiological processes. Variation in the level of 

neurotransmitter dopamine leads to various neurological disorder which include 

various disorders like Parkinson disease, Alzheimer, HIV infection, senile dementia 

and schizophrenia [1–3]. Dopamine concentration in the human body should be 

monitored inorder to trace and diagonise such diseases. The analytical methods like 

high performance liquid chromatography, spectrophotometry, gas chromatography, 

colorimetry, fluorescence spectroscopy etc has been employed for dopamine 

detection. An electrochemical method for detection of dopamine is found to be 

simple, specific and sensitive. Since dopamine is an electroactive compound, 

electrochemical methods which give fast response and requires low cost equipment 

are constantly employed for the detection of dopamine using various modified 

nanocomposites including metal nanoparticles, metal oxides, polymers, 2D materials 

etc [4–7]. 

Several methods are employed for the synthesis of metal nanoparticles and 

their functionalized products. Among these chemical reductions, electrochemical 

technique, photochemical reductions are commonly employed. Chemical methods 

have various limitations since it includes use of toxic reducing agents, lack of 

reusability of reagents and its impacts on environment. In order to overcome these 

limitations, synergistic application of nanotechnology and biotechnology is to be 

focused during synthesize and fabrication of these type of materials/coating. Green 

chemistry route is a nonconventional method adopted to synthesis metal and metal 

oxide nanoparticles. Among the biological methods, use of plant extracts serves as an 

efficient path for the synthesis of nanoparticles due its dual role of behaving as a 

reducing as well as capping agents. These can reduce metal ions to nanoparticles 

through single step green synthesis process [8–10]. The preparation methods and 

efficiency of these type of process may not be on par when compared with other 

conventional methods, yet the process opens its route due to the feasible and 

environment friendly nature on account of less toxicity, easy availability and 

generation of non-toxic by-products. The emerging developments in nanotechnology 
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has extended its contribution in the field of electronics, optoelectronics, medicines, 

solar cells etc [11,12]. The promising properties of metallic nanoparticles are due to 

their large surface area to volume ratio [13,14]. 

  The biomedical application of gold and silver nanoparticles makes them 

important in the field of nano-biotechnology. Silver nanoparticles finds applications 

in various areas such as integrated circuits, fillers, sensors, cell electrodes, 

antimicrobials and these applications grab the scientists to focus their research in the 

field of silver nanoparticles or incorporation of silver nanoparticles in various 

matrixes [15]. Physical and chemical methods are employed for the preparation and 

stabilization of metal nanoparticles [16,17]. In order to overcome the toxicity and 

other environmental issues, researchers now focus their work on green synthesis of 

nanoparticles. Various biological methods such as microbial as well as plant mediated 

synthesis have been developed for the synthesis of nanoparticles. Various plant 

extracts has been used as green reductant for silver nanoparticle synthesis. Plant 

extract can serve both as reducing and capping agent for the synthesis of silver 

nanoparticles. Moreover these green reagents enables stable and shape controlled 

synthesis of silver nanoparticles [18–21]. Nano silver particles have great adaptability 

when it is incorporated with other materials and such distinctive properties of silver 

nanoparticles makes it efficient candidate for wide range of applications. Carbon 

nanotubes (CNTs) possess high tensile strength, excellent mechanical characteristics, 

good electrical conductivity, high thermal conductivity and large specific surface area. 

Various works has been reported in which MWCNT is used to modify the electrode 

surface. Moreover  a small amount of metal catalyst can always enhance the 

sensitivity towards the electrochemical detection of various drugs. Multi-walled CNTs 

(MWCNT) can serve as good supports for silver nanoparticles which enables the 

fabrication of Ag-MWCNT composites at minimized cost [22–24]. Fabrication of 

such composites results in the integration of properties of both materials and these 

enhanced properties can lead to wide range of potential applications. New methods 

have been developed for electroplating non-conductive plastic moldings so that they 

can serve as efficient substrates for the electroless deposition process. Flexible PET 

substrates are also employed as substrates after proper pretreatment processes                 

[25–27]. 
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The present work describes on the development of Ag/fMWCNT flexible 

conducting films by electroless deposition technique using plant extract as reducing 

agents. The plant extract chosen for the present work is of Melissa Officinalis [28]. 

The extract acts as both reducing as well as stabilizing agent for the preparation of 

silver nanoparticles. In the present work Polyethylene films were subjected to various 

pretreatment procedure and dip coated with fMWCNT before electroless deposition. 

Ag/fMWCNT flexible conducting films exhibited pseudo capacitive behavior and 

exhibit good sensing behavior toward the detection of dopamine as revealed from 

various analysis. 

4.2. EXPERIMENTAL METHODS 

4.2.1. Preparation of plant extract based reducing agent 

Fresh leaves of Melissa Officinalis was washed with plenty of water, shade 

dried for a week and ground into a fine powder. The leaves powder (10 g) were 

extracted using hot percolation method taking 50 ml of double distilled water and 

were boiled for 15 minutes. Extract was cooled down, centrifuged and filtered with 

whatman filter paper No:1 to remove residues if any present. The clear extracts were 

stored at 4 °C for further use. The extract prepared serves as both reducing and 

capping agent during the synthesis of silver nanoparticles. 

4.2.2. Functionalisation of MWCNT 

Multi walled carbon nanotubes (OD:30-50 nm, length:10-30 μm) were 

functionalized by acid treatment. About 1 g of MWCNTs were refluxed with H2SO4 

and HNO3 in the ratio 3:1 and stirred for about 5 hrs at 70 °C. Functionalised multi 

walled carbon nano tubes (fMWCNT) are filtered through poly carbonate membrane 

and washed with double distilled water until pH was neutral. Now this is kept in oven 

at 50 °C for overnight. A dispersion of fMWCNT was prepared by sonication of the 

dried product in aqueous Triton-X-100. 

4.2.3. Process of electroless deposition 

Electroless bath consists of 5 mM 20 ml AgNO3 solution which is maintained 

at a pH not less than 8. pH is adjusted using sodium carbonate and ammonia. In the 

case of silver nitrate bath, the bath pH is a prime factor that desires the basic 
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characteristic of the deposit. Substrate taken for the experiment was polyethylene 

terephthalate film which is flexible and non-conductive. The sheets were cut into 

small pieces of size 2 cm x 5 cm and was slightly roughened using various grade 

silicon carbide paper mainly with P 2000, P 200, P 280 to make the surface more 

adherent for adsorbing metal ions. The surface was pre-cleaned with acetone to 

remove any impurities. It was then soaked in dilute HCl and dilute NaOH to make 

surface clean. After this, substrate was sensitized using 0.1 M SnCl2 and activated 

using 0.0014 M PdCl2 solution for a period of 5 minutes. After each step of 

pretreatment, substrate was rinsed thoroughly with demineralized water. The 

pretreated substrate is used for further experimental purpose. 

4.2.4. Fabrication of flexible conductive films of Ag/fMWCNT 

The pretreated substrate was dip-coated with fMWCNT containing precursor 

solution prepared using Triton X-100 acting as surfactant for uniform dispersion of 

fMWCNT, followed by drying under IR lamp. The process is repeated until thin film 

of fMWCNT was formed on the polyethylene sheet. The polyethylene flexible 

substrate was dipped in the prepared electroless bath of colloidal silver. About 10 ml 

of the leaf extract which serves as reducing agent was slowly added and stirred. 

Reduction of AgNO3 takes place which results in deposition of Ag nanoparticles on 

substrate. The deposited polyethylene substrate was taken after some time which was 

optimized based on the film characteristics and deposit properties. Thus an adherent 

coating of Ag/fMWCNT was formed in the flexible film. 

4.2.5. Preparation of dopamine samples  

Dopamine samples of varying concentrations were prepared for analyzing 

sensor characteristics of the fabricated Ag/fMWCNT electrode. Various concentration 

of dopamine ranging from 1 μM- 40 μM was prepared from dopamine hydrochloride 

using doubly distilled water. The prepared solution of neurotransmitter was analyzed 

through different electrochemical techniques. An interference study was carried by 

adding 0.1 mM ascorbic acid and real sample analysis was carried out in bovine 

serum. 
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4.2.6. Characterization techniques of Ag/fMWCNT flexible Electrode 

UV-Visible spectrophotometer (Jasco UV, V-750) was used to study the 

absorbance spectrum of colloidal nanoparticles of silver in the range of 200–800 nm. 

FTIR (Bruker-Tensor 27) studies revealed the presence of various functional groups 

in the plant extract responsible for reduction of silver nitrate to silver and also in the 

films containing Ag/fMWCNT. Elemental analysis of the fabricated electrode was 

confirmed using Energy dispersive X-ray analysis (EDAX) and morphology of the 

electrodes were characterized using Field emission scanning electron microscopy 

(FESEM-Gemini 300) which is attached with an EDAX equipment. Atomic force 

microscopy (AFM-Bruker multimode) studies were also employed to study the 

surface topography and roughness. Electrochemical characterization were carried out 

using Biologic SP-200 Model. The three electrode set up employed which included 

platinum electrode as counter electrode, saturated calomel electrode (SCE) as 

reference electrode and fabricated Ag/fMWCNT electrode as working electrode in 

Phosphate Buffer Solution (PBS). Sensor characteristics of the electrode were studied 

using cyclic voltammetry, differential pulse voltammetry and chronoamperometric  

techniques. 

4.3. RESULTS AND DISCUSSION 

4.3.1. Fabrication of Ag/fMWCNT flexible films using electroless Deposition 

Deposition was performed on the pretreated substrate as detailed in the 

experimental part. Plant extracts contains alkaloids, phenolic acid, polyphenols, 

sugars, terpenoids, flavonoids etc. as bioactive agents. These compounds which 

contain active chemical agents can have a profound effect during nano particle 

synthesis and its deposition at optimum reaction condition. The extract whose 

photograph is being shown in Figure-4.1 (A) was added to the solution of silver 

nitrate which is adjusted to an appropriate pH. This treatment can convert metal ions 

from its monovalent or divalent state to zero valence state. Silver nanoparticle 

formation was observed as the silver nitrate changed the color on addition of leaf 

extract. Biosynthesis of Ag nanoparticles was confirmed by the color change of the 

solution which intensified during the course of reaction 
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which can be visually observed as in Figure-4.1(B). The color change is mainly 

attributed to the excitation of Ag nanoparticles by surface plasmon vibrations [29]. 

The change of color from yellow to dark brown indicated the change in concentration 

of silver nanoparticles. The size of particles and concentration increased during time. 

UV- Visible absorption spectrum showed the presence of characteristics surface 

plasmon resonance (SPR) band of silver in the range of 421 nm [30,31]as shown in 

Figure-4.1 (C). These reduced Ag nanoparticles were made to replace palladium ions 

by the means of electroless deposition process in the pretreated flexible substrate 

which is dip coated with fMWCNT dispersion. fMWCNT formed by dip coating also 

provided enough nucleation sites for the deposition of silver. The fabricated flexible 

Ag/fMWCNT films is shown in Figure-4.1 (D) 

 

Figure-4.1. (A) The leaf extract. (B) The color change of Silver nitrate before and 

after addition of leaf extract. (C) UV-Vis spectra of synthesised silver nanoparticles. 

(D) Fabricated flexible Ag/fMWCNT film. 
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4.3.2. Elemental analysis and morphology of the Ag/fMWCNT flexible film 

Energy dispersive X-ray analysis (EDAX) revealed the presence of silver and 

carbon in the functionalized MWCNT by the distinct peaks. A strong peak at 0.2 keV 

and 3 keV in the EDAX spectrum observed in Figure-4.2 shows the presence of 

elemental carbon and metallic silver [32,33]. FESEM images of the Ag/fMWCNT 

deposit is shown in Figure-4.3.  The results strongly confirms the reducing and 

capping nature of leaf extract employed for the preparation of silver nanoparticles. 

The carbon nanotubes within the metal matrix were uniformly distributed and there 

was no agglomeration and the tubular structure was intact as revealed from SEM 

analysis. AFM images of Ag/fMWCNT nano composite film shows that surface was 

more or less uniform and there was no voids in the deposit as revealed from                  

Figure-4.4. The average surface roughness of the deposit was found to be 18.9 nm. 

 

Figure-4.2.  EDAX Spectrum of synthesised Ag/fMWCNT electrode. 

 

Figure-4.3. FESEM images of flexible Ag/fMWCNT film at different resolutions 

prepared by electroless deposition. 
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Figure-4.4. (A) Three dimensional AFM image Ag/fMWCNT film. (B) 3D flattened 

image. 

4.3.3. FTIR analysis of the Ag/fMWCNT composite films 

FTIR spectra of Ag/fMWCNT composite films in Figure-4.5 revealed the 

presence of organic compounds in the plant extract of Melissa officinalis. The 

phytochemical components mainly present in the plant extract include rosamarinic 

acid as major component as reported elsewhere [34]. The band associated with                

3253 cm−1 and 3367 cm−1 is due to stretching vibrations of O-H group in phenols as 

well as CNT-OH stretching. The C-H bond of alkanes was revealed by the peak at 

2990 cm−1. The band at 2875 cm−1 corresponds to the stretching bands of methylene 

group of oxidised MWCNT. The interaction of hydroxyl group of gallic acid 

contained in plant extract with the partial positive charge of Ag nanoparticles results 

in the band at 2383 cm−1. The peaks at 1677 cm−1 and 2105 cm−1 is due to the C=C 

and C≡C bands of aromatic or aliphatic compounds. The carbonyl group of oxidised 

MWCNT and C=C stretching band of the same is indicated by the bands at 1749 cm−1 

and 1599 cm−1. The presence of COCH3 in aromatic compounds is indicated by the 

band at 1406 cm−1. The intense peak at 1128 cm−1 and 1292 cm−1 is attributed to the 

C-O bonds present in various organic compounds of the plant extract [35,36]. All the 

above analysis data proved that the flexible films of Ag/fMWCNT formed by 

electroless deposition using the present process contains various functional groups 

that are originated from the compounds generally found in the plant extract. 
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Figure-4.5. FTIR Spectra of Ag/fMWCNT films prepared using Melissa officinalis as 

reducing agent. 

