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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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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 

 



Chapter 6 
 

126 
 

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. 

  



Chapter 6 
 

135 
 

6.5. REFERENCES 

1.  Min Fan, Xin Chang, Qinghai Meng, Li-Jun Wan, Yu-Guo Guo. Progress in the 
sustainable recycling of spent lithium-ion batteries. SusMat. 2021;1:241–254.  

2.  Yaqun He, Xue Yuan, Guangwen Zhang, Haifeng Wang, Tao Zhang, Weining Xie and 
Liping Li. A critical review of current technologies for the liberation of electrode 
materials from foils in the recycling process of spent lithium-ion batteries. Sci Total 
Environ . 2020;766:142382.  

3.  V. Chandran, Aritra Ghosh, Chandrashekhar K. Patil, V. Mohanavel, A.K. Priya, 
Robbi Rahim, R. Madavan, U. Muthuraman and Alagar Karthick. Comprehensive 
review on recycling of spent lithium-ion batteries. Mater Today Proc . 2021;47:167–
80.  

4.  Li Lia, Jing Ge, Feng Wua, Renjie Chen, Shi Chen and Borong Wu. Recovery of 
cobalt and lithium from spent lithium ion batteries using organic citric acid as 
leachant. J Hazard Mater. 2010;176:288–93.  

5.  Cetinkaya T, Akbulut A. A different method for producing a flexible LiMn2O4 / 
MWCNT composite electrode for lithium ion batteries. J Appl Electrochem. 
2014;44:209–14.  

6.  Meng Q, Zhang Y, Dong P. A combined process for cobalt recovering and cathode 
material regeneration from spent LiCoO2 batteries : Process optimization and kinetics 
aspects. Waste Manag J. 2017;71:372–80.  

7.  Azib T, Cras F Le, Porthault H. Direct fabrication of LiCoO2 thin- films in water – 
ethanol solutions by electrochemical – hydrothermal method. Electrochim Acta . 
2015;160:145–51.  

8.  X. Zheng, Z. Zhu, X. Lin, Y. Zhang, Y. He, H. Cao and  Z Sun. A Mini-Review on 
Metal Recycling from Spent Lithium Ion Batteries. Engineering. 2018;4:361–70.  

9.  Fabrice Mathieux, Fulvio Ardente, Silvia Bobba, Philip Nuss, Gian Andrea Blengini, 
Patricia Alves Dias, Darina Blagoeva, Cristina Torres de Matos, Dominic Wittmer, 
Claudiu Pavel, Tamas Hamor, Hans Saveyn, Bernd Gawlik, Glenn Orveillon, Dries 
Huygens, Elen SS. Critical raw materials and the circular economy. . Report EUR 
28832 EN. 2017. Available from: https://ec.europa.eu/jrc 

10.  Sakeena Masrat VN, Marya Khan, Rafiq Ahmad, Vandana Ngal, Iqra Moid, 
Shamshad Alam, Kiesar Sideeq Bhat and Ajit Khosla. Electrochemical ultrasensitive 
sensing of uric Acid on non-enzymatic porous cobalt oxide nanosheets-based sensor. 
Biosensors. 2022;12:1140.  

11.  Vandana Nagal, Sakeena Masrat, Marya Khan , Shamshad Alam , Akil Ahmad, 
Mohammed B. Alshammari, Kiesar Sideeq Bhat, Sergey M. Novikov , Prabhash 
Mishra, Ajith Khosla andRafiq Ahmad. Highly sensitive electrochemical non-
Enzymatic uric acid sensor based on cobalt oxide puffy balls-like nanostructure. 
Biosensors. 2023;13:375.  

12.  Nagal V, Tuba T, Kumar V, Alam S, Ahmad A. A non-enzymatic electrochemical 
sensor composed of nano-berry shaped cobalt oxide nanostructures on a glassy carbon 
electrode for uric acid detection. New J Chem. 2022;46:12333–41.  

13.  Nagal V, Khan M, Masrat S, Alam S, Ahmad R. Hexagonal cobalt oxide nanosheet-



Chapter 6 
 

136 
 

based enzymeless electrochemical uric acid sensor with improved sensitivity. New J 
Chem. 2023;47:4206–12.  

14.  Iizuka A, Yamashita Y, Nagasawa H, Yamasaki A, Yanagisawa Y. Separation of 
lithium and cobalt from waste lithium-ion batteries via bipolar membrane 
electrodialysis coupled with chelation. Sep Purif Technol . 2013;113:33–41.  

15.  Rong-Chi Wang, Yu-Chuan Lin and  She-Huang Wu. A novel recovery process of 
metal values from the cathode active materials of the lithium-ion secondary batteries. 
Hydrometallurgy . 2009;99:194–201.  

16.  Kyoung C, Rhee K. Reductive leaching of cathodic active materials from lithium ion 
battery wastes. Hydrometallurgy. 2003;68:5–10.  

