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ABSTRACT 

 

 This thesis originated with the development and characterisation of composite 

materials for sensor applications. This study focused on conducting polymer-metal 

oxide based composites and silica-titania oxide based composites. The conducting 

polymer-metal oxide composites were synthesised by chemical polymerisation 

technique with an aqueous solution of pyrrole monomer in the presence of cobalt and 

nickel salts. Various analytical techniques were employed to characterise these 

composites such as field emission scanning electron microscope-energy dispersive x-ray 

(FESEM-EDX), x-ray powder diffraction (XRPD), Fourier Transform Infrared (FTIR) 

and thermogravimetric analysis (TGA). These composites were then fabricated into 

chemical sensor by drop-dry electrodeposition method on glassy carbon electrode 

(GCE). The electrochemical response towards the modified GCE was examined using 

both cyclic voltammetry and chronoamperometry. The polypyrrole coated cobalt (PPy-

Co)/GCE shows sensitivity towards hydrogen peroxide (H2O2). While, the polypyrrole 

coated nickel oxide (PPy-NiO)/GCE shows its current response towards glucose. Both 

PPy-Co/GCE and PPy-NiO/GCE give high response towards target analyte at optimum 

condition of 500 μL pyrrole monomer content. Furthermore, the presence of pyrrole 

monomer greatly increases the sensitivity of the respective modified electrode. The 

PPy-Co/GCE could detect H2O2 in a linear range of 20 μM to 80 mM with two linear 

segments (low and high concentration of H2O2) and the detection limit for both ranges 

is 2.05 μM and 19.64 μM, respectively. While, PPy-NiO/GCE exhibited good 

electrocatalytic oxidation towards glucose in alkaline medium and could detect glucose 

in linear ranges of 0.01 mM to 0.50 mM and 1 mM to 20 mM with detection limit of 

0.33 μM and 5.77 μM, respectively. Besides, the Si-Ti oxide based composite was also 

synthesised and developed as an enzymatic sensor. This composite was synthesised by 
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sol-gel method in the presence of 1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide ([C4MIm][NTf2]) ionic liquid and was characterised 

by FTIR, TGA, XRPD, FESEM-EDX, CHN and N2 adsorption-desorption analysis. The 

presence of C-N groups in the FTIR spectrum indicates the presence of the ionic liquid 

in the Si-Ti matrix, while, the XRPD, FESEM and N2 adsorption-desorption analysis 

results show that the composite materials possessed good microporous characteristics. 

This composite was then fabricated as an enzymatic sensor by layer-by-layer drop-dry 

electrodeposition method onto the surface of GCE. Ferrocene (Fc) was chosen as 

mediator and horseradish peroxidase (HRP) was selected to detect H2O2. The 

electrochemical response of H2O2 towards the modified GCE was examined by using 

cyclic voltammetry. But, this modified Si-Ti-[C4MIm][NTf2]-HRP/Fc/GCE did not give 

significant electrocatalytic responses towards H2O2.  
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ABSTRAK 

 

 Tesis ini bermula dengan pembangunan dan pencirian bahan komposit bagi 

aplikasi sensor. Komposit berasaskan polimer pengalir-oksida logam dan silika-titania 

oksida diberi tumpuan di dalam tesis ini. Komposit polimer pengalir-oksida logam telah 

disintesis dengan teknik pempolimeran kimia dengan menggunakan larutan akueus 

monomer pyrrole dengan kehadiran garam kobalt dan nikel. Pelbagai teknik analisis 

telah digunakan untuk mencirikan komposit ini seperti lapangan pelepasan mikroskop 

imbasan elektron-tenaga serakan sinar x-ray (FESEM-EDX), x-ray serbuk pembelauan 

(XRPD), Fourier Transform Infrared (FTIR) dan analisis termogravimetri (TGA). 

Komposit ini kemudian telah difabrikasi sebagai sensor kimia dengan teknik 

pengenapan penitisan dan pengeringan pada elektrod karbon berkaca (GCE). Respons 

elektrokimia terhadap GCE yang diubahsuai telah diperiksa dengan menggunakan 

kedua-dua kaedah voltammetri berkitar dan kronoamperometri. Polypyrrole bersalut 

kobalt (PPy-Co)/GCE menunjukkan sensitiviti terhadap hidrogen peroksida (H2O2). 

Manakala, polypyrrole bersalut nikel oksida (PPy-NiO)/GCE menunjukkan respons arus 

ke arah glukosa. Kedua-dua PPy-Co/GCE dan PPy-NiO/GCE memberikan respons 

yang tertinggi ke arah analit sasaran pada keadaan optimum 500 μL kandungan 

monomer pyrrole. Tambahan pula, kehadiran monomer pyrrole meningkatkan sensitiviti 

elektrod diubahsuai. PPy-Co/GCE boleh mengesan H2O2 dalam julat linear dari 20 μM 

hingga 80 mM dengan dua segmen linear (kepekatan rendah dan tinggi H2O2) dan had 

pengesanan untuk kedua-dua julat ini adalah 2.05 μM dan 19.64 μM. Di samping itu, 

PPy-NiO/GCE pula menunjukkan aktiviti elektrokatalitik yang baik terhadap 

pengoksidaan glukosa dalam medium alkali dan boleh mengesan glukosa dalam julat 

linear dari 0.01 mM hingga 0.50 mM dan dari 1 mM hingga 20 mM dengan had 

pengesanan 0.33 μM dan 5.77 μM. Di samping itu, komposit berasaskan Si-Ti oksida 
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juga telah disintesis dan digunakan sebagai sensor enzim. Komposit ini telah disintesis 

melalui kaedah sol-gel dengan kehadiran cecair ionik 1-butil-3-methylimidazolium 

bis(trifluoromethylsulfonyl) imide ([C4MIm][NTf2]) dan dicirikan oleh FTIR, TGA, 

XRPD, FESEM-EDX, CHN dan N2 analisis penjerapan-penyahserapan. Kehadiran 

kumpulan C-N dalam spektrum FTIR menunjukkan kehadiran cecair ionik dalam 

matriks Si-Ti, manakala, XRPD, FESEM dan N2 analisis penjerapan-penyahserapan 

menunjukkan bahan komposit mempunyai ciri mikroporus yang baik. Komposit ini 

kemudian telah difabrikasikan sebagai sensor enzim dengan teknik pengenapan 

penitisan dan pengeringan lapisan demi lapisan di atas permukaan GCE. Ferocene (Fc) 

telah dipilih sebagai penghantara dan peroksidas lobak pedas (HRP) telah dipilih untuk 

mengesan H2O2. Respons elektrokimia H2O2 terhadap GCE yang diubahsuai telah 

diperiksa dengan menggunakan voltammetri berkitar. Tetapi, Si-Ti-[C4MIm][NTf2]-

HRP/Fc/GCE ini tidak memberi aktiviti elektrokatalitik yang ketara terhadap H2O2. 
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CHAPTER 1  

 

INTRODUCTION 

 

1.1 Background study 

 

 The demand for sensors in a wide range of applications has been recognised 

since many years ago. As is well known, the scope of sensor technology is truly wide 

and no simple classification is absolutely adequate. However, the categorisation of 

sensors can be made by either their chemical composition or their operation principle 

(Chaparro, 2007). The invention and evolution of sensors require more consideration 

especially in the choice of the material for sensing, signal amplification issues, relay 

and measurement of the sensor. 

 

 Among different kinds of sensor materials, composite or nanocomposite based 

sensors are being used for many applications. The following are some of advantages of 

composite or nanocomposite, which have attracted in great amount of interest for the 

sensor fabrication (Liu et al., 2013): 

1. Production at low cost, generally by chemical synthesis method instead of 

electrochemical method; 

2. Relatively cheap material applied for fabrication of the device; 

3. Easy and simple synthesis method; 

4. Availability of entirely new material structures and morphologies 

5. Vast possibilities for different composition and thus properties of the inorganic 

and polymer materials can be used as device components. 
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All the mentioned advantages make composite or nanocomposite based device highly 

attractive in sensor technology at their present stage of development. 