4.3.4. CV Analysis of Ag/fMWCNT composite films 

The CV curves of Ag/fMWCNT electrodes in PBS solution was studied in the 

potential range between −0.2 and 0.9 V at various scan rates from 2 mV to 100 mV/s. 

The redox peaks obtained are mainly due to faradaic reaction. Although there was no 

drastic shift in anodic as well as cathodic peak potential values with increasing scan 

rate, yet the slight shift noted can be due to internal resistance of the electrode. This 

reflects that, the deposit was more adherent and stable even at very high current load 

as shown in the Figure-4.6 (A). A linear increase in anodic and cathodic peak current 

was observed when peak current was plotted against square root of scan rate which is 

shown in the inset of Figure-4.6 (B). The anodic and cathodic peak intensities are 

related to the scan rate by Randles-Sevcik equation [37]. 

𝑖𝑝 = 2.69 × 105⋅𝑛3/2 ⋅𝐴⋅𝐷1/2 ⋅𝐶⋅ V1/2  (1) 

where, 𝑖𝑝 = peak current in ampere, 𝑛 = electron stoichiometry, 𝐴 = area of the 

electrode in cm2, 𝐷 = diffusion coefficient in cm2/s, 𝐶 = concentration of the species 

in mol/cm3 and V = scan rate in volts/s. 

The R square values for anodic peak current and cathodic peak current was found to 

be 0.9798 and 0.9661 which is in good agreement with the linear regression equation. 
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  Specific capacitance of 305 F/g was observed for a scan rate of 2 mV/s. The 

higher specific capacitance is ascribed to the stability of Ag/fMWCNT composite 

electrode prepared by nontoxic reagents and that influenced the fast electron 

movement within the electrode-electrolyte interface. This could be attributed to the 

even distribution of functionalised MWCNT within Ag matrix, forming a uniform 

deposit morphology, which renders facile electrolyte penetration in the matrix and 

better conducting nature of the deposit. It was also observed that values of specific 

capacitance decreased as scan rate increased and this decrease was marginal at higher 

scan rate as shown in Figure-4.6 (C). Figure-4.6 (D) shows the CV curves for 10 th 

and 1000 th cycles at a scan rate of 50 mV/s in PBS solution. The retention values of 

specific capacitance were found to be 86%. This retention value ascribes to the 

excellent stable nature of the fabricated flexible electrode [38]. 

 

Figure-4.6. (A) CV curves at different scan rates (a-j) (2, 5, 10, 15, 20, 25, 30, 50, 80 

and 100 mV/s.).(B)  Plot of variation of anodic and cathodic peak current against 

square root of can rate. (C) Plot of Specific capacitance as a function of scan rate. (D) 

CV curves for 10th and 1000th cycles were studied at a scan rate of 50 mV/s in PBS 

solution. 
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4.3.5. Analysis on charge storage properties of the electrode 

Nyquist plots were drawn within the frequencies range of 100 mHz to                 

100 kHz at zero volt bias. According to equivalent circuit theory, the vertical trend in 

the nyquist plot at low frequencies indicates the capacitive behavior [39–42].The 

presence of a semicircle in high frequency region and a straight line in low frequency 

region is the characteristic of pseudo capacitor material. Figure-4.7 (A) shows the 

nyquist plots for the fabricated electrode. Pseudo capacitor materials show nyquist 

plots as a semicircle in high frequency region and nearly a straight line along the 

imaginary axis at low frequency region which purely indicated the dominant nature of 

capacitive behavior as reported in literature [43–45]. In the present study the double 

semicircles, although one small compared to another reveals the porous nature of the 

electrodes which is shown in inset of Figure-4.7 (B). The experimental data is to be 

fitted in order to represent an equivalent circuit. The equivalent circuit framed gave a 

good fit in the nyquist plot which was obtained experimentally. In the nyquist plot 

where semicircle in the impedance plot corresponds to the kinetics controlled (charge 

transfer) and uncompensated solution resistance between the WE and RE (RΏ) 

controlled regime. The raising arm of the curve corresponds to the mass transfer 

(diffusion) controlled regime [46–48]. In order to further asses the behavior of 

electrode material, bode plots are plotted in which phase angle is a function of 

frequency. For an ideal capacitor phase angle is −90⁰. In the Figure-4.7 (C), the phase 

shift is measured to be −82⁰ in the low frequency region which indicates the 

capacitive behavior of the electrode material. Bode plot of log |Z| vs log frequency 

shown in Figure-4.7 (D) revealed the presence of Warburg component of impedance 

which supported the above explanations [49,50]. 
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Figure-4.7. (A) Measured nyquist plot and calculated nyquist plot for the matched 

equivalent circuit given below. (B) Enlarged view of nyquist plot at high frequency 

region and the corresponding equivalent circuit. (C) Bode plot showing phase shift 

against log frequency. (D) Bode plot of log Z against log frequency. 

4.3.6. Electrochemical studies for detection of neurotransmitter dopamine in 

presence of ascorbic acid. 

Studies were conducted to analyze the sensing behavior of the film for 

detection of dopamine in presence of ascorbic acid. A well-defined cyclic 

voltammogram with an oxidation peak potential of 0.2 V was observed. Figure-4.8 

(A) shows the cyclic voltammograms of DA obtained on addition of 10 μM DA in   

0.1 M PBS (pH= 7) at a scan rate of 50 mV/s. Differential pulse voltammograms 

obtained for electrochemical oxidation of DA (10 μM) supplements the results of CV 

studies by showing good response curves for detection of dopamine as shown in 

Figure-4.8 (B). Dopamine usually co-exists with ascorbic acid and the oxidation 

potential of both species are close to each other. DPV studies conducted by varying 

the concentration of dopamine in presence of 0.1mM ascorbic acid clearly illustrated 

that the flexible Ag/fMWCNT film is very much selective toward the 
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neurotransmitter dopamine. The presence of single peak in the DPV results showed 

the electro-oxidation of dopamine only, in presence of ascorbic acid. DPV studies 

were conducted for dopamine concentration ranging from 1 μM to 40 μM as shown in 

Figure-4.8 (C). The linear variation of current with increase in concentration (shown 

in the inset of Figure-4.8 (C) was obtained in DPV studies with an R square value of 

0.9978. The detection limit was estimated to be 0.7 μM. The chrono amperometric 

response of various concentration of dopamine was also studied for concentration 

ranging from 1 μM-10 μM. The current response was noted for a period of 30 s for 

various concentrations as shown in Fig. 4.8 (D). When current at ten seconds was 

plotted against concentration, a linear relationship was noted with an R square value 

of 0.9802 which shows good agreement with linear regression equation. This is shown 

in the inset of Fig. 4.8 (D). The detection limit (LOD) was calculated by using the 

criterion 3σ/s andwas found to be 0.88 μM (S/N = 3). Electron transfer occurs 

between the phenyl ring and CNT surface when dopamine molecule comes close to 

Ag/fMWCNT electrode surface. A two electron oxidation process occurs resulting in 

formation of dopamine-o-quinone as shown in Scheme 4.1. The results of both studies 

signifies the good electrocatalytic activity of Ag/fMWCNT electrode towards 

dopamine oxidation due to interaction between various functional groups of dopamine 

and the electrode material [51,52]. 

 

Scheme 4.1 Conversion of dopamine to dopamine-o-quinone. 
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Figure-4.8. (A) Cyclic voltammograms at flexible Ag/fMWCNT in PBS containing 

DA (10 μM) at scan rate of 50 mV/s. (B) Differential pulse voltammogram for DA at 

Ag/fMWCNT flexible electrode. (C) DPV responses for different dopamine 

concentrations (0, 0.5, 1.0, 2.0, 3.0, 4.0, 5.0, 6.0, 7.0, 8.0, 9.0, 15.0, 20.0, 30.0 and 

40.0 μmol L−1) in presence of 0.1 mM ascorbic acid on flexible Ag/fMWCNT film 

electrode in PBS buffer solution. Inset shows the variation of current with 

concentration. (D) The chronoamperometric curves of dopamine with increase in 

concentration from 1–10 μM. Inset shows the variation of current with concentration 

of dopamine. 

4.3.7. Reproducibility and stability 

Five flexible electrodes of Ag/fMWCNT were fabricated through electroless 

deposition process using ecofriendly reducing agent for the detection of 10 μM 

dopamine. All sensors exhibited almost similar response currents to the dopamine 

samples and the RSD was found to be 2.84 %. This indicates the excellent 

reproducibility of the sensor. The sensor was stored in air tight containers in dry 

location and was kept at room temperature. After 30 days also sensor retained 90 % of 
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its initial responses. This indicates the long term stability of the flexible Ag/fMWCNT 

electrode [53]. 

4.3.8. Real sample analysis 

In order to validate the versatility of the fabricated flexible Ag/fMWCNT film, 

dopamine concentration in physiological environment for two samples were studied 

using bovine serum. After diluting the samples with PBS, DPV studies were 

conducted by spiking the samples with dopamine. The percentage recovery was found 

to be 102.5 and 101 %. The results are listed in Table- 4.1. This indicates the potential 

usefulness of the sensor in detecting dopamine in real samples [54]. 

Table- 4.1. Determination of dopamine in bovine serum 

Sample Spiked (μM) Found (μM) Recovery (%) 

Serum 1 4 4.1 102.5 

Serum 2 8.5 8.6 101 
 

4.4. CONCLUSIONS 

In the present study, flexible Ag/fMWCNT film fabricated through simple 

eco-friendly process exhibited pseudo capacitive behavior and also possessed high 

sensing characteristics. The spectroscopic analysis could confirm different groups 

present in the deposit. EDAX analysis and morphology of the fabricated electrode 

revealed pore free and uniform deposit character with the presence of elements such 

as carbon and silver in major proportion. The results of electrochemical analysis such 

as differential pulse voltammetry and chronoamperometry confirmed the usefulness 

and selectivity of flexible Ag/fMWCNT electrode as sensors for dopamine. Sensor 

characteristics of the electrode for the analytical detection of dopamine showed a 

linear current concentration calibration plot with a detection limit of 0.7 μM. The 

electrode exhibited excellent reproducibility and stability. The flexible Ag/fMWCNT 

electrodes showed conducting behavior and also possessed good cyclic performance. 

The present process could deliver flexible Ag/fMWCNT composite film electrode 

using environmentally benign reducing agents that possessed good sensor 

characteristics and energy storage properties. 
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5.1. INTRODUCTION 

Metal oxide based composite electrodes were widely explored for their use as 

sensors, pseudo capacitors, negative electrodes etc. owing to their characteristic 

properties such as spatial confinement, high surface energy, strong surface adsorption 

and increased surface to volume ratio. Transition metal oxides and refractory metal 

oxides viz. IrO2, RuO2 etc. were widely researched for their specific application in 

myriad fields due to their inherent properties [1–7]. Among the various oxides, WO3 

has attracted significant research owing to its distinctive properties such as multiple 

oxidation state, wide potential window in different electrolytes and good physico-

chemical properties [8–11]. WO3 is an n-type semiconductor having photo-catalytic 

and electro-catalytic property. The band gap of WO3 is 2.5–2.8 eV. The properties of 

WO3 make it an efficient candidate in the field of electrochromic devices, gas sensors, 

secondary battery materials, catalytic materials and in optical devices. Studies have 

been conducted on the capacitive behavior of oxides of tungsten, vanadium, 

manganese etc. These metal oxide serve as an alternative material for energy storage 

application and hence can replace highly expensive materials. There are numerous 

reports on preparation and application of tungsten oxide based metal composites. 

Various techniques such as thermal decomposition, pyrolysis, ion exchange reaction, 

sol-gel, electrochemical processes and chemical vapor deposition methods were 

employed for the synthesis of WO3 nanoparticles [12–18]. Electrochemical methods 

has the distinction of easy of application, very less time and also inexpensive 

compared to other techniques for fabrication of metal oxide based nano composite 

electrodes. 

The use of metal oxide based electrodes as sensors has been widely explored 

in various fields. By using these type of electrodes it is possible to know the aging of 

various grades of lubricant oils that are commonly employed in machineries. As we 

know, the complex nature of various lubricants used in different equipment makes it 

difficult to foresee the failure caused to machines by the use of degraded lubricant 

oils. A substantial change in lubricants can happen due to various reasons. These 

include oxidation due to high temperature, contamination by water, ethylene glycol, 

soot, fuel etc. Lubricant oils ends its life by building up of acids, contamination by 

soot, oxidation and base depletion. During this time a change in properties of oils like 
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total acid number [TAN], total base number [TBN], viscosity etc changes. The 

building up of polar components especially carboxylic acids, ionic species, aldehyde 

and ketones leads to increase in conductivity. Generally lubricants are changed after 

particular service time or based on engine mileage without proper testing to see the 

efficacy of the oil after its long term usage. Here electrochemical method offer an 

easy way to determine the efficacy of the oil using simple procedures and in very less 

time [19–24]. Studies has been carried out to determine the viscosity changes, 

moisture content, oxidative changes and total acid number during its long term usage 

by using various methods [25–27]. Frequent monitoring of engine oil has to be carried 

out to protect the engine as well as to reduce the maintenance cost of the machines. In 

this context the present work considers the application of metal oxide based electrode 

towards sensing the characteristic components of aging oils. 