17.  Myung S, Hyoung N, Soo J. Development of a metal recovery process from Li-ion 
battery wastes. Hydrometallurgy. 2005;79:172–81.  

18.  Dorella G, Mansur MB. A study of the separation of cobalt from spent Li-ion battery 
residues. J Power Sources. 2007;170:210–5.  

19.  Castillo S, Ansart F, Portal J. Advances in the recovering of spent lithium battery 
compounds. J Power Sources. 2002;112:247–54.  

20.  Manis Kumar Jha, Anjan Kumari, Amrita Kumari Jha, Vinay Kumar, Jhumki Hait, 
Banshi Dhar Pandey. Recovery of lithium and cobalt from waste lithium ion batteries 
of mobile phone. Waste Manag . 2013;33:1890–7.  

21.  Swain B, Jeong J, Lee J, Lee G, Sohn J. Hydrometallurgical process for recovery of 
cobalt from waste cathodic active material generated during manufacturing of lithium 
ion batteries. J Power Sources 167. 2007;167:536–44.  

22.  Jinqiu Xu, H.R. Thomas, Rob W. Francis , Ken R. Lumb, Jingwei Wang and Bo 
Liang. A review of processes and technologies for the recycling of lithium-ion 
secondary batteries. J Power Sources. 2008;177:512–27.  

23.  Li Li , Wenjie Qu , Xiaoxiao Zhang , Jun Lu , Renjie Chen , Feng Wu and Khalil 
Amine. Succinic acid-based leaching system : A sustainable process for recovery of 
valuable metals from spent Li-ion batteries. J Power Sources. 2015;282:544–51.  

24.  Li Li , Jing Ge , Renjie Chen, Feng Wua, Shi Chen and Xiaoxiao Zhang. 
Environmental friendly leaching reagent for cobalt and lithium recovery from spent 
lithium-ion batteries. Waste Manag. 2010;30:2615–21.  

25.  Li Li , Jun Lu , Yang Ren , Xiao Xiao Zhang , Ren Jie Chen, Feng Wu and Khalil 
Amine. Ascorbic-acid-assisted recovery of cobalt and lithium from spent Li-ion 
batteries. J Power Sources . 2012;218:21–7.  

26.  Sun L, Qiu K. Organic oxalate as leachant and precipitant for the recovery of valuable 
metals from spent lithium-ion batteries. Waste Manag . 2012;32:1575–82.  

27.  Cerrillo-Gonzalez M.M, , M. Villen-Guzman , C. Vereda-Alonso , C. Gomez-Lahoz, 
J. M. Rodriguez-Maroto and J.M. Paz-Garcia. Recovery of Li and Co from LiCoO2 via 
Hydrometallurgical – Electrodialytic Treatment. Appl Sci. 2020;10:2367.  

28.  Liu C, Lin J, Cao H, Zhang Y, Sun Z. Recycling of spent lithium-ion batteries in view 
of lithium recovery: A critical review. J Clean Prod . 2019;228(1):801–13.  

29.  Mayyas A, Steward D, Mann M. The case for recycling: Overview and challenges in 



Chapter 6 
 

137 
 

the material supply chain for automotive li-ion batteries. Sustain Mater Technol . 
2019;19:e00087.  

30.  Sha R, Durai L, Badhulika S, Materials A. Facile in-situ preparation of few-layered 
reduced graphene oxide – niobium pentoxide composite for non-enzymatic glucose 
monitoring. IEEE Int Conf Emerg Electron. 2018;1–4.  

31.  L. G. Bach, M. L. N. Thi, Q. B. Bui H-T. Nhac-Vu. Hierarchical cobalt nanorods 
shelled with nickel oxide vertically attached 3D architecture as non-binder and free-
standing sensor for sensitive non-enzymatic glucose detection. Mater Res Bull . 
2019;118:110504.  

32.  Saravanan Rajendran, Devaraj Manoj, Kumar Raju, Dionysios. D. Dionysiou, Mu. 
Naushad, F. Gracia, Lorena Cornejo, M.A. Gracia-Pinilla TA, PII: Influence of 
mesoporous defect induced mixed-valent NiO (Ni2+/Ni3+)-TiO2 nanocomposite for 
non-enzymatic glucose biosensors. Sensors Actuators B Chem . 2018;264:27–37.  

33.  Shabnam L, Nayeem Faisal S., Kumar Roy A, Haque E, Minett  A, Gomes V G. 
Doped graphene/Cu nanocomposite : A high sensitivity non-enzymatic glucose sensor 
for food. Food Chem . 2017;221:751–9.  

34.  Baghayeri M, Amiri A, Alizadeh Z, Veisi H, Hasheminejad E. Non-enzymatic 
voltammetric glucose sensor made of ternary NiO/ Fe3O4 - SH/para-amino hippuric 
acid nanocomposite. J Electroanal Chem . 2018;810:69–77.  