 

 Currently, huge advancement has been accomplished in the synthesis of 

different types of conducting polymer-metal oxide composite or nanocomposite for 

sensor applications. The development of such composites based devices discovered the 

possibility of filling conducting polymer matrices such as polyaniline (PANi), 

polypyrrole (PPy), polythiophenes (PTh), with metal oxide nanoparticles such as iron 

oxide (Fe2O3), copper oxide (CuO), nickel oxide (NiO) and cobalt oxide (CoO) (Navale 

et al., 2014b; Poyraz et al., 2014; Das et al., 2013; Kumar et al., 2013; Kumary et al., 

2013). 

 

 Polypyrrole (PPy) is a conducting polymer broadly used for fabrication of 

sensors and supporting matrix in electrochemistry due to its good physical and electrical 

properties (Meng et al., 2013; Safarnavadeh et al., 2013; Li, C. et al., 2012). Moreover, 

PPy can provide a good dispersion of metal oxide nanoparticle for the essential 

presence of functional groups within long carbon chains (Li, X. et al., 2012; 

Ramanavicius et al., 2006). PPy-metal oxide nanocomposites show different properties 

over their single component, creating them capable for non-enzymatic sensor 

applications. 

 

 The metal oxides are also very significant materials for being used in sensor 

devices, chemical industries and medical applications. An increasing development for 

the nanomaterials is the composite structures fabrication and devices with materials that 

able to improve the properties of the composite material (Devadathan & Raveendran, 

2014). Cobalt oxide (CoO) and nickel oxide (NiO) were selected for the present study 
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due to their distinctive electrochemical properties. Among the metal oxides, CoO and 

NiO are the subject of significant attention due to their exciting fundamental properties 

and technological uses particularly in sensor applications. Hence, in this dissertation, a 

simple, easy and new reaction process is explored for the production of polypyrrole 

coated cobalt nanocomposites (PPy-Co) and polypyrrole coated nickel composites 

(PPy-NiO) and these composites are used to fabricate a highly sensitive non-enzymatic 

hydrogen peroxide (H2O2) and glucose sensor, respectively. 

 

 Besides, sol-gel has recently become a subject of enthusiasm in electrochemistry 

since they combine the advantages of the intersection between sol-gel chemistry and 

electrochemistry. The sol-gel process is familiar in the prior art, simple to implement, 

occur under mild conditions and facilities the shaping of materials (Brinker & Scherer, 

1990). The sol-gel matrix materials have remarkable properties such as physical 

rigidity, chemical inertness, high thermal and photochemical stability, negligible 

swelling in aqueous as well as in organic solvent and it is especially alluring for the 

biosensor fabrications. Sol-gel derived silica-titania (Si-Ti) binary inorganic materials 

have gained attention from the researchers (Ma, H. et al., 2014; Li, D. et al., 2012; 

Siwinska-Stefanska et al., 2012). These materials have been extensively utilised as anti-

reflecting coating, optical-chemical sensor, glasses, supporting materials and catalysts 

due to their superior optical and thermal properties. The aim of this study is to prepare 

Si-Ti composite in the presence of room temperature ionic liquids (RTILs), a new 

material which has not previously been investigated, in order to obtain materials that are 

potentially useful as coating for electrodes. 

 

 Over the years, RTILs have been used as solvent and solvent additive for the 

preparation of sol-gel (Klingshirn et al., 2005). RTILs are low-melting point salts from 
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the combination of heterocyclic cations and a variety of anions, which are in liquid state 

at temperature close to ambient temperature. They have noticeable properties, for 

example, zero volatility and a high ionic conductivity as well as catalytic properties 

(Branco et al., 2002). Because of negligible vapour pressure, the RTILs employed as 

non-volatile drying control chemical additive during the synthesis of sol-gel, producing 

reduced shrinkage and ensuing matrix collapse during the formation of the gels 

(Klingshirn et al., 2005). The use of RTILs as co-solvents for sol-gel process would 

permit to control the structural properties of the resultant gels, specifically the pore size, 

structure as well as distribution and also make benefit of the readily modifiable and 

controllable solvent and physical characteristics of RTILs (Klingshirn et al., 2005). 

 

 To our best of knowledge, the Si-Ti composite in the presence of RTIL for 

sensor application has not been previously reported. Thus, in a part of this dissertation, 

Si-Ti composite will be investigated with and without RTIL, 1-butyl-3-

methylimidazolium bis(trifluoromethylsulfonyl)imide, [C4MIm][NTf2] and fabricated 

as enzymatic sensor. Horseradish peroxidase (HRP) is chosen as an enzyme in sol-gel 

because it is inexpensive and could catalyse the hydrogen peroxide (H2O2)-dependent 

one electron oxidation.  

 

1.2 Objective of the research 

 

 The purpose of this study is to synthesise and characterise a new class of 

conducting polymer/metal oxide nanocomposites and mixed oxide composites. The 

results may provide viable functional composite or nanocomposite for new sensing 

platforms. The following goals are pursued toward the overall objective: 
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1) To develop composite and nanocomposite materials based on conducting 

polymer-metal oxide and Si-Ti/[C4MIm][NTf2] matrix. 

2) To fabricate these composite materials for non-enzymatic and enzymatic sensors 

at different analyte concentration levels. 

3) To validate the sensor performance on target analyte and real sample analysis. 

 

1.3 Scope of the research 

 

 Research scope is very important to ensure the objective of the research is 

accomplished. In general, the scopes are used as a guideline for carrying on the research 

in a correct pathway. The scopes of this thesis are summarised as follows: 

1) Synthesis conducting polymer/metal oxide and mixed oxide composites which 

include PPy-Co nanocomposites, PPy-NiO composites and Si-

Ti/([C4IMm][NTf2]) composites.  

2) Structural and morphological attributes of these materials are characterised by 

using field-emission scanning electron microscopy-energy dispersive x-ray 

(FESEM-EDX), x-ray powder diffraction (XRPD), Fourier Transform Infrared 

(FTIR) and thermogravimetric analysis (TGA). In addition, Brunauer-Emmett-

Teller (BET) desorption analysis is applied for Si-Ti/[C4MIm][NTf2] composite 

to determine the pore size of the matrix. 

3) These newly synthesised materials will then be used to fabricate H2O2 and 

glucose sensor, respectively and these sensors will be optimised towards target 

analyte by using cyclic voltammetry and chronoamperometry techniques.  

4) These sensors will finally be tested with real sample.  
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1.4 Outline of the thesis 

 

 This thesis contains five chapters: 

Chapter 1: This introductory chapter outlines key themes that are relevant to all the 

areas of research in this thesis. A brief introduction on research background, research 

objectives and scope of the study are provided within this chapter.  

Chapter 2: A review of previous and current research related to the use of composite 

and/or nanocomposite, particularly composites composed of conducting polymer, metal 

oxide and mixed oxide is presented. It describes the techniques used to form the 

composites and/or nanocomposites, as well as sensors that can be developed using this 

class of materials.  

Chapter 3: The details of the relevant synthesis process, experimental techniques and 

apparatus employed, along with an overview of the theories and related equations used 

in this thesis are presented.  

Chapter 4: The results and discussions of three main research areas are included in this 

chapter. In the first research area, the characterisation of polypyrrole coated cobalt 

nanocomposite and its development towards hydrogen peroxide detection will be 

discussed. While, in the second research area, the characterisation and development of 

polypyrrole-nickel composite for glucose detection will be presented. The results of 

silica-titania/RTIL and its development as enzymatic sensor to detect hydrogen 

peroxide will be argued in the third research area.  

Chapter 5: An overall conclusion together with recommendations to the research is 

presented.
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CHAPTER 2  

 

LITERATURE REVIEW 

 

2.1 Sensor 

 

 A sensor can be defined as device which senses a particular analyte or a 

substance. It is a device that receives a stimulus and responds with a signal that can be 

read by an observer or instrument (Issac, 2011). Generally, a sensor can be classified 

into physical sensor and chemical sensor. The physical sensor is sensitive to physical 

responses such as temperature, pressure, magnetic field, force, etc. and does not have a 

chemical interface. While, the chemical sensor is depends on particular chemical 

reaction for their response.  