Metal oxide functionalized with carbon nanotube could improve electron 

transport properties, surface area and sensing characteristics of the composite material 

[28,29]. The photo-catalytic property of WO3 towards degradation of compounds such 

as azo dyes and polycyclic aromatic hydrocarbons have been reported in several 

articles [30,31]. Different structure of WO3 viz. nano rods, nanotubes, nano whiskers, 

nano plates have been explored for specific applications [32,33]. Hybrid composite 

films of metal oxide-multi walled carbon nanotubes provide an easy way of detection 

of various biochemical compounds. Electrochemical detection of various chemicals 

have been reported by using these type of hybrid composite electrodes. Among the 

various methods adopted for the fabrication of metal oxide-CNT based composite 

electrodes, electrochemical methods have the advantage of controlling the size 

distribution through optimizing the deposition parameters and easy of deposition. 

Formation of composite materials of nano metal oxide anchored carbon nano-

materials can be carried out from dispersions of these type of oxides, anodic oxidation 

of metal layers, and also by electrodeposition from a precursor solution under 

optimized conditions [34–36]. 

The present work relies on the deposition of WO3-functionalized MWCNT 

(fMWCNT) composite on to flexible copper substrate and the use of the electrode as 

sensor for evaluating the aging process of lubricants. The fabrication of                   

Cu-WO3-fMWCNT composite film involves the initial formation of conducting layer 

of copper over flexible polyethylene films through electroless deposition, followed by 
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electrodeposition of WO3 functionalized MWCNT on to the preformed copper films. 

The morphology and chemical composition of the composite films were analyzed by 

Scanning Electron Microscopy and Energy Dispersive X-ray Spectroscopy. The              

Cu-WO3-fMWCNT composite films showed increased energy storage characteristics 

as revealed from the electrochemical studies. The fabricated film electrode has good 

sensing behavior towards the compounds that develops following the aging of 

lubricant oils as revealed from cyclic voltammetry and electrochemical impedance 

spectroscopy measurements. 

5.2 EXPERIMENTAL METHODS 

5.2.1. Fabrication of flexible copper film  

PET films were cut into desired size of 2 × 5 cm and slightly roughened with 

smooth silicon carbide paper. The slightly roughened surface improves the adhesion 

of the deposit to the substrate as noted from peeling tests. After surface roughening 

and washing with distilled water the substrate was subjected to various pretreatment 

process viz. cleaning with acetone, followed by agitating the substrate in dilute HCl 

and with dilute NaOH for two minutes in each solution. Further the substrate was 

thoroughly rinsed with distilled water and its surface sensitized by soaking in 0.1 M 

stannous chloride for 10 min and was subsequently activated by dipping into                

0.0014 M palladium chloride solution for about 10 min. After each of these 

pretreatment steps the substrate was rinsed with distilled water. Copper was 

electroless deposited on to the pretreated polyethylene film from a bath containing 

copper sulfate (5 g/L), sodium potassium tartarate (2 g/L) and formaldehyde (8 ml/L) 

as reducing agent under alkaline condition at pH 11. The deposition time was chosen 

to reach the required film thickness, which was estimated by gravimetric method. In 

the present work the deposition time was fixed to 5 min and the apparent thickness of 

the film was 1 μm. The obtained copper deposited film was used as substrate for 

further deposition process. The entire process starting from the pretreatment of the 

substrate to the final electrodeposition was optimized and was found reproducible as 

revealed from the sample characterization. 
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5.2.2. Preparation of tungstite (WO3.H2O) 

Hydrothermal method was employed for the synthesis of WO3 nanoparticles 

through acid precipitation. About 1 g of tungstate salt (Na2WO4.2H2O) was well 

dissolved in 100 ml of deionised water and then 30 ml 6 N HCl was added drop wise 

to get an amorphous precipitate. The beaker was kept in ice under constant stirring to 

maintain the temperature below 5 ◦C during addition of acid to the tungstate salt. The 

precipitate of tungstic acid (H2WO4) was washed several times with deionized water 

to bring the pH to 6. The precipitate which was taken in a crucible with a lid was 

dried at 60 ◦C in an oven for 24 h. After that the powder was calcined at 500 ◦C for 

about 2 h.  

5.2.3. Functionalisation of MWCNT 

MWCNT (OD-30–50 nm, length 10–30 μm) purchased from Sigma- Aldrich 

was functionalized by acid treatment method. 1 g MWCNT was accurately weighed 

and refluxed with acid in the ratio 3:1 (H2SO4: HNO3) for one hour. It was agitated 

overnight at a constant temperature of 70 ◦C, filtered through polycarbonate 

membrane and washed with distilled water to make the pH neutral followed by drying 

in oven at 60 ◦C. The synthesized fMWCNT powder was used without further 

treatment.  

5.2.4. Electrodeposition of WO3-fMWCNT on to flexible copper substrate  

The obtained powder of tungsten oxide was dispersed in deionized water 

under sonication and the pH was adjusted to 10 by addition of ammonia solution 

resulting in the formation of ammonium tungstate. The solution is added drop wise to 

already prepared fMWCNT powder and kept for 2 h at 75 ◦C under sonicated 

conditions. The solution containing a mixture of WO3 and fMWCNT was centrifuged 

and calcined at 400 ◦C for 2 h. The obtained WO3-fMWCNT powder was made into a 

dispersion and was used as precursor for electrodeposition process. WO3-fMWCNT 

suspension was then deposited on to flexible copper substrate by electrodeposition at 

a fixed current of 0.5 mA for a period of 15 min. The thickness of the electrodeposited 

film was 2.5 μm. The entire fabrication process has been represented by Scheme 5.1. 

The fabricated WO3-fMWCNT electrodes were used for determining the aging 

characteristics of the oil. Fresh oils were subjected to heat treatments for various time 
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(15, 24, 48 h) to effect oxidation of the oil in order to study the change in 

characteristic property of the oil.  

 

Scheme 5.1 represents the fabrication of  Cu-WO3-fMWCNT composite film. 

5.2.5. Characterization techniques  

X-ray diffractometry (Rigaku Ultima IV)was employed to determine the 

prominent planes of the composite. The source was Cu-Kα ray having wavelength of 

1.5418 Å, and operated at, 40 kV with a current of 30 mA in the Bragg–Brentano 

geometry. EDX analysis [Carl Zeiss] with an operating voltage of 10 kV and having 

resolution of 136 eV was employed for the elemental analysis. The surface 

morphology was studied using SEM (Vega 3, Tescan) with an operating voltage of  

15 kV. Fourier Transform Infrared Spectroscopy in attenuated total reflection mode 

confirmed the presence of various functional groups in the film. The band gap of the 

semiconductor material was determined from absorbance measurements using UV-

Visible spectrometer (JascoV-750). Electrochemical characterization was carried out 

using the Biologic SP-200 electrochemical workstation with a three-electrode set-up. 

The aging characteristics of the lubricant oil was analyzed by comparing the 

electrochemical impedance spectroscopy measurements of various base oil samples 

with the oxidized oils under standard conditions. Impedance analysis is a useful 
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technique as it can be applied for complex non-aqueous systems as well as industrial 

lubricants to study the aging characteristics. 

5.3. RESULTS AND DISCUSSION 

5.3.1. XRD analysis of tungsten oxide  

XRD patterns of bare OHP film and copper film formed by electroless 

deposition process are shown in Figure-5.1 (A) and (B). A strong peak at 25.7⁰ is 

noticed for the  bare substrate and the peak intensity got reduced when copper was 

deposited on to the film.  XRD pattern observed in Figure-5.1(B) for flexible copper 

substrate formed by electroless deposition process gave three significant peaks at            

2Ө values 44.4⁰ , 51.8⁰  and 76.5⁰  corresponding to (111), (200) and (220) planes 

[37–40]. XRD analysis of WO3 powder revealed crystalline structure of WO3. As the 

moisture content and volatile components of the sample were removed during 

synthesis, WO3 were converted from one phase to another making the structure more 

crystalline as revealed from the sharp peaks in XRD pattern. XRD patterns have three 

prominent peaks attributed to monoclinic WO3 (JCPDS 43–1035) as shown in     

Figure-5.1 (C). The three peaks corresponding to 2θ values of 23.12, 23.68, 24.25 

attributed to (002), (020), (200) crystal planes for WO3 and the one at 34.6 is related 

to (202) plane. Other peaks were also observed which corresponds to other standard 

patterns reported in JCPDS for WO3 [41–48]. XRD analysis of fMWCNT revealed a 

prominent peak for (002) plane corresponding to graphitic face at 26.2 ⁰ [49,50]. In the 

case of XRD pattern of WO3-fMWCNT composite film the individual peaks for WO3 

and fMWCNT are clear but showed a merged appearance as shown in Figure-5.1 (C). 
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Figure-5.1. (A) XRD of the bare substrate (inset shows the photograph of bare 

substrate) (B) Cu film formed after electroless deposition process (inset shows the 

photograph of electroless copper substrate) (C) XRD pattern for powder fMWCNT, 

WO3 and WO3-fMWCNT Composite. 

5.3.2. Optical Properties of WO3-fMWCNT  

UV-Visible spectroscopic analysis of the WO3-fMWCNT composite showed 

an absorption peak at wavelength of 472 nm as in Figure-5.2 (A). Assuming that 

WO3-fMWCNT has an indirectly allowed transition, the band gap energy was 

calculated using the following Eq. (1). 

 [αhν]1/n = A [hν-Eg] (1)  

Here α represents the absorption coefficient, Eg is the absorption band gap, n 

corresponds to the nature of transition. In the present case n = 2 as the transition is 
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assumed to be indirectly allowed. Tauc plot (inset) as shown in Figure-5.2 (B) gave a 

band gap of 2.58 eV for WO3-fMWCNT solution [51,52]. 

 

Figure-5.2. (A) Absorption spectra (B) Tauc plot for WO3-fMWCNT 

5.3.3. Elemental characterization and surface morphology of the                      

Cu-WO3- fMWCNT film  

The surface morphology and elemental analysis of the Cu-WO3- fMWCNT 

composite film was taken as such without any pretreatment of the film sample. EDX 

analysis confirmed the presence of copper, tungsten and carbon in the fabricated            

Cu-WO3-fMWCNT film as shown in Figure-5.3. Although the percentage abundance 

of copper and carbon was high compared to tungsten, yet the presence of tungsten in 

the deposited film was detectable as revealed from the EDX analysis. Figure-5.4 

shows the mapping pattern of the elements that shows the percentage abundance of 

the various elements in the deposited film within the scanned area. The EDX result 

confirmed that, concentration of different element present in the deposit supplement 

the observation of XRD analysis. The surface morphology of the nano composite film 

is presented in Figure-5.5 for two different areas of the fabricated hybrid                 

Cu-WO3-fMWCNT deposit. From the SEM images shown in Figure-5.5 (A) and (B) 

it is evident that for one region of the film a network morphology can be observed 

with thick stems linked by numerous short branches. This may be attributed to the 

dendritic nature of the WO3 deposit formed onto fMWCNT forming a hybrid 

morphology. In the regions next to it, the surface resembles an agglomerated 

morphology consist of loosely attached WO3-fMWCNT distributed over the copper 

film as shown in Figure-. 5.5 (C) and (D). As WO3-fMWCNT composite was 
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distributed throughout the copper film the surface was moderately porous in nature 

[53]. From the SEM analysis it can be concluded that the Cu-WO3-fMWCNT deposit 

showed more or less uniform morphology over the entire surface attributed to the 

deposition conditions employed. 

 

Figure-5.3. EDX spectrum of the flexible Cu/WO3/MWCNT electrode. 

 

Figure-5.4. EDX mapping studies of various elements shown in EDX analysis. 
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Figure-5.5. SEM images of Cu-WO3-fMWCNT electrode for two different areas at 

two magnifications are shown in (A) and (C). The inset (B and D) is the enlarged 

view of the circled area. 

5.3.4. FTIR spectrum of the composite film  

  The synthesized WO3 powder was characterized by FTIR technique and is 

shown in Figure-5.6 (A). The FTIR peaks found in the region of 650-800 cm-1 

corresponds to O-W-O stretching vibrations. The peak at 970 cm-1 is due to the 

stretching of W=O bonds in WO3.H2O. The bending mode of –OH group is indicated 

by the peak at 1630 cm-1. The broad peaks at 3500-3700 cm-1 corresponds to the 

stretching mode of –OH group in water or hydroxyls [54,55]. 

The presence of WO3-fMWCNT in the film was again confirmed by FTIR 

studies. This is shown in Figure-5.6 (B). The functional group present in fMWCNT 

and the oxygen attached to tungsten were identified by this analysis. The asymmetric 

CH2 stretching vibration of WO3-fMWCNT is shown by the characteristic band at 

2921 cm-1. The adsorption band at 1715 cm-1 and 1596 cm-1 corresponds to the 

stretching vibration of carbonyl group and conjugated C = C bonds. The band at        

1245 cm-1 and 1428 cm-1 corresponds to C–OH group formed after acid treatment of 

MWCNT. The stretching mode of O-W-O is found in the range of 600–840 cm- 1 and 

bending mode of W = O shows peak in the range of 900–1100 cm-1. The FTIR result 

confirms the presence of WO3- fMWCNT in the copper film [56,57]. 
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  The photographs of the synthesized WO3 powder and the fabricated flexible 

Cu-WO3-fMWCNT electrode are shown in the inset of Figure-5.6 (A) and (B). 

