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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 MWCNTSs 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-WO:s-
MWCNT, PA@MWCNT-Co3;04 and RuO,/Fe;04/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 uM. 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 PA@MWCNT-Co30; 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 MWOCNT is being deposited on to Co3;04 film by



electrophoretic deposition process. The developed PA@MWCNT-Cos04 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 uM.

Another composite electrode based on MWCNT is from RuO, and Fe;O4
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 uM for ascorbic acid and

0.11 uM 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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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-WOs;-fMWCNT composite film electrode,
Pd@MWCNT-Co304 electrode and RuO,/Fe;04/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 Co3;O4
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 PA@MWCNT-Co30,4 electrode was used as a non-
enzymatic glucose sensor. The ternary composite electrode based on

RuO,/Fe;04/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 PA@MWCNT-Co304
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 RuO,/Fe;04/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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Chapter 6

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-Co304 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=1%tq/m* AV —oommmmeemeev (1)

C is the specific capacitance, I is the charge-discharge current, m is the mass
of electrochemically active material, AV is the potential window and t4 is the
discharge time. PA@MWCNT-Cos0;4 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 eclectronic conduction which
promotes the redox reaction that increases the pseudo capacitance behavior of the
Co304 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.

5550 C
_Eﬁ? i —10 cycles
6 — 134 L 20{__
0.6 isag 8 1000 cycles
s —204ig € 500 <
T 044 H * £10
: SN z
2 B 450 *: o
O © + 04
o 024 5] 3
= (3]
8
2 400+ 104
0.0 T T T Y [7) T T T T T T T T T
0 20 40 60 80 12 14 16 18 20 0.0 0.2 0.4 0.6
Time (s) Current density (A/g) Potential (V)/ SCE

Figure-6.8. (A) GCD curves of PA@MWCNT-Co30;4 electrode at various current
density (B) Variation of specific capacitance with current density (C) CV curves for

10™ and 1000™ 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 PA@MWCNT-Cos;0,4 electrode
were compared with Co3;O4 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 Co3;0s and Pd@MWCNT-Cos;O selectrode 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 PA@MWCNT-Co30;4 electrode was superior
when compared to Co304 electrode. Figure-8 (B) shows the redox peaks of Co304 at
different scan rates. In KOH medium the fast-moving OH' ions interacts with Co3;04
and gets converted into different products like Co(OH),, CoOOH and CoO,. The inset
of Figure-6.9 (B) shows the cyclic voltammogram at 5 mV/s. The two redox peaks (I,
IV) and (ILII) is related to the oxidation reaction of Co*" — Co’" and Co** — Co**
[49-51]. The reaction occurring at CosO4 electrode in alkaline medium is shown