  

2.1.1 Electrochemical sensor 

 

 A chemical sensor is a device that transforms chemical information ranging 

from the concentration of a specific sample component to total composition analysis 

into an analytical useful signal (Hulanicki et al., 1991). The chemical information may 

comes from a chemical reaction of the analyte or from a physical property of the system 

investigated. Generally, a chemical sensor comprises two basic functional units (as 

shown in Figure 2.1): a receptor part and a transducer part. The receptor part of a sensor 

is the chemical information that transformed into a form of energy which is measured 

by the transducer. While, in the transducer part of a sensor, the device is capable of 

transforming the energy, carrying the chemical information about the sample into a 

useful analytical signal.  
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Figure 2.1: Basic elements of a chemical sensor 

 

 The chemical sensors categorised into few groups depending on the transducer 

types are depicted as follows (Hulanicki et al., 1991): 

(i) Electrochemical sensor that transform the effect of the electrochemical interaction 

analyte-electrode into useful signal. Such effects may be stimulated electrically or may 

result in a spontaneous interaction at the zero-current condition.  

(ii) Optical sensor transforms the changes of optical phenomena which are the results of 

an interaction of the analyte with the receptor part. Absorbance, reflectance and 

luminescence measurements are used in various types of optical sensors.  

(iii) Mass sensitive sensor transforms the mass changes at a specially modified surface 

into a change of a property of the support material. The mass change is caused by 

accumulation of the analyte.   

(iv) Heat sensitive sensor is based on the measurement of the heat effects of a specific 

chemical reaction or adsorption which involve the analyte. They are often called 

calorimetric sensors. 

 

 Among these devices, the electrochemical sensors are particularly attractive due 

to their significant detectability, experimental ease and relatively cheap. 

Electrochemical sensors are well established and use relatively inexpensive equipment 

to produce unique characterisation information for molecules and chemical systems 
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including qualitative and quantitative analytical, thermodynamic and kinetic data. 

Moreover, these types of sensors have high sensitivity which makes them able to detect 

sub-micro molar concentrations and sub-picomolar amounts of electroactive material. 

Another point to mention is that these electrochemical sensors are selective which make 

them able to control the potential of an electrode. Hence, the electrochemical sensors 

have a main attraction among the currently available commercial sensors and have 

discovered a limitless scope of significant application in the clinical, industrial, 

environmental and agricultural investigations. 

 

 Besides, electrochemical sensors can be commonly categorised into two such as 

non-enzymatic and enzymatic electrochemical sensors. The enzyme-based 

electrochemical sensors are based on the enzymatic catalysis reaction that produce or 

consume electrons and such enzymes are called as redox enzyme. These 

electrochemical sensors exploit the selectivity and sensitivity of enzyme as biological 

recognition element and detect the catalytic biological reaction with a specific 

substrate/analyte by electrochemical transduction (Ahmadalinezhad, 2011). However, 

effective immobilisation and electrical contact of redox enzymes with the surface of the 

electrode is still challenging. This is because the enzyme-based sensors involve 

complex, multi-step immobilisation techniques and under critical operating conditions, 

the measurements give poor reproducibility, thermal and chemical instability as well as 

high cost (Li et al., 2009). Moreover, the conditions such as temperature, pH as well as 

humidity and the presence of ionic detergents and enzyme-poisoning molecules in the 

sample can easily affect the performance of sensors (Wang, G. et al., 2013). To solve 

these drawbacks, many efforts have been made without using enzymes which are 

known as non-enzymatic electrochemical sensors. The non-enzymatic electrochemical 

sensors depend on the current response of oxidation or reduction directly at the surface 
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of the modified electrode. Therefore, the non-enzymatic electrochemical sensors 

showed higher stability for a long period and the capability to resist the environment 

aspects compared to the electrochemical sensors using enzymes (Shua et al., 2014). In 

addition, these non-enzymatic sensors offer a high selectivity, long-term stability, low 

cost and simple fabrication method which catch the attention of the researchers to 

extensively develop such sensors. 

 

2.1.2 Classification of electrochemical techniques 

 

 Electrochemical techniques comprise quantitative analytical methods that are 

based on the electrical properties of a solution of the analyte. These techniques can 

produce vey low detection limits and many characterisation information describing 

electrochemical addressable systems (Bard & Faulkner, 2000). Electrochemical 

techniques are superior and adaptable analytical techniques, which offer high 

sensitivity, accuracy, precision and a large linear dynamic range. Electrochemical 

measurements offer a numerous benefits such as specificity, selectivity resulting from 

the choice of electrode material, high sensitivity and low detection limit, possibility of 

providing results in real time or close to real time and application as miniaturised 

sensors (Issac, 2011). A wide scope of electrochemical techniques can be utilised for 

this mentioned reason. 

 

 Electrochemical measurements are two-dimensional: the first one which is 

potential is associated to qualitative properties (with thermodynamic or kinetic control) 

and the second one is that current is related to quantitative properties (controlled by 

either mass transport process or reaction rates) (Issac, 2011). Hence, compounds can be 

selectively detected by electrochemical techniques. The most commonly employed 
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electrochemical techniques are depicted as follows: (i) voltammetry: in voltammetry 

technique the current-potential behaviour at an electrode surface is measured. The 

potential is differed in certain systematic method results in oxidation or reduction of the 

electroactive chemical species at the electrode. The resultant current is proportional to 

the concentration of the electrochemical species. It employs two or three electrode in an 

electrochemical system. The three electrodes namely working, auxiliary/counter and 

reference, along with the potentiostat allow accurate performance of the potential 

functions and the measurement of the resultant current; (ii) amperometry: In 

amperometry, a constant potential is applied and the change in current is observed as 

function of time. At a chosen potential, the magnitude of current is directly proportional 

to concentration. This current is the resultant of electrochemical oxidation or reduction 

of the electroactive compound. Furthermore, if steady state convection is employed as 

in flowing streams and the concentration of electroactive species is uniform, then a 

constant current is measured; (iii) potentiometry: based on the measurement of potential 

under no current flow. In potentiometry the measuring set up consists of two electrode 

namely measuring/indicator electrode and reference electrode. The measured signal is 

the potential difference between the indicator electrode and the reference electrode. The 

potential that develops in the electrochemical cell is the result of the free energy change 

that would occur if the chemical phenomena were to proceed until the equilibrium 

condition has been satisfied; (iv) conductometry: the ability of the analyte to conduct an 

electrical current is observed. From Ohm’s law (E = IR), it is obvious that the electric 

current (I) is inversely proportional to the resistance (R), where E represents potential 

difference. The inverse of the resistance is the conductance (G = 1/R). In 

conductometry, a sample’s electrical conductivity is determined by the component and 

their concentration. However, conductivity measurements are difficult because of the 
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different ionic background of the samples and relatively low conductivity changes that 

are monitored in such high ionic strength solutions.         

 

 The work described in this thesis involves voltammetry and amperometry 

techniques, specifically cyclic voltammetry and chronoamperometry. Cyclic 

voltammetry is a comprehensively utilised electrochemical technique in different areas 

of chemistry. It is usually employed for investigation of redox process, understanding 

reaction intermediates and gaining reaction products stability. This technique takes into 

account on changing the applied potential at the working electrode in both forward and 

reverse directions while observing the current. Besides, chronoamperometry is a 

potential-controlled technique that measures the current response to an applied potential 

as a function of time. 

 

2.1.3 Chemically modified electrode 

 

 A chemically modified electrode is an electrode surface coated with a thin film 

of selected conducting materials for the purpose of improving the chemical, 

electrochemical, optical and electrical and electron transfer properties of the film in a 

rational and chemically designed manner (Zhi et al., 2009). Thus, the modified electrode 

can exhibit properties related to those of the modifying substance.  

 

 A number of methods have been used to fabricate chemically modified 

electrodes. Such methods can be carried out by attaching molecules of modifying 

species on conductive solid substrates (such as gold, carbon paste matrix, glassy carbon) 

by valence force, covalent bonding, coating by polymer (organic) or inorganic poly-

nuclear, mixed films such as composites, hybrid organic-inorganic or by mixing the 
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modifier with electrode matrix material. Electrodepositions, drop-dry method, spin 

coating, electropolymerisation and vapour deposition are the examples of fabrication 

techniques that have drawn the attention of researchers.  

 

 Among the mentioned techniques, drop-dry method was employed in the present 

study. This method involves drop-coating the electrode with small droplets (usually 10 

μl) of the desired solution and then to allow drying out. The films prepared in this way 

are usually non-uniform. However, the morphology of the film depends on different 

factors including the concentration of the casting solution, rate of evaporation and the 

roughness of the electrode surface. 