 

Figure-5.6. FTIR spectrum (A) WO3.H2O powder and (B) Cu-WO3-fMWCNT 

electrode. 

5.3.5. Cyclic voltammetry analysis of Cu-WO3-fMWCNT  film 

Cyclic voltammteric analysis of the composite film during different stages of 

fabrication process were condcuted to explore the electrochemical performance. A 

three electrode setup consist of Ag/AgCl electrode as the reference electrode, large 

area Pt as the counter electrode and Cu-WO3-fMWCNT composite film electrode as 

the working electrode was taken for CV analysis. Figure-5.7 shows comparison of CV 

curves obtained for copper deposited film and Cu-WO3-fMWCNT composite film at a 

scan rate of 100 mV/s within the potential range from - 1 V to +1 V in phosphate 

buffer solution. The cyclic voltammograms of copper film formed by electroless 

deposition process on to the polyethylene film exhibited two anodic and two cathodic 

peaks, characteristic for copper deposit. The anodic peaks Ipa1 and Ipa2 corresponds 

to oxidation of Cu (0) to Cu (I) and Cu (I) to Cu (II). The two cathodic peaks Ipc1 and 

Ipc2 corresponds to reduction of Cu (II) to Cu (I) and reduction of Cu (I) to Cu [58]. A 

distinct peak behavior was noted after electrodeposition of WO3-fMWCNT on to 

copper film. The redox peaks characteristic for copper were replaced by another set of 

redox peaks signifying the presence of WO3-fMWCNT deposit in the fabricated film. 

It is also noted that conversion of W6+ –W5+ occurs and H+ ion might have a tendency 

to incorporate into WO3 deposit resulting in the formation of tungsten bronze. The 

deposition of WO3-fMWCNT on to the copper film substrate increased the specific 

capacitance when compared with the specific capacitance of pure copper film. This 
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makes the fabricated Cu-WO3-fMWCNT composite film to act as good pseudo 

capacitive material having good energy storage characteristics. This can be attributed 

to the surface faradaic reaction attributed through improved electron transfer and the 

larger surface area due to incorporation of CNT. Inorder to verify the electrode 

stability, CV analysis of the Cu-WO3- fMWCNT electrode were carried out under 

specific conditions. The CV response were analysed for different scan rates starting 

from 2 mV/s to 100 mV/s in the potential range of 1 V to -1 V. The behavior of the 

composite film is shown in Figure-5.8. The specific capacitance observed for 

electrode at 2 mV/s was found to be 500 F/g and specific capacitance slightly 

decreased with increasing scan rates. The variation of specific capacitance with scan 

rate is shown in Figure-5.9. This can be ascribed to the synergistic effect of more 

faradaic reaction and double layer capacitance. The calcination conditions employed 

during WO3 synthesis may create oxygen vacancies and that could improve the 

energy storage capacity of Cu-WO3-fMWCNT film. The CV behavoiur of the 

fabricated electrode with respect to various cycle is shown in Figure-5.10. The 

stability and retention behavior of the electrode was also studied. After 2000 cycles 

the electrode exhibited 85% of the original behavior and after 3000 cycles the film 

electrode retained 80% of the retetion behavior. These result shows that the charge 

transfer process occured between electrode-electrolyte system was good and the 

electrode was found to be stable [59]. The result clearly tells that Cu-WO3-fMWCNT 

composite film has superior adherence and the deposit was intact after specific cycle 

of operations. 

 

Figure-5.7. Comparison of CV curves of flexible copper substrate and                                

Cu-WO3- fMWCNT electrode at a scan rate of 100 mV/s in PBS solution. 
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Figure-5.8. CV curves obtained for Cu-WO3-fMWCNT composite electrode for scan 

rates (a) 2 mV/s (b) 20 mV/s (c) 40 mV/s (d) 60 m V/s (e) 80 mV/s and (f) 100 mV/s 

at potential ranging  from - 1 V to +1 V in PBS buffer. 

 

Figure-5.9. Variation of specific capacitance with scan rate of the fabricated             

Cu- WO3-fMWCNT electrode. 
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Figure-5.10. CV curves of the Cu-WO3-fMWCNT electrode for 10th, 1000th, 2000th 

and 3000th cycles at a scan rate of 50 mV/s in PBS solution. 

5.3.6. Impedance analysis of fresh and aged lubricant oils  

The developed Cu-WO3-fMWCNT film electrode was used as sensor for 

studying aging characteristics of lubricants by electrochemical impedance 

spectroscopy (EIS) technique. Fresh oil sample was subjected to heat treatment at a 

temperature of 80 ◦C for varying time duration so as to effect oxidation of the oil 

sample. The fresh as well oxidized samples were withdrawn at fixed time intervals to 

study the impedance response with respect to Cu-WO3-fMWCNT composite 

electrode. The impedance behavior of fresh industrial lubricant and aged sample 

shows distinct peak appearance as observed from the nyquist plot. The equivalent 

circuit for the impedance plot is shown in Figure-5.11. The equivalent circuit consist 

of double layer capacitance in parallel with R2 and R3 for the adsorption process and 

the charge transfer resistance that occur at the electrode. In addition, warburg 

impedance for diffusion controlled reaction was also included in the equivalent 

circuit. Impedance behavior of fresh and aged lubricant oils was studied in the 

frequency range from 1 MHz to 1 Hz. Oxidation of lubricants result in changes in 

electrical and thermal conductivity of oils due to modification of chemical additives 

already incorporated into the oil. Impedance analysis using the fabricated electrode 

supported the theoretical study that fresh lubricants possessed poor electrical 
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conductivity. This was clear from the graph where the initial appearance of semicircle 

modifies to more or less diffusion controlled process. Nyquist plots clearly shows the 

difference in behavior of fresh oils and aged oils. High impedance values with larger 

semicircular area shows the capacitive behavior and smaller semicircle represents the 

impedance characteristics of aged oils as shown in Figure-5.12 (A). A decrease in 

impedance is noticed for aged oil samples as in Figure-5.12 (B), which implies 

resistive behavior of the system and is shown by a semicircular plot. During aging of 

oils there shows increase in conductivity due to increase in oxidation by-products, 

wear particles as well as water. The developed electrode exhibited superior sensing 

characteristics for various oxidized oil samples heat treated to varying time duration 

extending up to 48 hrs as shown in Figure-5.13. The formation of oxidized 

components in the lubricant oil during its use and the degraded products produced 

during the cracking of hydrocarbon chains, that includes carboxylic acid, alcohols, 

water, carbonyl compounds etc. shifts the Rct (charge transfer resistance) values. As 

the oil ages the dipolar compounds become oxidized to more polar compounds 

leading to an increase in capacitance value. There can be an increase in the viscosity 

of the oil that decreases the mobility of the oil due to aging as reflected in the Rct 

values. A charge transfer process occur between oxidized products and the composite 

electrode. This may be due to adsorptive species present in the oil that leads to 

distorted semi-circle as observed with various oil samples heat treated at different 

temperature [60–64]. The results from impedance data clearly tells that the developed 

composite electrode can be used as sensor for studying the aging characteristics of 

lubricant oil. 

 

Figure-5.11. Equivalent circuit model for the impedance analysis. 
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Figure-5.12. Nyquist plots of (A) fresh oil (B) aged oil. 

 

Figure-5.13. Nyquist plots for oxidized samples subjected to heat treatment at 80 ◦C 

for various time durations. 

5.4. CONCLUSIONS 

The present study describes a facile method for fabrication of composite hybrid 

film electrode which can be used as sensor for studying the aging characteristics of 

oils. Cu-WO3-fMWCNT film electrode was developed by direct deposition technique 

from an optimized bath. Electrochemical deposition process viz. electroless and 

electrophoretic deposition method were adopted for the fabrication of flexible              
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Cu-WO3-MWCNT electrode. The hybrid film electrode was characterized by various 

techniques. XRD analysis revealed monoclinic crystal structure for WO3 and the UV-

Vis analysis proved the optical properties of WO3-fMWCNT composite. The presence 

of various elements in the electrode was revealed by EDX and FTIR analysis. SEM 

analysis showed a uniform and regular morphology for the deposit. Electrochemical 

studies revealed superior specific capacitance value and good retention factor for the 

developed electrode. The electrode showed good sensing behavior for determining 

aging characteristics of lubricant oil as revealed by the impedance studies. Studies 

should be extended further to make this type of hybrid electrodes as sensor for online 

monitoring of aging of lubricant oils during its usage itself. 
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6.1. INTRODUCTION 

Different types of battery/energy storage systems are concomitantly used for 

various types of applications that require a continuous and steady power supply. The 

battery materials which are dumped to earth without any recycling after their life 

cycle pose a great threat to the environment and human life. As the use of electric 

vehicles and electronic gadgets starts to grow exponentially, the pile-up of various 

battery waste materials that once powered various systems posed environmental 

concerns. Industry analysts predict that by 2020, China alone will generate some 

500,000 metric tons of used Lithium-ion batteries (LIB) and that by 2030, the 

worldwide number will hit 2 million metric tons per year. If current trends for 

handling these spent batteries are not properly addressed, most of these systems may 

end up in landfills without any proper recycling process. These popular power packs 

contain valuable metals and other materials that can be recovered, processed and 

reused that ensures sustainable growth, protecting the mother earth. One thing we 

have to keep in mind is that the source of the main components that embody                  

energy-storing materials in different batteries including metals viz. lithium, cobalt, 

nickel, and manganese are limited and no sooner than later this get exhausted as the 

source for the same is fast dwindling. So more economical and facile recycling 

methods are to be adopted to recover the valuable metals from these spent materials 

and thereby prevent their accumulation in the environment. Appropriate recycling 

protocol can prevent the conundrum of resource exhaustion as well as the inflation of 

hazardous waste in the environment [1–3]. 

The unique characteristics of LIB viz. small size, light weight, high power 

density and cell voltage, long life and low self-discharge rate make these batteries 

applicable in portable electronic devices, mobile phones, electronic cameras, laptops 

and electric vehicles [4]. The cathode materials used in LIB include LiCoO2 , 

LiMn2O4, LiFePO4 , LiNixCoyMn1-x-yO2 [5,6]. Mostly all solid-state batteries use 

LiCoO2 as cathode materials due to their high specific capacity and electronic 

conductivity. These LIBs also possess excellent cycle life [7]. The increasing demand 

for the production of LIB has subsequently resulted in the building up of battery waste 

and hence these are included in the category of waste electrical and electronic 

equipment (WEEE). The spent LIB contains heavy metals as well as toxic 



Chapter 6 
 

117 
 

electrolytes. These waste materials can result in serious environmental pollution. The 

toxic organic electrolytes, binder and heavy metal spills result in environmental 

pollution. When heated, these organic materials can produce hazardous gases like HF, 

Cl2, CO2 and CO, leading to global warming. Due to these concerns, it is highly 

desirable to recycle LIB. More over the economic value of spent LIB rises on the 

extraction of valuable metals from these batteries by various techniques [8]. Cobalt is 

included in the category of ‘Critical Raw Materials’ (CRM) due to its high economic 

value and lack of its supply from the corresponding sources. Natural graphite and 

phosphorous which are used in batteries are also included in the CRM category. So 

recovery of cobalt is one of the salient processes in the recycling of battery materials 

[9].The recovered cobalt can be converted into various forms by suitable methods. 

Cobalt oxide is one such material that can be synthesized by various experimental 

methods. The different nanostructured forms of cobalt oxide are used for sensing 

various analytes [10–13]. Researchers have adopted different methods for the 

recovery of valuable metals from spent batteries. The recycling of lithium and cobalt 

metals is done by various techniques including electro-dialysis coupled with chelation 

[14], leaching with inorganic acids [15–21]and hydrometallurgical methods involving 

natural organic acids [22–26]. The recycling of LIBs can be abridged into four 

categories which include the pyrometallurgical process, hydrometallurgical process, 

biometallurgical process or a combination of all the above-mentioned processes [27]. 

Lots of research groups focus their work on the recovery of the expensive metal 

cobalt since lithium is found in very low quantities and recovery of lithium from the 

raffinate during the hydrometallurgical extraction process results in the recovery of 

contaminated products with less recovery efficiency [28,29]. Cobalt metal extracted 

from these batteries as such and its hybrid composites find applications in various 

fields including sensors and supercapacitors. 

Enzymatic sensors are widely researched and commonly used for real-time 

monitoring of glucose and other biomolecules that are found in our bodies. These 

sensors possess various limitations including their stability and variation in enzyme 

activity with respect to temperature, pH etc [30]. Research on the development of 

non-enzymatic glucose sensors using nanomaterials has been reported elsewhere. 

Metal, metal oxides and hybrid composites have been employed in the non-enzymatic 

detection of glucose. Metals like Au, Pd, Pt, Ni, Zn, Co, Cu, NiO, CuO, NiCo2O4 etc. 
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have been employed in glucose detection [31–35]. A combination of these metals has 

also been used for glucose sensing. Glucose sensors fabricated using noble metals are 

found to be highly efficient in the oxidation of glucose molecules, but their high cost 

limits their performance in glucose sensing. 