35.  Min Ma, Taotao Zhe, Yiyue Ma, Zonghan Wang, Qiang Chen and Jianlong Wang. 
Highly sensitive and reproducible non-enzymatic glucose sensor fabricated by drop-
casting novel nanocomposite with 3D architecture and tailorable properties prepared in 
controllable way. Talanta . 2018;180:133–43.  

36.  Reshma M, Manu R. Flexible Ag / FMWCNT electrode fabricated through benign 
reducing agent for sensor application. J ofThe Electrochem Soc. 2019;166(1):916–22.  

37.  Dighe AB, Dubal DP, Holze R. Screen printed asymmetric supercapacitors based on 
LiCoO2 and graphene oxide. Z Anorg Allg Chem. 2014;640:2852–7.  

38.  Eslam A.A. Aboelazm, Gomaa A.M. Ali, Kwok Feng Chong. Cobalt oxide 
supercapacitor electrode recovered from spent lithium-ion battery. Chem Adv Mater. 
2018;3:67–74.  

39.  Li L, Chen R, Sun F, Wu F, Liu J. Preparation of LiCoO2 films from spent lithium-ion 
batteries by a combined recycling process. Hydrometallurgy. 2011;108:220–5.  

40.  Xianhong He, Deming Li , Zhengyu Bai, Fangfang Chang, Jinli Qiao and Lin Yang. 
Multi-wall carbon nanotube-supported palladium–cobalt oxide nanoparticle as 
efficient catalyst for oxygen reduction reaction. Ionics (Kiel). 2019;25:5929–37.  

41.  Reshma M, Manu R. Fabrication of Cu-WO3-functionalised multiwalled carbon 
nanotubes composite film electrode by direct deposition for sensing application. Thin 
Solid Films . 2021;737:138940.  

42.  Singh S, Ruey H, Abdullah H, Khan M R. Pd/CNT catalysts for glycerol electro-
oxidation: Effect of Pd loading on production of valuable chemical products M. 
Electroanalysis. 2020;32:1139–47.  

43.  Farhadi S, Javanmard M, Nadri G. Characterization of Cobalt Oxide Nanoparticles 
Prepared by the Thermal Decomposition of ( Co ( NH 3 ) 5 ( H 2 O ) ) ( NO 3 ) 3 
Complex and Study of Their Photocatalytic Activity. 336 Acta Chim Slov. 



Chapter 6 
 

138 
 

2016;63:335–43.  

44.  Fang Zhang, Changzhou Yuan, Xiangjun Lu, Luojiang Zhang, Qian Che and 
Xiaogang Zhang. Facile growth of mesoporous Co3O4 nanowire arrays on Ni foam for 
high performance electrochemical capacitors. J Power Sources . 2012;203:250–6.  

45.  Siyuan Zhou, Yingjie Zhang, Qi Meng b, Peng Dong, Zitong Fei and Qiangxiang Li. 
Recycling of LiCoO2 cathode material from spent lithium ion batteries by ultrasonic 
enhanced leaching and one-step regeneration. J Environ Manage . 2021;277:111426.  

46.  Kalyani P, Kalaiselvi N, Muniyandi N. A new solution combustion route to synthesize 
LiCoO2 and LiMn2O4. J Power Sources. 2002;111:232–8.  

47.  Fan X, Sun Y, Ohlckers P. Porous thin-wall hollow Co3O4 spheres for supercapacitors 
with high rate capability. Appl Sci. 2019;9:4672.  

48.  Giri S, Ghosh D, Malas A, Das CK. A Facile Synthesis of a Palladium-Doped 
Polyaniline-Modified Carbon Nanotube Composites for Supercapacitors. J Electron 
Mater. 2013;42:2595–605.  

49.  Masoumeh Pak, Ahmad Moshaii, Hossein Siampour SA and MN. Cobalt-copper 
bimetallic nanostructures prepared by glancing angle deposition for non-enzymatic 
voltammetric determination of glucose. Microchim Acta. 2020;187:276.  

50.  Mojtaba Mirzaeian, Nazym Akhanova , Maratbek Gabdullin , Zhanar Kalkozova,  
Aida Tulegenova, Abdullin Khabibulla and Shyryn Nurbolat. Improvement of the 
pseudocapacitive performance of cobalt oxide-based electrodes for energies. 
2020;13:5228.  

51.  Arshid Numan, Navaneethan Duraisamy , Fatin Saiha Omar, Y. K. Mahipal, K. 
Ramesh SR, Centre. Enhanced electrochemical performance of cobalt oxide 
nanocubes intercalated reduced graphene oxide for supercapacitor application Arshid. 
RSC Adv. 2016;6:34894–902.  