 

2.2 Development of composite and nanocomposite materials for electrochemical 

sensor applications 

 

Composite and nanocomposite materials 

 

 A composite is a multiphase material formed from a combination of materials, 

which differ in composition or form. While, nanocomposites are materials in which the 

constituents are mixed on a nanometre length scale (Advani, 2007). They often have 

properties that are superior to conventional micro scale composites and can display 

various mechanical, electrical, optical, electrochemical, catalytic and structural 

properties as compared to individual component (Ajayan et al., 2003). 
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2.2.1 Conducting polymer-metal oxide composite/nanocomposite 

  

 Polymer matrix based nanocomposites is one of the most significant materials in 

the field of nanotechnology. Particularly, conducting polymer nanocomposites have a 

appropriate composition of a conducting polymer with one or more insulating materials 

to produce desirable properties. Conducting polymer nanocomposites are defined as 

polymers bonded with nanoparticles to produce novel materials with enhanced 

characteristics which lead to improved properties over regular composites (Mavinakuli, 

2010). 

 

 Conducting polymer-based composites are increasingly investigated since the 

end of the 1990s. The composites of conducting polymers with metal or metal oxide 

nanoparticles (Tai et al., 2007; Vibha et al., 2007; Geng et al., 2006; Tandon et al., 

2006; Ram et al., 2005; Torsi et al., 1998), carbon nanotubes (Chen, Y. et al., 2007; 

Ting et al., 2007; Bavastrello et al., 2004), organic and metal organic compounds 

(Radhakrishnan & Paul, 2007)  and insulating polymers (Bai et al., 2007; Hosseini & 

Entezami, 2003; Ogura & Shiigi, 1999) provide new analytical systems. Among these 

composites, conducting polymers with metal oxide composites form a promising class 

of new materials, due to the beneficial properties of polymer matrix and embedded 

inorganic particles. The combinations often lead to synergistic effect, which result in 

improved properties, making these materials applicable in numerous fields.   

 

 Conducting polymer-metal oxide nanocomposite could be synthesised by two 

reaction pathways (Xu et al., 2014). One of the pathways involves the direct reduction 

of cation by the conducting polymer powder or films as shown in Scheme 2.1 (a) and 

the other pathway involves the chemical oxidation of monomers by metal salts as shown 
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in Scheme 2.1 (b). The benefits of this conducting-mediated synthetic platform is cost-

effective and environmentally friendly as no organic solvent, reducing agents and 

polymers capping agents or surfactant are required compared to the conventional 

solution chemistry pathways. Besides, it permits facile control over the size, 

morphology and structure of the metal oxide nanoparticles by altering the surface 

chemistry and redox properties of the conducting polymer. It is a one-step reaction 

procedure leading to conducting polymer-metal oxide nanocomposites with combined 

properties related to the two components. 

 

 

Scheme 2.1: Illustration of the reaction pathways to fabricate conducting polymer 

nanocomposites via a direct chemical reduction technique: (a) chemical reduction of 

metal ions by conjugated polymers and (b) chemical oxidation of monomers by metal 

salts (Xu et al., 2014) 

 

 Recently, conducting polymer and their composites developed as a new filed of 

research, focusing on making of new smart materials for application in modern and 

forthcoming technologies. Particularly, electrochemistry-related aspects of conducting 

polymers based nanocomposites have currently attracted with a great interest. Some of 

the recent mentioned electrochemistry-related applications for these nanocomposites are 
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listed in Table 2.1. The main expected application of electrochemistry related fields for 

conducting polymer nanocomposites are electric energy storage systems, chemical-to-

electric or vice versa energy conversions, sensors and biosensors and materials for 

corrosion protection (Malinauskas et al., 2005). 

 

2.2.1.1 Conducting polymers 

 

 Conducting polymers, refered as “synthetic metals” and are polymers with a 

highly π-conjugated polymeric chain (Heeger, 2001b; Macdiarmid, 2001; Shirakawa, 

2001). Understanding of the conductivity in polymers was first developed by the trio of 

Heeger, MacDiarmid and Shirakawa in the 1970s, based on polyacetylene, which is the 

simplest form of any conducting polymers (Chiang et al., 1977; Shirakawa et al., 1977). 

Since then the development in the conducting polymers field has continued to rapidly 

growing. Table 2.2 presents some typical conducting polymers and their chemical 

structures. Depending on the level of doping and nature of the dopants, these conjugated 

polymers can be divided into electrical insulators, semiconductors or conductors. The 

electrical conductivity of these conjugated polymers could be enhance by several orders 

of magnitude upon treatment with dopants and/or subjecting to chemical or 

electrochemical redox reactions (Lu et al., 2011). 

 

 Conducting polymers are the best choice for chemical and biological sensors due 

to the interactions with different analytes, which may influence the redox and the 

doping states of conducting polymers, causing to a change of resistance, current or 

electrochemical potential. As for electrochemical sensors, the first applications of 

conducting polymer modified electrodes were demonstrated in potentiometric sensors, 

predominantly in ion-selective electrodes (Bobacka et al., 2003; Gyurcsanyi  et al., 1998). 



 

Table 2.1: Recent electrochemistry-related applications for conducing polymer based nanocomposites 

Application Significant characterisation Reference 

Batteries ZnO/PPy composites with different morphology synthesised by a facile ultrasound-assisted chemical 

polymerisation method were used as anode material in order to improve the cycle performance of Zn/Ni 

rechargeable battery. 

(Huang & Yang, 

2014) 

 Hydrothermal reverse micro emulsion method was developed for the synthesis of tin dioxide/PPy 

nanocomposites which have potential applications for lithium batteries. 

(Sun et al., 2014) 

PPy-Co-O complex was electrochemically fabricated and proved to be a high-performance lithium-storage 

material. 

(Guo et al., 

2011) 

 NiO-PPy composites for lithium-ion batteries were prepared by a chemical polymerisation method with 

sodium pTS as the dopant, Triton-X as the surfactant, and FeCl3 as the oxidant. Capacities and cycle lives 

obtained from the cells constructed from NiO-PPy composite are much better than those from cells 

constructed using pure NiO. 

(Idris, 2011) 

Corrosion 

protection 

The effect of the surface area of PPy nanotube and the incorporation of Zn in the PPy nanotube and the 

anticorrosion performance of the coatings are investigated. 

(Mahmoudian et 

al., 2013b) 

 Polyaniline-titanium dioxide nanocomposites in epoxy coating showed better physico-mechanical 

properties as compared to nano-polyaniline containing coatings and could be useful as an adhesion 

promoter and corrosion inhibitor 

(Mahulikar, 

2011) 

Electrocatalytic 

reduction of oxygen  

Cobalt precursor plays an essential role on the synthesis process as well as microstructure and performance 

of the pyrolysed carbon-supported cobalt-polypyrrole catalysts towards oxygen reduction reaction.  

(Yuan, 2013) 

   



 

Table 2.1, continued.   

Application Significant characterisation Reference 

 The PPy and pTS anion doped PPy synthesised using in-situ surfactant mediated chemical oxidative 

polymerisation approach in a mixed surfactant aqueous solution for its controlled growth and has shown 

that PPy/pTS-Co can be utilised as a non-precious catalyst material for oxygen reduction reaction. 

(Kumar et al., 

2013) 

The properties and electrocatalytic activity of candidate cathode catalyst for polymer electrolyte membrane 

fuel cells based on carbon-supported PPy modified with cobalt and/or platinum were studied. 

(Martínez et al., 

2010) 

Studied the effect of Co loading and heat treatment on Co-PPy/carbon-black based catalyst materials and 

the oxygen reduction reaction mechanism that occurs in alkaline media. 

(Olson, 2010)  

Energy storage 

devices 

Polyaniline/nickel oxide nanocomposites have been successfully prepared by liquid/liquid interfacial 

polymerisation and an increase in magnitude of the conductivity (1.8 - 3.8 Scm
−1

) compared with pure 

polyaniline was observed from the electrical measurements. 

(Bora et al., 

2014) 

Hydrogen evolution 

reaction 

Micro-structured PPy films modified with nickel layers offer a significantly higher electrocatalytic activity 

in the hydrogen evolution reaction than PPy or nickel electrode. 

(Orináková & 

Filkusová, 2010) 

 

Sensors 

PPy-coated Fe3O4 nanostrip bundles investigated as sensor without enzyme for the detection of H2O2 and 

lead (II) ions in hazardous materials. 