The present work envisages on development of cobalt-based glucose sensor, 

cobalt being recovered from LiCoO2 obtained from spent lithium batteries by leaching 

and further deposition of cobalt on to copper substrate using chronoamperometric 

technique followed by modification of the electrode with hybrid Pd@MWCNT 

nanocomposite using electrodeposition method. A comparative study of both Co3O4 

and Pd@MWCNT-Co3O4electrodestoward glucose electrooxidation reactions has 

been carried out. The non-enzymatic Pd@MWCNT-Co3O4 showed excellent sensor 

response in the detection of glucose and was selective towards glucose detection in 

the presence of various interfering components. 

6.2. EXPERIMENTAL METHODS 

6.2.1. Extraction of LiCoO2 powder from the spent lithium-ion batteries 

Cylindrical lithium-ion cells of 3.7 V- 4.2 V were recovered from worn-out 

electronic gadgets. These spent LIB were manually dismantled. The plastic and steel 

cases were separated by making a longitudinal cut inorder to recover the packed 

material from the battery compartment and were dismantled extracting the various 

materials separately. The cathode and anode materials recovered were treated with 

various reagents as described. The cathodic material embedded in aluminum foil was 

separated and treated with 100 ml of N-methyl pyrrolidone (NMP, purity-99.9 %) at 

100 ⁰C for 2 hours. The cathodic materials were completely removed from the 

aluminum substrate and these were dried at 60 ⁰C for 24 hours. After drying, the 

calcination process was done in a muffle furnace at 700 ⁰C for 5 hours and cooled at 

room temperature. The obtained powdered sample was characterized by X-ray 

diffractometer  analysis to find the various compounds present. 

6.2.2. Electrodeposition of cobalt oxide film onto the substrate from leach liquor 

LiCoO2 extracted by the above process was dissolved in 100 ml of leaching 

solution having the composition of 70 ml 3 M hydrochloric acid (HCI) and 30 ml of  
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hydrogen peroxide (H2O2). The mixture was stirred at 80 ⁰C for 2 hours. pH of the 

solution was adjusted to 5 using 1 M NaOH solution. A thin film of cobalt oxide was 

deposited on the copper substrate by chronoamperometric technique using three 

electrode system under a constant voltage of -1V for 100s. 

6.2.3. Fabrication of Pd@MWCNT-Co3O4 film 

Functionalized multi-walled carbon nanotube was prepared as reported 

elsewhere[36]. 0.05g of FMWCNT was added to 20 ml of 0.05M  palladium chloride 

solution (PdCl2, purity ≥ 99.9%) and vigorously stirred for 24 hours. Pd2+ ions were 

reduced using hydrazine. Solid residue formed was centrifuged and washed with 

deionized water for several times and then dried at 120 ⁰C forming Pd@MWCNT 

powder. Pd@MWCNT was deposited onto Co3O4 film from dispersion through 

electrophoretic deposition process. The process was carried out at a constant potential 

of 10 V for 15 minutes. The fabricated Pd@MWCNT-Co3O4 film electrode was used 

for the electrochemical detection of glucose. Figure-6.1 shows the flowsheet of the 

entire recycling procedures of spent LIB and the fabrication ofPd@MWCNT-Co3O4 

film for glucose sensing mechanism.  

 

Figure-6.1. Flowsheet showing the recycling steps involved in extraction of cobalt 

from spent LIB for fabrication of  Pd@MWCNT-Co3O4 film for sensing the analyte 

glucose. 
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6.2.4. Characterization Methods 

The prominent planes of the synthesized Pd@MWCNT powder were analyzed 

using XRD (Rigaku Ultima IV). UV-Visible Spectrophotometer (Jasco UV, V-750) 

was used to study the absorbance spectrum of reduced and unreduced palladium in the 

range of 200-800 nm range. Fourier Transform Infrared Spectroscopy (FTIR) was 

used to analyze the powdered and the deposited samples.  Energy dispersive X-ray 

analysis (EDX) was employed to detect the presence of various elements present in 

the fabricated film and the surface morphology of the electrodes was characterized 

using scanning electron microscopy (SEM-Gemini 300) which is attached with the 

EDX equipment. Electrochemical characterization of the fabricated electrodes were 

carried out using Biologic SP-200 Model using a three-electrode set up. The three-

electrode set up consists of platinum electrode as the counter electrode, saturated 

calomel electrode (SCE) as the reference electrode and fabricated                           

Pd@MWCNT-Co3O4 electrode as the working electrode and 0.1 M KOH solution 

served as the electrolyte. Sensor characteristics of the electrode were studied using 

cyclic voltammetry (CV) and chronoamperometric (CA) techniques. 

6.3. RESULTS AND DISCUSSION 

6.3.1. XRD analysis  

The photograph of the spent lithium battery, uncurled cathode and anode parts 

are shown in Figure-6.2 (A) and Figure-6.2 (B). Figure-6.2 (D) and 6.2 (E) shows the 

photograph of the Co3O4 and Pd@MWCNT-Co3O4 electrodes. XRD of the calcined 

powder obtained from the cathode of spent LIB revealed the presence of LiCoO2and 

the photograph of calcined LiCoO2 is shown in Figure-6.2 (C). The calcination 

process was carried out in order to remove the organic compounds in the cathode 

material, especially acetylene black and poly vinylidene fluoride (PVDF) which are 

used as binder material. The sharp diffraction peaks at (003), (101), (104) and (107) 

correspond to LiCoO2 and the peaks at (220) and (311) correspond to Co3O4 as shown 

in Figure-6.3(A). The mixed phases of both LiCoO2 and Co3O4  was obtained. The 

cobalt oxide formed is the transformation by-product of  LiCoO2 [37–39].                       

Figure-6.3 (B) shows the XRD pattern of MWCNT which exhibits a prominent peak 

corresponding to (002) plane. and Figure-6.3 (C) shows the diffraction peaks of the 
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synthesized Pd@MWCNT powder. The diffraction peaks at (111), (200), (220), (311) 

and (222) correspond to the planes of palladium and the (002) plane confirms the 

presence of MWCNT [40,41]. 

 

Figure-6.2. (A) Spent Lithium-ion battery (B) The separated parts of the battery 

including cathode,anode and separator (C) The LiCoO2 powder obtained after 

calcination (D) Photograph of Co3O4 film (E) Photograph of Pd@MWCNT-Co3O4 

film. 

 

Figure-6.3. XRD analysis of (A) Calcined LiCoO2  (B) MWCNT Powder and                      

(C) Pd @MWCNT Powder. 

A 

B 
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6.3.2. Ultraviolet-Visible spectroscopic analysis 

The UV-Visible Spectrum of the palladium solution was analyzed before and 

after reduction with hydrazine using a UV-Visible spectrophotometer. The yellow 

colour of palladium chloride turned colourless on the addition of hydrazine to the 

MWCNT-PdCl2 mixture. This is the physical evidence showing the reduction of 

palladium (II) to palladium (0). Unreduced palladium (Pd2+) shows an absorption 

peak at 284 nm which completely disappeared after the reduction process and this is 

attributed to the formation of Pd(0) nanoparticles as shown in Figure-6.4 [42]. 

 

Figure-6.4. The UV-Vis spectrum of unreduced and reduced Palladium. 

6.3.3. FTIR Studies 

The deposited Co3O4 film was further characterized using FTIR spectroscopy in 

the range of 400 to 4000 cm-1. Two well-defined peaks at 662 cm-1 and 552 cm-1were 

obtained in the spectrum as shown in Figure-6.5. This corresponds to the Co-O 

stretching vibrations. The results confirm the formation of Co3O4 film on the substrate 

[43,44]. The inset of Figure-6.5 shows the FTIR spectrum of calcined LiCoO2 and the 

leached residue. Both calcined and leached residue exhibited bands at 526 cm-1 and 

628 cm-1 which is attributed to the bending mode of O-Co-O bonds and asymmetric 

stretching of Co-O bonds in CoO6 octahedron [45,46]. 
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Figure-6.5. FTIR Spectrum of Co3O4 film. Inset showing the FTIR of calcined and 

leached LiCoO2 powder. 

6.3.4. Elemental Analysis and Surface Morphology of Pd@MWCNT-Co3O4 

composite film 

Elemental analysis and surface morphology of the composite film was done 

using EDX-SEM analysis. Elemental analysis of the Pd@MWCNT-Co3O4 

electrodeposit shows the presence of various elements viz. copper, carbon, oxygen, 

cobalt and palladium. This is shown in Figure-6.6. SEM analysis of the deposited 

Co3O4 showed granular-like morphology over the entire matrix shown as in                

Figure-6.7 (A) and (B) [47].  The surface morphology was completely modified after 

the electro-deposition of Pd@MWCNT onto the Co3O4 electrode. Each spherical 

Co3O4 structure was covered by palladium-incorporated MWCNT structure. This is 

shown in Figure-6.7 (C) and (D). The coral reef-like superficial pattern shows the 

morphology of the Pd@MWCNT-Co3O4electrode. 
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Figure-6.6. EDX Analysis of Pd@MWCNT-Co3O4 electrode 

 

Figure-6.7. SEM images of Co3O4 film at different areas are shown in (A) and (B) and 

that of Pd@MWCNT-Co3O4 film is shown in (C) and (D). 
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6.3.5. Galvanostatic charge-discharge measurements 

Galvanostatic charge-discharge measurements were carried out to evaluate the 

electrochemical performance of the fabricated electrode. GCD curves for 

Pd@MWCNT-Co3O4 electrode at various current densities ranging from 12 A/g to            

20 A/g with a voltage window of 0-0.6 V were studied and is shown in Figure-6.8 

(A). Specific capacitance was calculated using the following equation [48]. 

C= I * td / m * ΔV ---------------- (1) 

C is the specific capacitance, I is the charge-discharge current, m is the mass 

of electrochemically active material, ΔV is the potential window and td is the 

discharge time. Pd@MWCNT-Co3O4 electrode showed a specific capacitance of               

536 F/g at 12 A/g displaying the pseudo-capacitive nature of the electrode material. 

The intercalation reaction involving the composite and the electrolyte may facilitate 

the pseudo-capacitance behavior for the composite electrode. Due to delocalized 

electron distribution in MWCNT, that facilitates electronic conduction which 

promotes the redox reaction that increases the pseudo capacitance behavior of the 

Co3O4 film. Figure-6.8 (B) shows the variation of specific capacitance with current 

density. The electrode exhibited excellent cyclic stability for more than 1000 cycles 

without any decrease in capacitance values and with 95% of the retention 

characteristics as shown in Figure-6.8 (C). This describes the stable nature of the 

deposit and the better adherence of the composite with the substrate. 

 

Figure-6.8. (A) GCD curves of Pd@MWCNT-Co3O4 electrode at various current 

density (B) Variation of specific capacitance with current density (C) CV curves for 

10th and 1000th cycles at 50 mV/s in 0.1 M KOH solution 
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6.3.6 Cyclic voltammetric Studies of the fabricated electrodes  

Cyclic voltammetric studies of the developed Pd@MWCNT-Co3O4 electrode 

were compared with Co3O4 electrode using three electrode set up using platinum as 

counter electrode and SCE as  reference electrode in 0.1 M KOH solution. The cyclic 

voltammograms of Co3O4 and Pd@MWCNT-Co3O 4electrode deposited on the 

copper substrate were compared in the potential range of 0 to 0.6 V and is shown in 

Figure-6.9 (A).The current response for Pd@MWCNT-Co3O4 electrode was superior 

when compared to Co3O4 electrode. Figure-8 (B) shows the redox peaks of Co3O4 at 

different scan rates. In KOH medium the fast-moving OH- ions interacts with Co3O4 

and gets converted into different products like Co(OH)2, CoOOH and CoO2. The inset 

of Figure-6.9 (B) shows the cyclic voltammogram at 5 mV/s. The two redox peaks (I, 

IV) and (II,III) is related to the oxidation reaction of Co2+ → Co3+ and Co3+ → Co4+  

[49–51]. The reaction occurring at Co3O4 electrode in alkaline medium is shown 

below 

Co3O4 + OH- + H2O ↔ 3CoOOH + e- 

CoOOH + OH-  ↔ CoO2  + H2O + e- 

The cyclic voltammograms of Pd@MWCNT-Co3O4 electrode at various scan 

rate is shown in Figure-6.9 (C).The shift in the current observed with respect to 

Pd@MWCNT-Co3O4 can be ascribed to the increased electron transfer rate in the 

presence of Pd. A linear relationship between anodic and cathodic peak current with 

respect to the square root of scan rate was observed for both Co3O4 and 

Pd@MWCNT-Co3O4electrodes. This can be ascribed to the reversible nature of the 

electrode reaction and also the surface-confined diffusion-controlled reaction of the 

electrode. The electrode behaves almost like a reversible electrode and the current 

response was comparable for anodic and cathodic peaks. 
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Figure-6.9. [A) Comparison of CV curves of Co3O4and Pd@MWCNT-Co3O4electrode 

in 0.1M KOH solution (B) CV curves of Co3O4 electrodeat various scan rates, Inset of 

Figure-8 (B) shows the CV curve of Co3O4 electrode at 5 mV/s and (C) CV curves of 

Pd@MWCNT-Co3O4 for various scan rates at 2 mV/s, 5mV/s, 20 mV/s, 40 mV/s,               

60 mV/s, 80 mV/s and 100 mV/s (a-g). 