below
Co0304+ OH + H,0 < 3CoOOH + ¢
CoOOH + OH™ < Co0O, + H,O +¢€°

The cyclic voltammograms of PA@MWCNT-Co;0,4 electrode at various scan
rate is shown in Figure-6.9 (C).The shift in the current observed with respect to
Pd@MWCNT-Co304 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 Co3;04 and
Pd@MWCNT-Co;04electrodes. 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 Co3Osand PA@MWCNT-CosOgelectrode
in 0.1M KOH solution (B) CV curves of Co3;04 electrodeat various scan rates, Inset of
Figure-8 (B) shows the CV curve of Co304 electrode at 5 mV/s and (C) CV curves of
Pd@MWCNT-Co3;04 for various scan rates at 2 mV/s, SmV/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 Co3;04 electrode and PA@MWCNT-Co304
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 Co3;04 electrode and PA@MWCNT-Co3;04 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 Co30; electrode
and PA@MWCNT-Co304 electrode. The Pd@MWCNT-Co3;04 modified electrode
possessed a high current when compared with the Co3;O4 electrode. This may be due to
the reason that in the case of the Co3;04 electrode, the glucose oxidation mechanism is
due to the consumption of CoO, by glucose molecule [52-54]. But the excellent
electron transfer ability of PA-MWCNT and the electrocatalytic nature of cobalt oxide
improved the sensing behavior towards glucose with respect to the
Pd@MWCNT-Co304 electrode. Due to the excellent electrical property of the
Pd@MWCNT-Co304 electrode, the electron transfer process was superior that
accelerate the reaction sequence which improved the sensitivity of the modified
electrode for glucose detection. PA@MWCNT-Co304 electrode possessed a synergistic
effect of glucose oxidation by Co3;04 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 Co30y4 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/ Co304 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.
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Figure-6.10. (A) CV curves of Co304 electrode with and without glucose addition
(B) CV curves of PA@MWCNT-Co304 electrode with and without glucose
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addition. (C) CV curves of Co3;04 electrode and (D) CV curves of
Pd@MWCNT-Co3;04 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.
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Figure-6.11. (A) CV Curves of Co304 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 PA@MWCNT-Co304 film at different scan rates for glucose
addition (a) 20 mV/s (b) 40 mV/s (¢) 50 mV/s (d) 60 mV/s (¢) 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 Co3;0;4 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]. PA@MWCNT-Co3;04 electrode
showed superior current response to successive addition of glucose at 0.65 Vin 0.1 M
KOH in comparison with the Co3;Oj 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 R? value was found to be 0.98 for lower concentrations of
glucose and limit of LOD is found to be 0.6 uM. 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 Cos;O4 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-Co304 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 Cos3O4 electrode and
Pd@MWCNT-Co304 electrode for successive addition of glucose from 0.01-0.1 mM.
(H) Effect of other molecules on the amperometric response of PA@MWCNT-Co304

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 KCI [62-64]. The amperometric response of the developed
Pd@MWCNT-Co3;04 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 PdA@MWCNT-Co304 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-Co3;04 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-Co304 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 PA@MWCNT-Co304
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-Co304 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 PA@MWCNT-Cos;0, electrode towards

glucose detection with previous reported works

Chapter 6

Electrode Linear range upto | Detection limit (p Reference
(m M) M)
Co3;04 @MWCNT 11 2 [52]
Cu-Co/RGO- 6.95 10 [63]
CHIT/GCE
Pd Ni@RGO/GCE 1.1 0.15 [64]
Hollow cubic 0.8 0.16 [57]
Cu, 0@ Pd
Co0304 5.0 0.8 [53]
Pd@MWCNT-Co304 7.2 0.6 This work

Table- 6.2 Recovery of PA@MWCNT-Co3;04 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-Co3;04 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 Cos;O4 film is being modified with
Pd@MWCNT by electrophoretic deposition method to form Pd@MWCNT-Co3;04.
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 PA@MWCNT-Co3;04 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 Co3;04
and PA@MWCNT-Co3;04 electrodes towards glucose sensing were compared.
Pd@MWCNT-Co304 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 uM. 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, RuO; 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, RuO; 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 RuO, 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 Fe;O4 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 Fe;04 and RuO, are enhanced by incorporating these oxides into MWCNT. Thus
hybrid composite of MWCNT embedding Fe;O4 and RuO; can provide a synergistic

effect for the electrochemical detection of biomolecules.

In the present study, CNT-modified composites embedding RuO, and Fe;O4
are fabricated by hydrothermal process. The RuO, and Fe;O4 are incorporated into
MWCNTs so that modified electrodes with the enhanced properties of both RuO, and
Fe;O4 are obtained. The modified electrode RuO,/FesO4/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 pum) was functionalized
by refluxing with H,SO4 and HNOj 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 RuQO; dispersion
0.01M aqueous solution of RuCl; was prepared from RuCls.x H,O. To 10 ml

of RuCl; 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 RuO, nanoparticles.
7.2.3. Preparation of Fe;O4 dispersion

0.01 M of ferrous sulphate solution is prepared from FeSO,.7H,0. 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 Fe;O4 nanoparticles.
7.2.4. Preparation of RuO,/Fe;04/MWCNT composites by hydrothermal method