(Mahmoudian et 

al., 2014) 

 PPy-NiO hybrid nanocomposite thin film sensors were used to study room temperature gas-sensing 

properties for oxidising (NO2, Cl2) as well as reducing (NO2, H2S, C2H5OH, NH3 and Cl2) gases. 

(Nalage et al., 

2014) 

 With the help of impedance spectroscopy results, sensing mechanism between PPy, α-Fe2O3 and PPy/α-

Fe2O3 hybrid nanocomposite films and NO2 gas molecules was studied and explored. 

(Navale et al., 

2014a) 

   



 

Table 2.1, continued.   

Application Significant characterisation Reference 

Sensors One-step synthesis of poly(o-toluidine) nanofiber/metal nanoparticle composite networks as non-enzymatic 

glucose sensors. 

(Poyraz et al., 

2014) 

 Polyaniline-gold nanocomposite is chemically synthesised and impregnated in a chitosan matrix for 

immobilisation of cholesterol oxidase on an indium tin oxide-coated glass plate for development of 

cholesterol biosensors. 

(Srivastava et al., 

2014) 

Enzyme-less glucose sensor was investigated using core-shell nanocomposite based on chemical oxidative 

polymerisation of pyrrole on ZnFe2O4 nanoparticles surface. 

(Shahnavaz et 

al., 2014) 

 The polyaniline-SnO2 nanohybrid based thin films doped with 10 – 50 wt% camphor sulfonic acid were 

deposited on the glass substrates using spin coating technique and the sensor response was estimated by the 

change in the electrical resistance of the film in the absence and presence of NH3 gas. 

(Khuspe et al., 

2013) 

 The investigation about the ability of Mn/PPy nanowires core shell nanocomposites for the H2O2 detection. (Mahmoudian et 

al., 2013a) 

 CuO and Cu2O composite nanoparticles modified PPy nanowires were fabricated as a biosensor for glucose 

detection. 

(Meng et al., 

2013) 

 The electrochemical incorporation of a sulfonated cobalt phthalocyanine in conducting PPy was done, in 

the presence or absence of LiClO4, in order to use the resulting hybrid material for the sensing of ammonia. 

(Patois et al., 

2013) 

 The ammonia gas sensing behaviour of the zinc oxide/polyaniline nanocomposite films is studied and the 

results show that it is a promising candidate for ammonia sensing with response time of 15 s and recovery 

time 45 s. 

(Shuklaa et al., 

2013) 

   



 

Table 2.1, continued. 

Application Significant characterisation Reference 

Sensors A new enzyme-less and mediator-less composite electrode consisting tetrakis(6-hydroxyhexylthio) cobalt 

phthalocyanine incorporated into a polyaniline film for electrochemical H2O2 sensor were investigated. 

(Çeken et al., 

2012) 

 PPy-ZnO nanocomposites were prepared by spin coating method and PPy-ZnO nanocomposites with 

different ZnO weight ratios (10%, 20%, 30%, 40% and 50%) could detect NO2 at low concentration with 

very higher selectivity and sensitivity at room temperature than the reported PPy. 

(Chougule et al., 

2012a) 

 Development of a xanthine biosensor based on ZnO nanoparticles-PPy composite by immobilisation of 

commercial xanthine oxidase on ZnO nanoparticle-PPy composite film electrodeposited onto Pt electrode. 

(Devi et al., 

2011) 

 Poly(o-anisidine)-SnO2 nanocomposites were synthesised by using an in-situ chemical polymerisation route 

and their LPG sensing properties were investigated, particularly focused on the low temperature detection 

(25 – 100 ºC). 

(Patil et al., 

2011) 

 The Ag nanoparticles decorated PPy colloids were prepared by heating a AgNO3 aqueous solution and pre-

formed PPy colloids solution in the absence of any external reducing agent. It is found that such Ag 

nanoparticle-PPy colloids exhibit remarkable catalytic performance toward the reduction of 

H2O2. 

(Qin et al., 2011) 

 A modified electrode was fabricated by the electrodeposition of Pt or Pd nanoparticles into poly(3-

methylthiophene) film over the surface of Pt electrode and was applied to the simultaneous determination of 

ascorbic acid and dopamine in physiological. 

(Atta & El-Kady, 

2010) 

   



 

Table 2.1, continued.   

Application Significant characterisation Reference 

Sensors Pt/PPy hybrid hollow microspheres were successfully prepared by wet chemical method via Fe3O4 template 

and evaluated as electro-catalysts for the reduction of H2O2. 

(Bian, X. et al., 

2010) 

 Poly(o-anisidine)-SnO2 nanocomposites have been synthesized through an in-situ chemical polymerisation 

of o-anisidine in the presence of SnO2 nanoparticles of 25 – 40 nm in diameters and used it as new humidity 

sensitive material. 

(Patil et al., 

2010) 

Supercapacitors One-step synthesis of polypyrrole-silver nanocomposites that were directly deposited on nickel foam by in 

situ polymerization to achieve supercapacitor electrodes. 

(Wei et al., 

2013) 

 The electrochemical deposited nickel hydroxide film was investigated in the effects of adding the PPy on 

the electrochemical capacitive behaviour of nickel hydroxide electrodes by means of cyclic voltammetry 

and cycle stability. 

(Kim et al., 

2012) 
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Besides, conducting polymers have also attracted huge interest for voltammetric or 

amperometric detection of analyte. This interest is due to the factors such as sensitivity, 

selectivity and homogeneity, strong adherence to the electrode surface and the chemical 

stability of the film. Such polymers can be used in sensor applications either as the 

sensitive components or as matrices for immobilisation of specific substrates. 

Moreover, as an alternative approach, they can be regarded as semi-permeable 

membranes, which can retain analyte by hindering their diffusion toward the supporting 

electrode (Janáky & Visy, 2013). 

 

 Although the conducting polymers are substantial materials for chemical and 

biological sensing, their poor selectivity and low sensitivity are their limitations and 

need to be improved. Addition of second component such as metal and metal oxide 

particles, carbon nanotubes, insulating polymers, metal salts and biological materials 

into conducting polymer matrix is one of the ways to overcome the mentioned 

difficulties since the second component may increase the chain mobility of conducting 

polymers or alter the affinity of the composite or even act as a catalyst (Lu et al., 2011). 

 

 Among the conducting polymers, polyaniline and polypyrrole are the most 

extensively investigated polymers for the application of chemical sensor. However, this 

thesis focuses its investigation only on polypyrrole in the composite form. Polypyrrole 

is a unique polymer among the family of conducting polymers because of its simple 

synthesis and environmental stability (Baytekİn, 2009).  
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Table 2.2: Typical conducting polymers and its structures 

Name Structure 

Polyaniline 

 

Polypyrrole 

 

Polythiophene 

 

Poly(para-phenylene) 

 

Poly(phenylene ethylene) 

 

Poly(phenylenesulfide) 

 

Poly(phenylene-vinylene) 
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Polypyrrole (PPy) 

 

 Polypyrrole (PPy) (Figure 2.2) has drawn a huge and specific interest, due to 

their high conductivity, stability in oxidised state and redox properties. The ease of the 

synthetic methods and the readiness of the initial monomers are also attractive 

characteristics of PPy. As compared with other organic molecules, pyrrole 

polymerisation is carried out by oxidation of the monomer, which forms a conjugated 

polymer chain with overlapping π-orbitals and a positive charge along the polymer 

backbone (Heeger, 2001a). PPy can be synthesised in the form of powders, coatings or 

films. It is inherently conductive, stable and can be quite easily produced continuously 

by electrochemical reaction (Aldissi, 1992). PPy with exciting electrical properties was 

first exploited and reported in early 1960s (Bolto et al., 1963).  

 

 

Figure 2.2: The chemical structure of polypyrrole 

 

 PPy is extensively synthesised through the oxidation of pyrrole by electro 

polymerisation at a conductive substrate through the application of an external potential 

by producing the films deposited on the working electrode or by chemical 

polymerisation in solution by the use of a chemical oxidant leads to powders (Pionteck 

et al., 1999). However, chemical oxidative polymerisation methods have drawn huge 

interest because it can be used to synthesise bulk quantities of PPy in a fast and easy 

way (Kricheldorf et al., 2005) and it may be easier to scale up the batch process 
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(Skotheim & Az, 2006). PPy is very attractive for numerous applications particularly 

sensor applications due to the ease of processing as the pyrrole monomer is soluble in 

water and the polymer has good conductivity and environment stability. PPy is stable in 

a wide range of potentials in thousands of charge-discharge cycles and moreover, its 

response is fast under properly selected conditions. Compared to polyaniline, it can 

operate both in acidic and neutral solutions, which makes the PPy electrode attractive 

for use as sensors material in electroanalytical chemistry.  