The cyclic voltammetric response of the developed electrode towards glucose 

addition was evaluated under different experimental conditions. The potential shift 

observed in the CV curve for both the Co3O4 electrode and Pd@MWCNT-Co3O4 

electrode with the addition of glucose can be ascribed to the better electron transfer 

owing to the presence of electro-active species in the electrode matrix. The marginal 

potential shift observed with respect to glucose addition reveals that the sensing 

capacity was better with respect to the modified electrode. A comparison of the cyclic 

voltammetric behavior of the Co3O4 electrode and Pd@MWCNT-Co3O4 electrode in 

the absence and in the presence of the analyte glucose is shown in Figure-6.10 (A) and 

6.10 (B).The Figure-s 6.10 (C) and 6.10 (D) shows the CV curves recorded for 

successive addition of glucose ranging from 0.2 mM to 1.2 mM for the Co3O4 electrode 

and Pd@MWCNT-Co3O4 electrode. The Pd@MWCNT-Co3O4 modified electrode 

possessed a high current when compared with the Co3O4 electrode. This may be due to 

the reason that in the case of the Co3O4 electrode, the glucose oxidation mechanism is 

due to the consumption of CoO2 by glucose molecule [52–54]. But the excellent 

electron transfer ability of Pd-MWCNT and the electrocatalytic nature of cobalt oxide 

improved the sensing behavior towards glucose with respect to the                     

Pd@MWCNT-Co3O4 electrode. Due to the excellent electrical property of the 

Pd@MWCNT-Co3O4 electrode, the electron transfer process was superior that 

accelerate the reaction sequence which improved the sensitivity of the modified 

electrode for glucose detection. Pd@MWCNT-Co3O4 electrode possessed a synergistic 

effect of glucose oxidation by Co3O4 and palladium. The combined effect resulted in an 

increase in fast response towards glucose sensing. The individual components along 
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with MWCNT in the hybrid sensor electrode resulted in the highly selective detection 

of glucose molecules in the wide linear range of concentration [55–57]. A linear 

variation of current with respect to varying concentrations was noted for both 

electrodes and is shown in the inset of Figure-6.10 (C) and Figure-6.10 (D). CV Curves 

of Co3O4 film at different scan rates  on addition of  0.5 mM of glucose are shown in 

Figure-6.11 (A). Inset of Fig 6.11 (A) shows the linear response of current for 

increasing scan rates on addition of  0.5 mM glucose solution to 0.1 M KOH solution. 

The anodic peak current increased linearly with increase in scan rates. CV curves of 

Pd@MWCNT/ Co3O4  film at different scan rates  on addition of  0.5 mM of glucose 

are shown in Figure-6.11 (B). A linear response of current was noticed for increasing 

scan rates on addition of  0.5 mM glucose solution to 0.1 M KOH solution and is 

shown in the inset of Fig 6.11 (B). In the case of increasing amounts of glucose 

addition, the anodic peak current showed an increase that can be ascribed to the 

irreversible nature of glucose oxidation and the fast response of the reaction during 

specific addition. It can also be concluded that with a higher concentration of glucose, 

the electron transfer process at the electrode can be faster as revealed by CV analysis. 

 

Figure-6.10. (A) CV curves of Co3O4 electrode with and without glucose addition               

(B) CV curves of Pd@MWCNT-Co3O4 electrode with and without glucose 
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addition. (C) CV curves of Co3O4 electrode and (D) CV curves of 

Pd@MWCNT-Co3O4 electrode for successive addition of glucose ranging from 

0.2 mM to 1.2 mM. The Inset of Figures 6.10 (C) and 6.10 (D) shows a linear 

variation of current with varying glucose concentrations. 

 

Figure-6.11. (A) CV Curves of Co3O4 film at different scan rates for glucose addition  

(a)  20 m V/s (b) 40 mV/s (c) 50 mV/s (d) 60 mV/s (e) 80 mV/s  (f) 100 mV/s  in            

0.1 M KOH. Inset shows the variation of anodic peak current at different scan rates. 

(B) CV Curves of Pd@MWCNT-Co3O4 film at different scan rates for glucose 

addition  (a)  20 mV/s (b) 40 mV/s (c) 50 mV/s (d) 60 mV/s (e) 80 mV/s                      

(f) 100 mV/s  in  0.1 M KOH. Inset shows the variation of anodic peak current at 

different scan rates.   

6.3.7. Chrono-Amperometric Studies for Glucose Sensing 

Chrono-amperometric studies were conducted for knowing glucose oxidation 

with respect to the Co3O4 electrode in 0.1 M KOH solution at an applied potential of 

0.54 V Vs SCE. The electrode shows a linear increase in current response with the 

addition of glucose as shown in Figure-6.12 (A). Figure-6.12 (B) shows the current 

response during the addition of the lower concentration of glucose. The calibration 

curve shown in Figure-6.12 (E) shows the response of current on the addition of 

various amounts of glucose to the analyte. The linear increase of current indicates the 

superior electron transfer at a planar electrode satisfying the Cottrell equation. This 

promotes glucose oxidation at the anode causing a shift in current. The fitting plot for 

concentration Vs current response can be divided into two regions 0.01 mM to           

0.1 mM and 0.1 mM to 1.4 mM. The linear correlation coefficients for the lower 
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concentration range were found to be 0.96 [58,59]. Pd@MWCNT-Co3O4 electrode 

showed superior current response to successive addition of glucose at 0.65 V in 0.1 M 

KOH in comparison with the Co3O4 electrode. The current enhanced incrementally as 

noted in the chronoamperogram due to low resistance offered at the electrode surface 

and the presence of electroactive groups by the glucose addition as in Figure-6.12 (C). 

The glucose addition was carried out in a linear range from 0.01 mM to 7.2 mM. The 

chronoamperogram of the modified electrode towards glucose sensing on addition of 

lower concentration of glucose are shown in the Figure-6.12 (D).  Figure-6.12 (F) 

shows the linear calibration curve showing the current response to glucose 

concentration. This is divided into three linear portions-0.01 to 0.10 mM, 0.1 to 2 mM 

and 2 mM to 7.2 mM. The R2 value was found to be 0.98 for lower concentrations of 

glucose and limit of LOD is found to be 0.6 µM. A comparison of chrono-

amperometric curves at lower concentrations for both glucose sensors is shown in 

Figure-6.12 (G). It is noticed that with the increase in glucose concentration for both 

electrodes, response currents attained a constant value. This could be due to the 

presence of more oxygen-containing functional groups masking the active sites at 

higher glucose concentrations. This may interfere with reduced electrochemical 

activity on the electrode surface [60,61]. A comparison of the performance of various 

electrodes towards glucose sensing are listed in Table-6.1. 
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Figure-6.12. (A) Amperometric response curves of Co3O4 electrode at 0.54 V towards 

various concentrations of glucose (0.01-1.4 mM), (B) the amplified response curves at 

lower concentration range (0.01-0.1 mM). (C) Amperometric response curves of 

Pd@MWCNT-Co3O4 electrode at 0.65 V towards various concentrations of glucose 

(0.01-7.2mM). (D) the amplified response curves at lower concentration range                     

(0.01-0.1 mM). (E) Calibration plots for electrode response with successive addition 

of glucose, inset shows the calibration plots in the lower concentration of glucose 

(0.01-0.1 mM). (F) Calibration plots of electrode response with successive addition of 

glucose, inset shows the calibration plots in the lower concentration of glucose             

(0.01-0.1 mM). (G) Comparison of amperometric responses of Co3O4 electrode and 

Pd@MWCNT-Co3O4 electrode for successive addition of glucose from 0.01-0.1 mM. 

(H) Effect of other molecules on the amperometric response of Pd@MWCNT-Co3O4 

electrode. 

6.3.8. Interference Studies 

The selectivity of the developed electrode towards glucose detection was 

conducted by the addition of 0.1 mM Glucose (Glu) in the presence of 0.02 mM of 

interfering substances such as ascorbic acid (AA), urea, cysteine (Cys), sucrose (Suc), 
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NaCl and KCl [62–64]. The amperometric response of the developed                  

Pd@MWCNT-Co3O4 electrode towards glucose in the presence of various interfering 

species were recorded at 0.64 V. The addition of glucose produced a significant 

increase in current response signals compared to the interfering species and hence the 

effect of interferences are neglected. Figure-6.12 (H) shows the effect of the current 

response curve of glucose on the addition of different interfering substances. 

6.3.9. Reproducibility and Stability of fabricated Pd@MWCNT-Co3O4 electrode 

Reproducibility and stability are the important parameters of any type of 

electrode material for sensing applications. The reproducibility of the electrode 

material was determined by measuring the response current of the fabricated 

Pd@MWCNT-Co3O4 electrode towards glucose detection consisting of a test series of 

five electrodes following the same experimental procedure. A similar response current 

was noticed and the relative standard deviation (RSD) was found to be 2.82 %. 

Pd@MWCNT-Co3O4 electrode was stored in an airtight container for a period of 30 

days. The response current was monitored and the sensor retained 95 % of the original 

behavior. This shows the long-term stability of the fabricated electrode for its myriad 

applications. 

6.3.10. Real Sample Analysis 

In order to evaluate the performance of the developed Pd@MWCNT-Co3O4 

electrode towards real sample analysis, glucose sensing was performed with human 

blood serum samples which is non-diabetic. The samples were spiked with the known 

concentration of glucose in 50 ml of KOH solution and amperometric measurements 

were conducted at 0.65 V. From the analysis it is confirmed that the                  

Pd@MWCNT-Co3O4 electrode showed an acceptable recovery value of 106 % and 

104 % for real sample analysis. The experimental results are listed in Table-6.2. 
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Table- 6.1 Comparison of performance of Pd@MWCNT-Co3O4 electrode towards 

glucose detection with previous reported works 

Electrode Linear range upto 

(m M) 

Detection limit (µ 

M) 

Reference 

Co3O4 @MWCNT 11 2 [52] 

Cu-Co/RGO-

CHIT/GCE 

6.95 10 [63] 

Pd Ni@RGO/GCE 1.1 0.15 [64] 

Hollow cubic 

Cu2O@ Pd 

0.8 0.16 [57] 

Co3O4 5.0 0.8 [53] 

Pd@MWCNT-Co3O4 7.2 0.6 This work 

 

Table- 6.2 Recovery of Pd@MWCNT-Co3O4 composite electrode for detecting 

glucose in a real serum sample. 

Sample Spiked (m M) Found (m M) Recovery (%) 

Serum 1 1.5 1.60 106 

Serum 2 3.5 3.65 104 

 

6.4. CONCLUSIONS 

A facile method has been developed for the fabrication of                         

Pd@MWCNT-Co3O4 composite electrodes for the non-enzymatic detection of 

glucose. The cobalt oxide which is recycled from the spent lithium-ion batteries was 

used for fabricating the electrode. Further, the Co3O4 film is being modified with 

Pd@MWCNT by electrophoretic deposition method to form Pd@MWCNT-Co3O4. 

The recovered powder from spent Li-ion batteries and the fabricated electrodes were 

analyzed by XRD, UV-Visible Spectrophotometer, FTIR, EDX-SEM, CV and GCD 

analysis. The Pd@MWCNT-Co3O4 possessed good electrochemical characteristics. 

The electrochemical response of the modified electrode towards non-enzymatic 
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glucose sensing was studied using the CV and CA techniques. The response of Co3O4 

and Pd@MWCNT-Co3O4 electrodes towards glucose sensing were compared. 

Pd@MWCNT-Co3O4 nanocomposite electrode exhibited superior sensing behavior 

towards glucose oxidation within a wide range of concentration from 0.01 mM to             

7.2 mM glucose with LOD of 0.6 µM. The nanocomposite electrode also possessed 

excellent stability, selectivity and good reproducibility. These results revealed the 

potential usefulness of spent materials from batteries for developing various systems 

for myriad applications. Furthermore, the hybrid composites of MWCNTs with 

valuable metals recovered from spent LIBs and conducting polymers are worth 

investigating comprehensively in the future for sensing various analytes. 
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7.1. INTRODUCTION 

One of the powerful antioxidants involved in human metabolism's 

physiological process is ascorbic acid. Ascorbic acid otherwise known as Vitamin C 

is used to treat cancer, scurvy, diarrhea etc. On the other hand, dopamine is one of the 

catecholamine neurotransmitters in the biological system [1,2]. Abnormal quantities 

of dopamine can lead to diseases like Parkinson’s disease and other neurological 

diseases like Schizophrenia, Epilepsy, Restless Leg Syndrome (RLS) and drug 

addiction [3,4]. So monitoring such catecholamines is important. Ascorbic acid found 

in the mammalian brain is an important vitamin due to its excellent antioxidant and 

pH-regulating characteristics. This essential vitamin is mainly used in various fields 

including- the food processing industry and pharmaceutical products. The deficiency 

of this vitamin can lead to scurvy and cataracts [5,6]. Analytical methods like high-

performance liquid chromatography, chemiluminescence [7,8] etc are employed for 

dopamine detection. But these methods are time-consuming, require expensive 

instruments and provide very low sensitivity. Both dopamine and ascorbic acid are 

found to be redox-active and hence they can be detected using electrochemical 

methods.  