The above-prepared solutions containing RuO; nanoparticles and Fe;O4
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
RuO,/Fe;04/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 pL of a
homogeneous solution of RuO,/Fe;04/MWCNT solution was drop cast and dried at
room temperature for the preparation of modified electrodes. The synthesis of the
RuO,/Fe;04/MWCNT and the sensing techniques for the biomolecules are shown in
Scheme 7.1.
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RuO,/Fe;04/MWCNT composite and the electrochemical sensing of the composite

towards ascorbic acid and dopamine.
7.2.6. Characterization techniques

The RuO,/Fe;04/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 Fe;O4 and RuO, X-ray diffraction studies (Rigaku
Ultima IV) were used to analyze the various planes of obtained Fe;O4 powder and
RuO,/ Fe;04/MWCNT powder. Fourier transform infrared spectroscopy was used to
analyze Ru-O and Fe-O bonds in RuO,/ Fe;04/MWCNT composite. Raman spectrum
(Renishaw-confocal raman microscope 532nm laser) distinguished the
RuO,/Fe;04/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 RuO,/Fe;04/MWCNT/GCE as working electrode.
7.3. RESULTS AND DISCUSSION
7.3.1. UV-Visible Analysis

The mnanoparticles of Fe;Os and RuO, are analyzed by UV-Visible
spectroscopy in the range of 200-800 nm. A broad absorption edge was noticed for
Fe;O4 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 RuO,
and is shown in Figure-7.1 (B). The hydrous RuO; dispersion is shown in the inset of
Figure-7.1 (B) [20,21].
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Figure-7.1. (A) UV-Visible spectra of Fe;O4. Inset (left) shows the formation of
Fe;04 dispersion and also (right inset) behavior of magnetite particles towards
magnet (B) UV-visible spectra of hydrous RuO, and inset shows the formation of

RuQO; dispersion.
7.3.2. XRD of RuQ,/ Fe;04/MWCNT Powder

The X-ray diffraction pattern of the as-prepared RuO,/ Fe;O4/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 RuO, are
noticed which corresponds to(110), (101) and (220) according to (JCPDS-21-1172)
[23,24]. Besides the peaks of MWCNT and RuO, well-defined diffraction peaks of
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Fe;04 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 Fe;O4 [27,28] is shown in the inset of
Figure-7.2.
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Figure-7.2. XRD pattern for the RuO,/Fe;04/MWCNT composite
7.3.3. FTIR of RuQO,/Fe;04/MWCNT composite

FTIR spectrum of RuO,/Fe;04/MWCNT composites shows broad absorption
bands in the range of 487-590 cm™ 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™ (O-H bending), 1577 cm’™
(C=C stretching), 1731 cm™ (C=0 stretching), 2313 cm™ (carboxyl group vibrations),
2920 cm™ (methylene group stretching) and 3410 cm™ (O-H stretching vibrations of
hydroxyl group) [29-32]. Thus FTIR spectrum provided information regarding the
various peaks arising due to the incorporation of RuO, and Fe;O4 on thefunctionalized

MWCNT matrix and is shown in Figure-7.3.
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Figure-7.3. FTIR spectrum of RuO,/Fe;04/MWCNT composite.
7.3.4. Raman spectrum of RuO,/Fe;04/MWCNT composite

The presence of RuO; and Fe;O, in the MWCNT matrix was further
confirmed by Raman spectroscopy. The Raman spectrum of MWCNT consists of two
peaks- one at 1352 cm™ (D band) which signifies disordered carbon and the other one
at 1585 cm™ (G band) corresponding to well-ordered crystalline graphite.Apart from
the peaks of MWCNT at 1352cm™ and 1585 cm™, the modified composite exhibited
peaks at wave numbers 217 cm'l, 319 cm'l, 404 cm'l, 505 cm'l, 601 cm™ and
675 cm™ corresponding to Fe;O4 and the peaks at 517 cm™, 637 cm™ and 695 cm™
are related to RuO, which corresponds to Eg, Alg and B2g modes of vibrations
[33-37]. Raman spectrum of both MWCNT and RuO,/Fe;04/MWCNT are compared
in Figure-7.4.

146



Chapter 7

1585

Intensity (a.u)

MWCNT

500 1000 1500 2000
Raman shift (cm'1)

Figure-7.4. Raman spectrum of MWCNT and RuO,/Fe;O4/MWCNT.
7.3.5. EDX-SEM Studies of RuO,/Fe;04/MWCNT composite

Elemental analysis of the synthesized RuO,/Fe;04/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
RuO,/Fe;04/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 RuO,/Fe;04/MWCNT composite (B) SEM images
of RuO,/Fe;04/MWCNT film. Inset showing the enlarged view of the circled area.