 

 There is a growing interest to combine both PPy and inorganic materials for 

applications in electrochemical sensors. The combination of metal oxides and PPy has 

the potential to increase the sensitivity of the conducting polymer. Such composites can 

operate at room temperature and the sensitivity towards different analytes can be 

optimised by the volume ratio of metal oxides. In addition, the composite may have 

better long-term stability. There are number of researches which have already developed 

PPy-metal oxide nanocomposite for electrochemical sensors. The detailed description is 

presented in section 2.2.1.3. 

 

2.2.1.2 Metal oxides 

 

 Metal oxides play a very important role in many areas of chemistry, physics and 

material science. Generally metal elements form very large diversity of compounds with 

various stoichiometries and can form a number of structural geometries with electronic 

structure displaying metallic, insulator or semiconductor characters (Faleni & Moloto, 

2013).  
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 As is by now well known, nanostructured metal oxides have become an area of 

growing interest and importance in a wide range of fundamental studies and 

technological applications, due to their unique size and shape-dependent activities, 

optical, electronic, magnetic, chemical, electrochemical and mechanical properties when 

compared to their bulk counter parts (Helia & Yadegari, 2010). These characteristics of 

nanostructured metal oxides provide an ideal platform for electroanalysis, 

electrocatalysis and bio-catalysis applications, especially in sensor and biosensor 

fabrications (Tian et al., 2015; Butwong et al., 2014; Ci et al., 2014). 

 

 A number of metal oxides such as ruthenium oxides, iron oxides, titanium 

oxides, manganese oxides, vanadium pentoxide, nickel oxides and cobalt oxides have 

been investigated as the electrode materials for chemical sensor applications (Bai & 

Zhou, 2014; Zhang et al., 2014; Pang et al., 2012; Shim et al., 2012; Chauhan & Pundir, 

2011; Lenz et al., 2011; Li et al., 2010). Although, a wide variety of oxides exhibits 

sensitivity towards oxidising and reducing target analyte by a variation of their electrical 

properties, the oxides of cobalt and nickel were chosen for this study since they are 

found more effective as compared to other metal oxides and they are the first considered 

and still are the most frequently used materials for chemical sensor applications. 

 

Cobalt oxide 

 

 Cobalt oxide is p-type semiconducting material with a direct band gap of ~ 2.4 

eV (Ali et al., 2014). The nanoparticles of cobalt oxide exhibit excellent properties and 

are widely used in ceramics, drug delivery, adsorbent, rechargeable lithium ion 

batteries, sensors and electrochromic devices (Bhattacharyya & Snehesh, 2015; 

Chattopadhyay et al., 2013; Costa et al., 2013; Li et al., 2005; Kadam & Pati, 2001). 
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Among metal oxides, cobalt oxide has received much attention due to its electro-

catalytic properties, chemical stability and low cost.  

 

 Furthermore, nanostructured cobalt oxide with high specific surface area and 

enhanced electrochemical activity is particularly attractive for applying its 

electrocatalytic properties. For example, Lee et al. (2013) prepared CoOOH nanosheet 

array on a cobalt substrate via a simple alkaline treatment at room temperature and this 

simple growth of nanostructures on a conducting substrate allows their direct use as 

non-enzymatic glucose electrochemical sensor at higher potential. While, Li et al. 

(2014) reported a graphene-based hybrid nanomaterial by electrochemical deposition of 

cobalt oxide nanoparticles on the surface of electrochemically reduced graphene oxide 

deposited on a GCE and successfully applied to the determination of H2O2 in samples. 

Whereas, Salimi et al. (2008) reported a micromolar and/or nanomolar concentration 

range detection of arsenic(III) on cobalt oxide nanoparticles modified GCE using 

voltammetry and hydrodynamic amperometric techniques. Meng et al. (2011) described 

a sensor for determination of nitrite in water samples which was based on cobalt oxide 

nanoparticles deposited on the surface of MWCNTs/GCE. Hou et al. (2009) synthesised 

ordered mesoporous carbon/cobalt oxide nanocomposite by thermolysis and utilised it 

for glutathione detection. Kung et al. (2011) fabricated cobalt oxide acicular nanorods 

with high sensitivity for glucose detection. Excellent electrocatalytic properties and a 

relatively cheap, make cobalt a good choice for the development of enzyme-free 

sensors. 

 

 Besides, a few recent studies have shown that conducting polymers can be 

modified in different ways with cobalt oxide nanostructures. Yu et al. (2013) proposed a 

method for the fabrication of nanostructure cobalt oxide/over-oxidised PPy composite 
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film electrochemical sensing interface by two-step electrochemical techniques. They 

carefully studied the electrochemical properties, electrocatalytic activity; as well as the 

surface morphology (as shown in Figure 2.3 A) and revealed that this modified 

electrode exhibited good stability, good anti-interference ability, along with a high 

electrocatalytic activity to the oxidation of glucose. Whereas, Kumar et al. (2013) 

studied the structure and electrocatalytic activity of polypyrrole p-toluenesulfonate 

(PPy/pTS) supported cobalt catalysts for oxygen reduction reaction activity. Such 

PPy/pTS-Co catalyst, (Figure 2.3 B) were synthesised by in-situ surfactant mediated 

chemical oxidative polymerisation. Moreover, Olson (2010) synthesised Co-PPy based 

catalyst material with a commercially available 20 wt% polypyrrole supported on a 

carbon black in the presence of Co(II) and then studied the effects of Co loading and 

heat treatment on it. While, Guo et al. (2011) chemically synthesised polypyrrole-

cobalt-oxygen (PPy-Co-O) coordination complex (Figure 2.3 C) and then used as high-

performance lithium-storage materials. There is a number of conducting polymer-cobalt 

oxide nanostructures studies as earlier mentioned which were mostly related to the 

development of electro catalyst towards oxygen reduction reaction and there are only 

limited numbers of studies on its application in sensors. Therefore, the development of 

new conducting polymer-cobalt oxide based material for accurately detecting target 

analyte is still significant. 
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Figure 2.3: (A) SEM images of CoOx/OPyox/CCE (Yu et al., 2013); (B) SEM 

images of (a) PPy-Co and (b) PPy/pTS-Co (Kumar et al., 2013); (C) SEM images of the 

PPy-coated Co3O4 composite before and after PPy coating (Guo et al., 2011) 

 

Nickel oxide 

 

 Among various metal oxides, nickel oxide is the most promising material, which 

is extensively used as catalyst, battery cathodes, gas sensors, electro chromic films and 

magnetic materials (Wang, L. et al., 2012; Makhlouf et al., 1997), due to the advantage 

of natural abundance, low toxicity, good electrochemical stability and catalytic 

properties. It is considered as the p-type semi-conductor because of its wide band-gap 

energy range, which is from 3.6 to 4.0 eV (Das et al., 2013). 
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 Moreover, nickel oxide based composites have been extensively explored for the 

fundamental scientific and technological interests in accessing new classes of functional 

materials with unique properties and applications in energy storage devices, 

supercapacitors, electrochemical sensors and etc. (Nancy & Kumary, 2014; Nandapure 

et al., 2013; Kim et al., 2012; Idris, 2011). Composites of nickel oxide with various 

additives were prepared to improve their electrochemical performance including 

electrocatalysis, conductivity and stability (Aleahmada et al., 2011; Jia et al., 2011; 

Sonavane et al., 2010).   

 

 In recent years, a few studies on conducting polymer-nickel oxide composite 

materials have been investigated. For example, polyaniline/NiO nanocomposites via 

liquid/liquid interfacial polymerisation were prepared to evaluate electrical, 

electrochemical and magnetic properties (Bora et al., 2014). PPy-NiO composites have 

been synthesised by in situ polymerization method for dielectric spectroscopy (Seema & 

Prasad, 2014), polyaniline-supported Ni films for methanol oxidation (Nagashree & 

Ahmed, 2010) and PPy/Ni layers with enhanced cathodic activity for hydrogen 

evolution by electrodeposition (Orináková & Filkusová, 2010). Besides, Nalage et al. 