Electrochemical methods offer fast response, high sensitivity and minimal 

cost, making dopamine detection feasible. Ascorbic acid commonly interferes with 

dopamine during electrochemical studies since their oxidation potential is almost 

similar. Due to the overlap of oxidation potential of both biomolecules simultaneous 

detection of ascorbic acid and dopamine is found to be difficult [9,10]. Efficient  

nanocomposites capable of detecting both dopamine and ascorbic acid simultaneously 

are to be developed. In recent years modified electrodes with carbonaceous materials 

are developed which can detect a wide range of analytes. These carbon-based 

nanocomposites act as a supporting material for the development of hybrid 

nanocomposites. CNT-based nanocomposites are promising materials for such 

purposes [11,12]. When compared with other transition metal oxides, RuO2 is very 

stable and hence applicable for various purposes including sensing, pseudocapacitor 

applications etc [12–14]. Even though transition metal oxides like ruthenium metal 

oxide and iridium metal oxide are found to be expensive, RuO2 has been extensively 

studied due to its practical availability, thermal and chemical stability, environment-
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benign nature, and lower cost compared to others. The stability of RuO2 under 

physiological pH makes them efficient in sensing biological species. In the case of 

magnetite nanoparticles, these nanoparticles are less toxic and are found to be 

paramagnetic in nature. The unstable and easily oxidizable nature of Fe3O4 can be 

hindered by incorporating these nanoparticles into carbon nanotubules  [14,15]. Thus 

MWCNT is capable of providing more active sites and also the individual properties 

of Fe3O4 and RuO2 are enhanced by incorporating these oxides into MWCNT. Thus 

hybrid composite of MWCNT embedding Fe3O4 and RuO2 can provide a synergistic 

effect for the electrochemical detection of biomolecules. 

In the present study, CNT-modified composites embedding RuO2 and Fe3O4 

are fabricated by hydrothermal process. The RuO2 and Fe3O4 are incorporated into 

MWCNTs so that modified electrodes with the enhanced properties of both RuO2 and 

Fe3O4 are obtained. The modified electrode RuO2/Fe3O4/MWCNT is found to detect 

dopamine and ascorbic acid simultaneously by electrochemical methods including 

cyclic voltammetry and differential pulse voltammetry. The hybrid nanocomposites 

behave as an electrochemical sensor and help in the rapid and simultaneous detection 

of dopamine and ascorbic acid. The sensor also possessed excellent stability and also 

gave satisfactory results on real sample analysis for the detection of both analyte 

molecules. 

7.2. EXPERIMENTAL METHODS 

7.2.1. Preparation of functionalised MWCNT dispersion 

About 1 g of MWCNT (OD:30-50 nm, length:10-30 μm) was functionalized 

by refluxing with H2SO4 and HNO3 in the ratio 3:1 for about 5 hrs at 70 °C. The 

obtained product was filtered, washed with doubly distilled water to make the pH 

neutral, and dried overnight at 50 °C in the oven. 0.05 g of FMWCNT is dispersed in 

20ml deionized water and stirred for 6 hrs to obtain functionalized MWCNT 

dispersion. 

7.2.2. Preparation of RuO2 dispersion 

 0.01M aqueous solution of RuCl3 was prepared from RuCl3.x H2O. To 10 ml 

of RuCl3 solution, 10 ml of 0.2 M NaOH is added slowly under stirring conditions. 
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The solution is kept under continuous stirring for about 6 hours for the preparation of 

hydrous RuO2 nanoparticles. 

7.2.3. Preparation of Fe3O4 dispersion 

0.01 M of ferrous sulphate solution is prepared from FeSO4.7H2O. To 10 ml of 

ferrous sulphate solution, 5 ml of 0.2 M NaOH is added and stirred for 2 hours. To 

this 0.2 g of urea is added which acts as a reducing agent and is kept under stirring for 

1 hour which results in the formation of Fe3O4 nanoparticles. 

7.2.4. Preparation of RuO2/Fe3O4/MWCNT composites by hydrothermal method 

The above-prepared solutions containing RuO2 nanoparticles and Fe3O4 

nanoparticles are transferred to the beaker containing FMWCNT dispersions and are 

kept under stirring for 2 hours, and finally transferred to an autoclave and kept at a 

temperature of 180 °C for 6 hours. The product obtained is filtered and washed 

thoroughly with deionized water and dried at 60 °C for about 4 hours. The obtained 

powder is further calcined at 400 °C for 2 hours which results in the formation of 

RuO2/Fe3O4/MWCNT composites. The obtained powder was dispersed in deionized 

water for further use. 

7.2.5. Preparation of modified Glassy carbon electrodes (GCE) 

Glassy carbon electrodes were polished to a mirror-like finish using alumina 

powder. The GCE were thoroughly cleaned with water and to this 5 µL of a 

homogeneous solution of RuO2/Fe3O4/MWCNT solution was drop cast and dried at 

room temperature for the preparation of modified electrodes. The synthesis of the 

RuO2/Fe3O4/MWCNT and the sensing techniques for the biomolecules are shown in 

Scheme 7.1. 
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Scheme 7.1. Schematic representation showing the fabrication of 

RuO2/Fe3O4/MWCNT composite and the electrochemical sensing of the composite 

towards ascorbic acid and dopamine. 

7.2.6. Characterization techniques 

The RuO2/Fe3O4/MWCNT were characterized by various techniques. UV-

Visible spectrophotometer (Jasco UV-750) in the range of 200-800nm was used to 

characterize the initially formed Fe3O4 and RuO2. X-ray diffraction studies (Rigaku 

Ultima IV) were used to analyze the various planes of obtained Fe3O4 powder and 

RuO2/ Fe3O4/MWCNT powder. Fourier transform infrared spectroscopy was used to 

analyze Ru-O and Fe-O bonds in RuO2/ Fe3O4/MWCNT composite. Raman spectrum 

(Renishaw-confocal raman microscope 532nm laser) distinguished the 

RuO2/Fe3O4/MWCNT composite from MWCNT by the Raman shift values. Scanning 

electron microscopy was employed to study the surface morphology and the various 

elements in the composite were analysed using energy dispersive X-ray analysis 

which is attached to the scanning electron microscope (SEM-Gemini 300). 

Electrochemical characterization including cyclic voltammetric studies of the 

fabricated composites and differential pulse voltammetric studies of the electrode 

towards sensing the analyte molecules were studied using an electrochemical work 

station  (Biologic SP-200) which involves a three-electrode set up which include 
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saturated calomel electrode as reference electrode, platinum wire as counter electrode 

and RuO2/Fe3O4/MWCNT/GCE as working electrode. 

7.3. RESULTS AND DISCUSSION 

7.3.1. UV-Visible Analysis 

 The nanoparticles of Fe3O4 and RuO2 are analyzed by UV-Visible 

spectroscopy in the range of 200-800 nm. A broad absorption edge was noticed for 

Fe3O4 in the range of 360 nm. This is shown in Figure-7.1 (A). The magnetite 

nanoparticles formed are shown in the inset (left) of Figure-7.1 (A) and the attraction 

of these magnetic particles towards the magnet is also shown in the inset  [right] of 

Figure-7.1 (A) [16–19]. An absorption around 710 nm is noticed for hydrous RuO2 

and is shown in Figure-7.1 (B). The hydrous RuO2 dispersion is shown in the inset of 

Figure-7.1 (B) [20,21]. 

 

Figure-7.1. (A) UV-Visible spectra of Fe3O4. Inset (left) shows the formation of  

Fe3O4 dispersion and also  (right inset) behavior of magnetite particles towards 

magnet (B) UV-visible spectra of hydrous RuO2 and inset shows the formation of  

RuO2 dispersion. 

7.3.2. XRD of RuO2/ Fe3O4/MWCNT Powder 

The X-ray diffraction pattern of the as-prepared RuO2/ Fe3O4/MWCNT 

powder is shown in Figure-7.2. MWCNT possesses two peaks at 26.2°  and 43.2 ° 

corresponding to  (002) and (100) planes [22]. Well-defined crystal faces of RuO2 are 

noticed which corresponds to(110), (101) and (220) according to (JCPDS-21-1172)  

[23,24]. Besides the peaks of MWCNT and RuO2 well-defined diffraction peaks of  
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Fe3O4 are also noticed in the XRD pattern which corresponds to the planes  (220),  

(311),  (400),  (422),  (511) and  (440)which is in accordance with the  (JCPDS 19-

0629)  [25,26]. The XRD of synthesized Fe3O4  [27,28] is shown in the inset of 

Figure-7.2. 

 

Figure-7.2. XRD pattern for the RuO2/Fe3O4/MWCNT composite 

7.3.3. FTIR of RuO2/Fe3O4/MWCNT composite 

FTIR spectrum of RuO2/Fe3O4/MWCNT composites shows broad absorption 

bands in the range of 487-590 cm-1 which corresponds to the vibrations of Ru-O and 

Fe-O bonds. The functional groups present in MWCNT due to acid functionalization 

are revealed by the presence of peaks found at 1355 cm-1  (O-H bending), 1577 cm-1 

(C=C stretching), 1731 cm-1 (C=O stretching), 2313 cm-1  (carboxyl group vibrations), 

2920 cm-1  (methylene group stretching) and 3410 cm-1 (O-H stretching vibrations of 

hydroxyl group)  [29–32]. Thus FTIR spectrum provided information regarding the 

various peaks arising due to the incorporation of RuO2 and Fe3O4 on thefunctionalized 

MWCNT matrix and is shown in Figure-7.3. 
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Figure-7.3. FTIR spectrum of RuO2/Fe3O4/MWCNT composite. 

7.3.4. Raman spectrum of RuO2/Fe3O4/MWCNT composite 

The presence of RuO2 and Fe3O4 in the MWCNT matrix was further 

confirmed by Raman spectroscopy. The Raman spectrum of MWCNT consists of two 

peaks- one at 1352 cm-1  (D band) which signifies disordered carbon and the other one 

at 1585 cm-1 (G band) corresponding to well-ordered crystalline graphite.Apart from 

the peaks of MWCNT at 1352cm-1 and 1585 cm-1, the modified composite exhibited 

peaks at wave numbers 217 cm-1, 319 cm-1, 404 cm-1, 505 cm-1, 601 cm-1 and                    

675 cm-1 corresponding to Fe3O4  and the peaks at 517 cm-1, 637 cm-1 and 695 cm-1 

are related to RuO2 which corresponds to Eg, A1g and B2g modes of vibrations                

[33–37]. Raman spectrum of both MWCNT and RuO2/Fe3O4/MWCNT are compared 

in Figure-7.4. 
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Figure-7.4. Raman spectrum of MWCNT and RuO2/Fe3O4/MWCNT. 

7.3.5. EDX-SEM Studies of RuO2/Fe3O4/MWCNT composite 

Elemental analysis of the synthesized RuO2/Fe3O4/MWCNT composite 

showed the presence of carbon, oxygen, ruthenium, and iron as major elements, and 

the EDX spectrum is shown in Figure-7.5 (A). The surface morphology of deposited 

RuO2/Fe3O4/MWCNT is shown in Figure-7.5 (B). An entangled network of 

MWCNTs coated with metal oxides of iron and ruthenium are very well distributed in 

the matrix. Thus MWCNTs served as favorable scaffolds for the incorporation ofthese 

metal oxides and as shown in Figure-7.5 (B).The Inset of 7.5 (B) shows the enlarged 

view of the circled area [25,29]. 
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Figure-7.5. (A) EDX spectrum of RuO2/Fe3O4/MWCNT composite (B) SEM images 

of RuO2/Fe3O4/MWCNT film. Inset showing the enlarged view of the circled area. 

7.3.6. Electrochemical Studies of RuO2/ Fe3O4/MWCNTelectrode 

The cyclic voltammetric behavior of RuO2/Fe3O4/MWCNT/GCE composite is 

studied in PBS buffer solution with in a potential range of -0.5 to +0.5 V. The scan 

rates varied from 20 mV/s to 100 mV/s. Due to the faradaic reactions occurring at the 

electrode surface CV curves were not in an ideal rectangular shape [38]. It is also 

noted that the electrode maintained the same shapes as the CV curves with increasing 

scan rates as shown in Figure-7.6 (A). The electrode showed an irreversible oxidation 

peak on the individual addition of 1 mM of ascorbic acid and a reversible peak on the 

addition of 0.5 mM dopamine in PBS buffer at a scan rate of 50 mV/s. The electrode 

also exhibited response signals for both ascorbic acid  (2 mM) and dopamine (1 mM) 

when these analytes are added simultaneously [39–43]. These all are shown in Figure-

7.6 (B). To strenghthen the results obtained from CV curves, Differential pulse 

voltammograms (DPV) were also recorded for the individual as well as simultaneous 

determination of both dopamine and ascorbic acid. DPV curves of 200 µM ascorbic 

acid are shown in Figure-7.7 (A) and for 5 µM dopamine is shown in Figure-7.7 (B). 

Ascorbic acid exhibited an oxidation peak potential at 0.13 V whereas dopamine 

showed an oxidation peak at 0.31 V. The oxidation peak separation between 

dopamine and ascorbic acid is found to be 0.187V which is a good indication of 

RuO2/Fe3O4/MWCNT composite to determine dopamine and ascorbic acid selectively 

and simultaneously [44] and is shown in Figure-7.7 (C).The changes in oxidation and 

reduction peak currents were investigated with varying scan rates ranging from                   

20 mV/s to 100 mV/s as shown in Figure 7.8 (A). The results provide information on 

the kinetics of the electrode reaction at RuO2/Fe3O4/MWCNT/GCE composite on the 
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addition of 0.5 mM ascorbic acid and 0.5 mM dopamine. Dopamine exhibited both 

oxidation and reduction peaks whereas ascorbic acid exhibited only oxidation peaks. 