7.3.6. Electrochemical Studies of RuO,/ Fe;O4/MWCNTelectrode

The cyclic voltammetric behavior of RuO,/Fe;04/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 pM ascorbic
acid are shown in Figure-7.7 (A) and for 5 uM 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
RuO,/Fe;04/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 RuO,/Fe;04/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 R? 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.
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Figure-7.6. (A) CV curves of RuO,/Fe;04/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) RuO,/Fe;04/MWCNT/GCE composite (b) RuO,/Fe;0/MWCNT/GCE
composite on the addition of 1 mM  ascorbic acid alone
(c) RuO,/Fe;04/MWCNT/GCE composite on the addition of 0.5 mM dopamine alone
and (d) RuO,/Fe;04/MWCNT/GCE composite on the addition of 2 mM ascorbic acid

and 1 mM dopamine simultaneously.
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Figure-7.7. DPV curves of RuO,/Fe;04/MWCNT/GCE composite in 0.1M PBS

containing (A) 200 uM ascorbic acid alone (B) 5 uM dopamine alone (C) both
50 uM ascorbic acid and 2 uM dopamine.
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Figure-7.8. CV curves of RuO,/Fe;04/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 RuO,/Fe;04/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 pM. Similarly for dopamine the individual detection
was carried out by fixing the concentration of ascorbic acid to 150 uM and varying
the concentration of dopamine. The concentration range studied for individual
detection of ascorbic acid and dopamine is 50-290 pM and 2-42 uM 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 uM and 0.11 uM (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 uM in the case of ascorbic acid and 2-25 uM 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 uM for ascorbic acid and
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0.16 uM 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.
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Figure-7.9. (A) DPV curves were obtained on varying the concentration of ascorbic
acid from 50-290 uM and fixing the concentration of dopamine to 10 uM. (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 uM and fixing the
concentration of ascorbic acid to 150 uM. (D) Linear plots of peak current vs

concentration for dopamine.
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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 (uM) | Limit of Detection | References
(M)
AA DA AA DA

CPC/ o -ZrP 40-1500 | 13-520 10 33 [41]
Fe304/rGO/GCE 1-9mM | 0.5-100 | 0.42 0.12 [42]
Carbon nanotube-modified | 0.08-1.36 | 0.5-10 0.02 0.1 [43]
electrodes
PDbS-rGO/SPCE 10-1100 | 0.1-300 | 0.88 0.134 [44]
Ce02/rGO 50-500 10-150 10 2 [45]
PINCs-MWCNTs- 100-1200 2-50 10 0.5 [46]
GNPs/GCE
N-GA 100-1000 | 1-100 0.08 0.06 [47]
RuO,/Fe;04/MWCNT/GCE 50-290 2-42 1.12 0.11 This work
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CPC/a -ZrP composite-cetyl pyridinium chloride/a-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 uM ascorbic
acid and 8 uM 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, Zn*" Mg2+, Na’, K', CI 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 (uM) Found (uM) | Recovery (%)
AA 80 79.43 99.28

Serum 1 DA 25 24.61 98.44
AA 70 69.34 99

Serum 2 DA 20 19.94 99.7
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7.4. CONCLUSIONS

An electrochemically stable nanocomposite electrode was developed
RuO,/Fe;04/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 uM and
0.11 uM respectively. The sensor also gave a satisfactory response on real sample
analysis. Thus the fabricated RuO,/Fe;0./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 MWCNTSs. 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 uM. 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, Co3;04 used for the
development of PA@MWCNT-Co304 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 PA@MWCNT-Co304 electrode was used for glucose sensing
applications. The results of the analysis revealed that PA@MWCNT-Co3;04
electrodes exhibited superior sensing behaviour towards glucose over a wide
range of concentrations and the limit of detection was found to be 0.6 pM.

The last part of the work envisages the fabrication of ternary composites
formed by RuO,, Fe;O4s 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
RuO,/Fe;04/MWCNT/GCE gave a limit of detection of 1.12 uM and 0.11 pM
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 MWOCNT
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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