(2014) prepared PPy-NiO hybrid nanocomposite thin-film sensor by spin-coating 

method on glass substrate. The PPy-NiO hybrid nanocomposite thin film sensors were 

used to study room temperature gas-sensing properties for oxidizing (NO2, Cl2) as well 

as reducing (NO2, H2S, C2H5OH, NH3 and Cl2) gases. However, there are only few 

studies on conducting polymer-nickel oxide composite materials in sensor applications. 

Thus, the formation of conducting polymer-nickel oxide based material for sensor 

application is still considered. 
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2.2.1.3 Conducting polymer-metal oxide nanocomposite as electrochemical sensor 

 

 Recent research has shown that there is a growing interest to combine both 

conducting polymers and metal oxide materials for electrochemical sensor applications. 

In order to investigate the sensing properties of the conducting polymer-metal oxide 

nanocomposite towards chemical and the possible interaction involved, conducting 

polymer-metal oxide are typically fabricated with modified graphite or glassy carbon to 

form the electrodes to study their electrocatalytic capability. It is generally accepted that 

the sensing ability of a modified electrode is affected by several factors including, 

electrocatalytic activity, surface area, conductivity, chemical and electrochemical 

stability and surface properties, which are directly related to the physical and/or 

chemical properties of the electrode material. The idea of using 

composite/nanocomposite material as modified electrodes has been introduced to 

undertake the mentioned factors. The conducting polymer-metal oxide 

composites/nanocomposites lead to the possibility of enhancing one or more of the 

properties as mentioned earlier, either by improving the behaviour of the conducting 

polymer matrix or due to their intrinsic characteristics. In addition, loading metal oxide 

nanoparticles on conductive polymers produces nanocomposites with high active 

surface areas and enhanced electron transport, making the nanocomposites suitable 

materials for the fabrication of electrochemical sensors. The attractiveness of this 

approach can be seen from the rapidly increasing number of researches reporting 

successful sensing applications. 

 

 There are numbers of researches have been developed for conducting polymer-

metal oxide nanocomposite based electrochemical sensors. The most recent fabrications 
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of such electrochemical sensors are listed in Table 2.3. Some of them particularly PPy-

metal oxide based sensors are described in details as follows.    

 

 In a study conducted by Mahmoudian et al. (2014), the nanocomposite networks 

of polypyrrole-coated Fe3O4 nanostrip bundles were facilely prepared in one-step 

(Figure 2.4). The synthesised nanocomposite then fabricated as an electrochemical 

interface sensing for H2O2 and Pb(II) ions in hazardous materials. Figure 2.5 showed 

that PPy-Fe3O4 nanostrip bundles/GCE has a good catalytic performance of H2O2 and 

Pb(II), compared to PPy/GCE. The enhancement of catalytic performance of PPy-Fe3O4 

nanostrip bundles can be explained by two reasons: (i) a larger surface area for the 

interaction of Fe3O4 can be provided by the morphology of the PPy during the 

deposition of the Fe3O4, (ii) large amount of deposited Fe3O4 onto the surface enhances 

the large catalytic current. 

 

 

Figure 2.4: (a) FESEM of the PPy/Fe3O4 nanostrip bundles, (b) and (c) higher 

magnifications of (a), and (d) TEM of the PPy/Fe3O4 nanostrip bundles (Mahmoudian et 

al., 2014) 
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Figure 2.5: (A) The cyclic voltammetric behaviour of the PPy/Fe3O4 NBs/GCE (a 

and d) and bare GCE (b and c) with and without of 2.5 mM H2O2 in PBS (Na2HPO4 and 

NaH2PO4) with a pH of 7.5 at a scan rate of 50.0 mV s
-1

; (B) CVs of 10 μM Pb(II) on 

(1) PPy/Fe3O4 NBs/GCE (2), PPy/GCE and (3) bare GCE in 0.1 M PBS (Na2HPO4 and 

NaH2PO4) (pH 6.0). Scan rate: 100 mV s
-1

 (Mahmoudian et al., 2014) 

 

 Furthermore, Meng et al. (2013) studied an efficient non-enzymatic glucose 

biosensor, with CuxO/PPy nanocomposite modified Au as electrodes configuration. As 

shown in Figure 2.6, the current as a function of time was monitored at different glucose 

concentrations. The anodic peak becomes more apparent and the peak current gradually 

increases upon the addition of glucose to the electrolytic solution. It is found that 

CuxO/PPy/Au has excellent electrocatalytic activity towards the oxidation of glucose 

and the PPy nanowires finely dispersed CuxO nanoparticles and also the nanostructures 

CuxO nanoparticles significantly increased the electrocatalytic active areas and 

enhanced the electron transfer. Furthermore, the large pores in PPy nanowires provide 

high surface area for glucose molecules to be adsorbed, effectively transfer electrons 

between the Au and CuxO active sites and high mass transportation rate, which decrease 

the amount of oxidation products accumulated on the catalytic sites and avoid the 

electrode from fouling. 
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Figure 2.6: (A) CV scans of CuxO/PPy/Au in 0.1 M NaOH with and without of 0.5, 

1.0, 2.0 mM glucose at 50 mVs
-1

 scanning from 0 to 0.80 V; (B) Current-time responses 

of CuxO/PPy/Au with successive increasing glucose concentration at 0.6 V. The inset 

displays the enlarged diagram of the current-time response at low concentrations of 

glucose (Meng et al., 2013) 

 

 Liu et al. (2012) carried out a study on metal/conducting polymer composite for 

H2O2 detection, including cyclic voltammetric and amperometric response as shown in 

Figure 2.7. A continuous increase in the cathodic current density of the cyclic 

voltammogram can be evidently observed with the increasing H2O2 concentration, 

indicating strong electrocatalytic activities of the composite on reduction of H2O2. This 

can be justified due to the fact that the amplification effect of the metal-support 

interaction along with the electrocatalytic properties of the Ag NPs towards H2O2 is 

superior. In addition, the rapid response of the PPy/Ag/G electrode respective to each 

addition of H2O2 is shown in (Figure 2.7 B). The enhancement in amperometric current 

reaches the steady state within 5 s. The electrode displays a linear response and the 

sensitivity is sufficiently high. Moreover, vanadium pentoxide as a seeding template and 

microwave assisted nanocarbonisation both play an important role during the reaction 

process which result in PPy/Ag nanocomposites being an outstanding material for 

fabricating non-enzymatic H2O2 sensors.  
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Figure 2.7: (A) CVs of PPy-Ag nanocomposite modified graphite (PPy-Ag/G) 

electrodes in a 10 mM PBS solution with and without H2O2 at different concentrations 

(from top to bottom: 0, 0.1, 0.5, 1, 1.5, 2, 2.5, 3 mM). Scan rate: 20 mV s
-1

. (B) 

Amperometric responses of PPy–Ag/G electrodes upon successive addition of 0.1 mM 

(0.1-1.6 mM) in a stirred 10 mM PBS solution. Applied potential: -0.45 V. The inset 

displays the corresponding calibration curves of the electrodes in the measured H2O2 

concentration range (Liu et al., 2012) 

 

 As mentioned, conducting polymer/metal oxide nanocomposites have been 

synthesised in different techniques and developed for various electrochemical sensors. 

However, the conducting polymer/metal oxide based sensors are still developing and 

new techniques are continuously investigated around the world. 



 

Table 2.3: The most recent fabrication of conducting polymer-metal oxides for electrochemical sensor 

Conducting 

polymer 

Inorganic 

particles 

Method Analyte Electrode Linear range Detection 

limit 

Reference 

PPy Fe3O4 nanostrip 

bundles 

Chemical polymerisation of pyrrole in 

the presence of Fe(III) 

H2O2 

Pb(II) 

GCE 0.1-60 mM 

10-50 nM 

0.47 μM (Mahmoudian et 

al., 2014) 

POT Au/Cu 

nanoparticles 

Synthesised through a one-step 

seeding polymerization reaction 

Glucose G 1-30 mM - (Poyraz et al., 

2014) 

PPy ZnFe2O4 Chemical oxidative polymerisation of 

pyrrole on ZnFe2O4 nanoparticles 

Glucose GCE 0.1-8.0 mM 0.10 mM (Shahnavaz et 

al., 2014) 

PPy Mn nanowire Chemical polymerisation of pyrrole in 

the presence of Mn(III) 

H2O2 GCE 0.005- 0.09 

mM 

0.1-8 mM 

2.12 mM 

 

22.3 mM 

(Mahmoudian et 

al., 2013a) 

PPy CuxO 

nanoparticle 

CuxO nanoparticles deposited on PPy 

nanowires by electrodeposition and 

electrochemical oxidation in situ 

Glucose Au 0-8 mM 6.20 μM (Meng et al., 

2013) 

PEDOT Au Electrodeposition of Au on PEDOT 

coated carbon paper electrode 

Glucose C 0.03-10 µM 0.03 μM (Dash & 

Munichandraiah

, 2013) 

Over-oxidised 

PPy 

Co Prepared by two step electrochemical 

procedure 

Glucose CCE 0.2-0.024 µM 

0.24-1.4 mM 

0.05 μM 

0.05 μM 

(Yu et al., 2013) 

        



 

Table 2.3, continued. 