52.  Jiao K, Jiang Y, Kang Z, Peng R, Jiao S and Hu Z. Three-dimensional Co3O4 @ 
MWNTs nanocomposite with enhanced electrochemical performance for 
nonenzymatic glucose biosensors and biofuel cells. R Soc open sci. 2017;4:170991.  

53.  Razium Ali Soomro, Aynam Nafady, Zafar Hussain Ibupoto S, Syed Tufail Hussain 
Sherazi , Magnus Willander and  Muhammad Ishaq Abro. Development of sensitive 
non-enzymatic glucose sensor using complex nanostructures of cobalt oxide. Mater 
Sci Semicond Process . 2015;34:373–81.  

54.  Sicele A. Gonçalves, Eric M. Garcia, Hosane A. Taroco, Rodrigo G. Teixeira, Kassílio 
J. Guedes, Honória F. Gorgulho, Patrícia B. Martelli and Anyonio P.L. Fernandes. 
Development of non-enzymatic glucose sensor using recycled cobalt from cell phone 
Li-ion batteries. Waste Manag. 2015;46:497–502.  

55.  Li-Min Lu, Hong-Bo Li, Fengli Qub, Xiao-Bing Zhanga, Guo-Li Shen and Ru-Qin 
Yu. In situ synthesis of palladium nanoparticle–graphene nanohybrids and their 
application in nonenzymatic glucose biosensors. Biosens Bioelectron . 2011;26:3500–
4.  

56.  Singh B, Bhardwaj N, Jain VK, Bhatia V. Palladium nanoparticles decorated 
electrostatically functionalized MWCNTs as a non enzymatic glucose sensor. Sensors 
Actuators A Phys . 2014;220:126–33.  

57.  Peng Liu, Min Zhang, Shilei Xie, Shoushan Wang, Wenxue Cheng and Faliang 



Chapter 6 
 

139 
 

Cheng. Non-enzymatic glucose biosensor based on Palladium-copper oxide 
nanocomposites synthesized via galvanic replacement reaction. Sensors Actuators B 
Chem . 2017;253:552–8.  

58.  Singh H, Bernabe J, Chern J, Nath M. Copper selenide as multifunctional non ‑ 
enzymatic glucose and dopamine sensor. J Mater Res . 2021;36:1413–24.  

59.  Haghparas Z, Kordrostami Z, Sorouri M, Rajabzadeh M. Highly sensitive non ‑ 
enzymatic electrochemical glucose sensor based on dumbbell‑shaped double‑shelled 
hollow nanoporous CuO / ZnO microstructures. Sci Rep . 2021;11:344.  

60.  Arumugam Manikandan, Vediyappan Veeramani, Shen-Ming Chen, Rajesh Madhu, 
Ling Lee, Henry Medina, Chia-Wei Chen, Wei-Hsuan Hung, Zhiming Wang, 
Guozhen Shen Yu-Lun Chugh. Low-temperature chemical synthesis of three-
dimensional hierarchical Ni(OH)2-coated ni microflowers for high-performance 
enzyme-free glucose sensor. J Phys Chem C. 2016;120:25752–9.  

61.  Li H, Zhang L, Mao Y, Wen C, Zhao P. A simple electrochemical route to access 
amorphous Co-Ni hydroxide for non-enzymatic glucose sensing. Nanoscale Res Lett. 
2019;14:135.  

62.  Lili Wang, Yuying Yang, Bing Wang, Cunpeng Duan, Jiahui Li, Linlin Zheng, Jiahao 
Li and Zhen Yin. Bifunctional three-dimensional self-supporting multistage structure 
CC@MOF-74(NiO)@NiCo LDH electrode for supercapacitors and non-enzymatic 
glucose sensors. J Alloys Compd . 2021;885:160899.  

63.  Li Wang, Yaolin Zheng, Xingping Lu, Zhuang Li, Lanlan Sun and Yonghai Song. 
Dendritic copper-cobalt nanostructures / reduced graphene oxide-chitosan modified 
glassy carbon electrode for glucose sensing. Sensors Actuators B Chem . 2014;195:1–
7.  

64.  Aysun Ş, Cellat K, Arikan K, Tezcan F, Gülbay S K, Kizildag S, Isgin E S and Sen F. 
Highly monodisperse Pd-Ni nanoparticles supported on rGO as a rapid , sensitive , 
reusable and selective enzyme-free glucose sensor. Sci Rep. 2019;9:19228.  



 
 

 
 

 

 

 

 

 

 

 

CHAPTER 7 

TERNARY COMPOSITE 

ELECTRODE BASED ON 

RuO2/Fe3O4/MWCNT FOR 

SIMULTANEOUS DETECTION OF 

DOPAMINE AND ASCORBIC ACID  



Chapter 7 
 

140 
 

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 



Chapter 8 
 

161 
 

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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