A linear relationship was obtained as peak currents were plotted against the square 

root of scan rates with R2 values of 0.98 for both molecules and as shown in                   

Figure-7.8 (B). This indicates a diffusion-controlled process occurring at the 

electrodes with the addition of analytes. 

 

Figure-7.6. (A) CV curves of RuO2/Fe3O4/MWCNT/GCE composite in PBS buffer at 

varying scan rates ranging from 20 mV/s to 100 mV/s.  (B) Behaviour of CV curves 

of (a) RuO2/Fe3O4/MWCNT/GCE composite (b) RuO2/Fe3O4/MWCNT/GCE 

composite on the addition of 1 mM ascorbic acid alone                                                  

(c) RuO2/Fe3O4/MWCNT/GCE composite on the addition of 0.5 mM dopamine alone 

and (d) RuO2/Fe3O4/MWCNT/GCE composite on the addition of 2 mM ascorbic acid 

and 1 mM dopamine simultaneously. 

 

Figure-7.7. DPV curves of RuO2/Fe3O4/MWCNT/GCE composite in 0.1M PBS 

containing  (A) 200 µM ascorbic acid alone  (B) 5 µM dopamine alone  (C) both              

50 µM ascorbic acid and 2 µM dopamine. 
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Figure-7.8. CV curves of RuO2/Fe3O4/MWCNT/GCE composite in 0.1M PBS (A) in 

the presence of 0.5 mM ascorbic acid and 0.5 mM dopamine studied under different 

scan rates varying from 20 mV/s to 100 mV/s. (B) Calibration plot in which anodic 

and cathodic peak currents of both analytes dopamine and ascorbic acid are plotted 

against the square root of scan rate. 

7.3.7. Individual and simultaneous determination of dopamine and ascorbic acid 

The oxidation response of target analytes is studied using the DPV technique 

on RuO2/Fe3O4/MWCNT@GCE in phosphate buffer. The modified electrode 

responded to the addition of ascorbic acid and dopamine. The individual detection of 

ascorbic acid was studied by varying the concentration of ascorbic acid and fixing the 

concentration of dopamine to 10 µM. Similarly for dopamine the individual detection 

was carried out by fixing the concentration of ascorbic acid to 150 µM and varying 

the concentration of dopamine. The concentration range studied for individual 

detection of ascorbic acid and dopamine is 50-290 µM and 2-42 µM respectively. The 

DPV curves are shown in Figure-7.9 (A) and 7.9 (C). With the increase in 

concentration peak currents of both ascorbic acid and dopamine were found to 

increase linearly and as shown in Figures- 7.9 (B) and 7.9  (D). The limit of detection 

of ascorbic acid and dopamine was found to be 1.12 µM and 0.11 µM (S/N=3). 

Further, DPV curves for simultaneous detection of both analytes were carried out by 

varying the concentration of ascorbic acid and dopamine simultaneously, in the range 

of 50-190 µM in the case of ascorbic acid and 2-25 µM for dopamine and is shown in 

Figure-7.10 [A]. The linear response of peak currents was noticed for both the 

analytes with their varying concentrations. This is shown in Figure-7.10 (B) and                

7.10 (C). The limit of detection was found to be 1.19 µM for ascorbic acid and                  
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0.16 µM for dopamine (S/N=3). Thus the composite was found to be an efficient 

sensor for the individual and simultaneous detection of ascorbic acid and dopamine 

[45–51].     Table 7.1 displays the LOD values of different modified sensors in 

detecting ascorbic acid and dopamine.  

 

Figure-7.9. (A) DPV curves were obtained on varying the concentration of ascorbic 

acid from 50-290 µM and fixing the concentration of dopamine to 10 µM.  (B) Linear 

plots of peak current vs concentration of ascorbic acid.  (C) DPV curves were 

obtained on varying the concentration of dopamine from 2-42 µM and fixing the 

concentration of ascorbic acid to 150 µM.  (D) Linear plots of peak current vs 

concentration for dopamine. 
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Figure-7.10. (A) DPV curves of ascorbic acid (50-190 µM) and dopamine (2-25 µM) 

at different concentrations. Calibration plots of oxidation peak current against the 

concentration of  (B) dopamine (C) ascorbic acid.   

TABLE- 7.1 

A comparison of detection limits of different modified electrodes for sensing 

dopamine and ascorbic acid. 

Electrode Materials Linear range  (µM) Limit of Detection  
(µM) 

References 

 AA DA AA DA  
CPC/ α -ZrP 40-1500 13-520 10 3.3 [41] 
Fe3O4/rGO/GCE 1-9mM 0.5-100 0.42 0.12 [42] 
Carbon nanotube-modified 
electrodes 

0.08-1.36 0.5-10 0.02 0.1 [43] 

PDbS–rGO/SPCE 10-1100 0.1-300 0.88 0.134 [44] 
CeO2/rGO 50-500 10-150 10 2 [45] 
PtNCs-MWCNTs-
GNPs/GCE 

100-1200 2-50 10 0.5 [46] 

N-GA 100-1000 1-100 0.08 0.06 [47] 
RuO2/Fe3O4/MWCNT/GCE 50-290 2-42 1.12 0.11 This work 
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CPC/α -ZrP composite-cetyl pyridinium chloride/α-zirconium phosphate composite 

PDbS -  (poly (DMAEMA-b-styrene) 

SPCE- Screen-printed carbon electrode   

N-GA -Nitrogen-doped graphene aerogel 

PtNCs-Platinum nano chains 

GNPs -Graphene nanoparticles 

rGO-    reduced graphene oxide  

7.3.8. Stability, Reproducibility, and Interference Study 

The stability of the modified electrode was evaluated by measuring the current 

response on the first day and after 30 days of storage. The sensor retained 82% and 

92% of the initial current response for ascorbic acid and dopamine (30 µM ascorbic 

acid and 8 µM dopamine simultaneously) as obtained from the DPV curves shown in 

Figure-7.11.This indicates the high stability of the modified electrode towards the 

detection of analytes. The reproducibility of the electrode was investigated by 

fabricating five similar modified electrodes and checking their current response tothe 

addition of ascorbic acid and dopamine. Almost all the electrodes exhibited similar 

behavior on the addition of analyte and the relative standard deviations of the peak 

currents were found to be 1.33 % and 1.38 % for ascorbic acid and dopamine. The 

modified electrode was found to be very much selective in the detection of ascorbic 

acid and dopamine since the electrode didn't exhibit any response to current on the 

addition of interferents like 2 mM glucose, sucrose, Zn2+, Mg2+, Na+, K+, Cl- etc. This 

reveals the anti-interference activity of the proposed sensor. 
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Figure-7.11. DPV curves of the electrode towards sensing analytes ascorbic acid and 

dopamine on the first day and after thirty days. 

7.3.9. Real sample analysis 

The real sample analysis was carried out using human blood serum to illustrate 

the practical applicability of the sensing material for the detection of ascorbic acid and 

dopamine. The serum samples were diluted with phosphate buffer and were spiked 

with known quantities of ascorbic acid and dopamine and finally, DPV curves were 

recorded. The results are listed in Table 7.2. The satisfactory recovery rates suggest 

that the proposed sensor can be availed for practical applications. 

Table 7.2- Determination of Ascorbic acid and Dopamine in Serum samples. 

Sample Analyte Added  (µM) Found  (µM) Recovery  (%) 

 

Serum 1 

AA 80 79.43 99.28 

DA 25 24.61 98.44 

 

Serum 2 

AA 70 69.34 99 

DA 20 19.94 99.7 
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7.4. CONCLUSIONS 

An electrochemically stable nanocomposite electrode was developed 

RuO2/Fe3O4/MWCNT/GCE which provided an easy and fast response for the 

detection of dopamine along with ascorbic acid. The electrode material was fabricated 

through hydrothermal method. MWCNT provided numerous sites for the 

incorporation of metal oxides of iron and ruthenium. The fabricated composite 

material was characterized by various techniques involving UV-visible spectroscopy, 

XRD, FTIR, EDX, and Raman spectrum. The electrochemical reaction of the 

composite material was analysed using cyclic voltammetry. The sensing response of 

the electrode towards the analyte molecules, dopamine and ascorbic acid was very 

well studied using cyclic voltammetry and differential voltammetric technique. The 

limit of detection for ascorbic acid and dopamine was found to be 1.12 µM and                 

0.11 µM respectively. The sensor also gave a satisfactory response on real sample 

analysis. Thus the fabricated RuO2/Fe3O4/MWCNT/GCE exhibited good sensing 

behavior towards the detection of ascorbic acid and dopamine. 
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8.1. SUMMARY OF THE PRESENT WORK  

In the present work, functionalized MWCNT was anchored with various types 

of metal oxides and composites to form different types of modified electrodes, that 

can be applied for sensing and detection of various types of biomolecules and other 

materials. Functionalisation of MWCNTs has enabled carbon nanotubes and their 

hybrid composites to establish their uniqueness in various comprehensive areas. In the 

present work different facile, low cost and feasible techniques have been adopted to 

fabricate film as well as solid type composite based on MWCNTs. The developed 

electrode has gone through different analytical procedures and instrumental methods 

to know the efficacy under different operating conditions. Techniques such as 

electroless deposition, electro-deposition, dip coating, drop casting, hydrothermal 

method etc. have been used for the fabrication of these electrodes. Hybrid materials 

incorporating MWCNTs together with various metals and metal oxides have been 

synthesized. The following text makes a bee line approach of the major conclusions 

arrived from the present work. 

8.2. MAJOR CONCLUSIONS 

8.2.1.  Major conclusions from the present work can be summarized as follows.  

 Flexible Ag/fMWCNT electrodes were fabricated using benign reducing agent 

and the composite film developed are used as a sensor for sensing the analyte 

dopamine. The scope of the work lies in the fact that fabricated films 

possessed good pseudocapacitive behaviour as revealed from the 

electrochemical studies. The flexible electrodes of Ag/fMWCNT were used 

for sensing dopamine using chrono-amperometry and differential pulse 

voltammetry techniques. The limit of detection for dopamine was found to be 

0.7 μM. The sensor also possessed good reproducibility and excellent stability. 

 Flexible Cu-WO3-MWCNT film was developed as a sensor for studying the 

ageing of lubricant oils. The fabricated film was used for the qualitative 

sensing of lubricant oils subjected to various heat treatment processes. The 

metal oxide-based MWCNT hybrid films was successfully employed for 

sensing various other components formed during the ageing process of 
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lubricant oils as revealed from electrochemical impedance studies. The 

fabricated electrode also possessed good energy storage characteristics. 

 One other part of work deals with the importance of recovering valuable 

metals from spent lithium-ion batteries. In this work, Co3O4 used for the 

development of Pd@MWCNT-Co3O4 electrode was recovered from spent 

lithium-ion batteries through acid leaching process. The recovered cobalt was 

deposited onto the copper substrate by chronoamperometric technique. The 

developed Pd@MWCNT-Co3O4 electrode was used for glucose sensing 

applications. The results of the analysis revealed that Pd@MWCNT-Co3O4 

electrodes exhibited superior sensing behaviour towards glucose over a wide 

range of concentrations and the limit of detection was found to be 0.6 μM. 

 The last part of the work envisages the fabrication of ternary composites 

formed by RuO2, Fe3O4 and MWCNT. The electrode was applied as an 

electrochemical sensor for rapid and simultaneous detection of both dopamine 

and ascorbic acid. The electrochemically stable nanocomposite 

RuO2/Fe3O4/MWCNT/GCE gave a limit of detection of 1.12 μM and 0.11 μM 

for individual detection of ascorbic acid and dopamine. Simultaneous 

detection of ascorbic acid and dopamine also provided valid results.  

 The crux of the present work emphasizes on development of efficient 

MWCNT-based nanocomposites for wide range of applications. Each 

MWCNT-based electrode precisely focused on electrochemical sensing of 

various analytes including dopamine, ascorbic acid and glucose. Facile and 

economic procedures were adopted for fabrication of such MWCNT 

composites. The developed nanocomposite electrodes served as superior 

sensors as revealed from the preciseness and LOD towards various analytes. 
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 9.1. FUTURE SCOPE OF THE WORK  

Multifarious applications of fMWCNT based composite electrodes as sensors 

and other benevolent materials embedding various metals and metal oxides have been 

established in the present work. MWCNTs serve as an excellent scaffolding material 

for the incorporation of metals and metal oxides and such modified composites can be 

used for specified applications. The thesis focuses on fabrication of different 

MWCNT composites through various facile approaches which finds use in different 

electrochemical sensing platforms. The fabrication procedures adopted for the 

preparation of MWCNT-based electrode materials are simple and not laborious that 

can provide a new outlook for the development of more efficient materials.  

The scope of the work lies in the modification of contemporary used methods 

and improving the efficiency of the process and applications of the materials used  

.Certain type of self-assembled monolayers can be created on the electroless copper 

substrates mentioned in the above work and the sensing behaviour of such fabricated 

films towards various analyte molecules can be considered. 

As mentioned in Chapter 6, the metals and metal oxides are recovered from 

spent Li ion batteries are embedded to form MWCNT composite film. Rather than 

metals and metal oxides, non enzymatic electrochemical sensing studies could be 

conducted using suitable polymer materials. Moreover, the extraction techniques 

adopted for recovering the valuable metals can be further improved through suitable 

process modification for extraction. 

Apart from sensor applications, these fabricated MWCNT hybrid electrodes 

can be strived for supplementary applications like supercapacitors, catalytic 

application and electronic applications. 
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