Conducting 

polymer 

Inorganic 

particles 

Method Analyte Electrode Linear range Detection 

limit 

Reference 

 

PPy Fe3O4 Incorporation of surface-modified 

magnetite nanoparticles during 

electropolymerisation 

H2O2 GCE 10-400 μM - (Bencsik et al., 

2012) 

Polianiline CoPC Electrochemical incorporation of non-

ionic CoPc into polyaniline film  

H2O2 GCE 2-18 µM - (Çeken et al., 

2012) 

PPy Microwave Ag 

Ag 

Chemical polymerisation of PPy 

nanofibril network with a high-loading 

of Ag particles  

H2O2 G 0.1-1.6 mM - (Liu et al., 

2012) 

Conducting 

polymer 

Inorganic 

particles 

Method Analyte Electrode Linear range Detection 

limit 

Reference 

PPy ZnO A mixture of ZnO nanoparticles and 

PPy was eletropolymerised on Pt 

electrode 

Xanthin

e 

Pt 0.8-40 μM 0.8 μM (Devi et al., 

2011) 

PPy hollow 

nanocapsules 

Pt  

Nanoparticles 

Prepared by using beta-akaganeite 

nanospindles as templates and 

methanoic acid as a reducing agent 

NADH GCE 0.04-0.8 mM 0.7 μM (Mao et al., 

2011) 

        



 

Table 2.3, continued. 

Conducting 

polymer 

Inorganic 

particles 

Method Analyte Electrode Linear range Detection 

limit 

Reference 

PPy Ag nanoparticles Prepared by heating a AgNO3 aqueous 

solution and pre-formed PPy colloids 

solution in the absence of any external 

reducing agent 

H2O2 GCE 0.1-90 mM 1.05 μM (Qin et al., 

2011) 

Over-oxidised 

PPy 

Pd/Si 

microchannel 

Electrodeposition of OPPy was 

performed on modified Pd/Si-MCP 

Glucose Pd/Si-

MPC 

1-24 mM 2.06 μM (Shi et al., 2011) 

PMT Pd, Pt 

nanoparticles 

Electrodeposition of Pt or Pd 

nanoparticles into PMT film over 

the surface of Pt electrode 

AA 

DA 

Pt disc 0.02-0.12 mM 

0.05-1 μM 

6 μM 

9 nM 

(Atta & El-

Kady, 2010) 

Polyaniline WO3 Electrochemical co-deposition of the 

composite on to carbon cloth 

BrO3
- 

ClO3
- 

NO2
- 

C cloth 40 μM-1.2 mM 

0.12-20 mM 

40 μM-2.5 mM 

4.8 μM (Zou et al., 

2011) 

PPy Pt hybrid hollow 

microspheres 

Prepared by wet chemical method 

via Fe3O4 template 

H2O2 GCE 1-8 mM 1.2 μM (Bian, X. et al., 

2010) 

Polyaniline  MoO3 Electrochemical co-deposition of the 

composite on to carbon cloth 

ClO3
- 

C 25 μM- 4.5 

mM 

17 μM (Bian, L.-J. et 

al., 2010) 

        



 

Table 2.3, continued. 

Conducting 

polymer 

Inorganic 

particles 

Method Analyte Electrode Linear range Detection 

limit 

Reference 

Polyaniline WO3 Electrochemical co-deposition of the 

composite, starting from aniline and 

H2WO4-containing solution 

IO3
−
 C cloth 10-500 μM 2.7 μM (Zou et al., 

2010) 

PEDOT, 

polyazulene 

Prussian blue Composites were prepared in different 

configurations by electrochemical 

methods 

DA 

4-Nitro-

phenol 

Pt disk 30- 90 μM 

2-100 μM 

8.23 μM 

0.12 μM 

(Lupu et al., 

2009) 

Polyaniline Fe3O4 Chemical polymerisation of aniline in 

the presence of magnetite 

nanoparticles 

DA C 1-50 μM - (Radhakrishnan 

et al., 2009) 

PPy Cu Electropolymerised Cu nanoparticles 

on the electrode modified with PPy 

nanowires 

H2O2 Au 0.007-4.3 mM 2.3 μM (Zhang et al., 

2008) 
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2.2.2 Silica-titania oxide composites 

 

 Silica-titania oxide composites are very important developed materials and 

catalysts. They have attracted great interest in academic and research laboratories as 

well as to be used in several applications (Hou et al., 2008; Mikushina et al., 2008; Shu 

et al., 2007; Husing et al., 2002).  

 

 There has been a great bulk of research on the different preparation methods for 

creating a solid Si-Ti oxide material. Several characteristics such as, pore size, surface 

charge, mechanical strength and adsorption sites of the final product are dependent on 

the synthesis conditions and the type of interaction between Si and Ti oxides. There are 

two forms of interaction: physical forces of attraction (such as Van der Waals forces) 

and chemical bonding (creation of a Ti – O – Si bond). The physically supported TiO2 

on SiO2 preparation methods have been the least researched, while the chemically 

bonded TiO2 on SiO2 methods (also called mixed oxides) have been thoroughly 

investigated (Londeree, 2002). 

 

 The Si-Ti oxides materials properties are intensely relied on the preparation 

pathway. The approaches employed for the synthesis of binary oxide nanomaterials 

include conventional solid state mixing, co-precipitation, hydrothermal and sol-gel 

processes (Mahyar et al., 2010; Chen et al., 2009; Huang et al., 2009; Jin et al., 2009; 

Colon et al., 2002). Amongst these methods, the most widely and effectively used 

methods of preparation for creating mixed oxides are sol-gel hydrolysis and co-

precipitation. The use of the sol-gel route to prepare raw Si-Ti oxides solids lets us to 

obtain materials with high homogeneity and good titanium dispersion and to control 

their composition and properties (Ren et al., 2008).  
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 The alkoxide sol-gel route was found to be the most frequently used method for 

the preparation of the Si-Ti materials. Tetraethylorthosilicate (TEOS) and titanium (IV) 

isopropoxide (TTIP) precursors are mostly used to produce mixed Si-Ti oxide materials. 

Table 2.4 shows their chemical and physical properties. The main challenge faced for 

success in the preparation of materials in which silica and titanium are mixed in the 

atomic or molecular level is the difference in the reactivity of TEOS and TIP towards 

hydrolysis and condensation reactions (Vives & Meunier, 2008). TEOS is identified to 

be less sensitive to hydrolysis compared to other transition metal alkoxides, in other 

words, Si is less electropositive and it has no coordination under saturation in 

Si(O(C2H5))4 (Brinker & Scherer, 1990). In the case of silicon alkoxides, acid or basic 

catalysts are suggested to be used to improve the hydrolysis and condensation reactions. 

On the other hand, TIP is a common precursor for being used in titania-based sol-gel 

and is very sensitive to hydrolysis due partially to its monomeric form in organic 

solution (Babonneau et al., 1988) leading to a rapid precipitation of a poly-disperse 

product (Brinker & Scherer, 1990). In order to reduce the reactivity of TIP, it is 

probable to modify this precursor using in acidic medium. 

 

Table 2.4: Chemical and physical properties of alkoxide precursors 

Properties TEOS TTIP 

Chemical structure 

  

Molecular formula SiC8H20O4 C12H28O4Ti 

Molar mass 208.33 gmol
-1

 284.215 gmol
-1

 

Appearance colourless liquid colourless to light-yellow liquid 

Density 0.933 gmL
-1

 0.96 gmL
-1

 

Melting point -77 °C 17 °C 

Boiling point 166 to 169 °C 232 °C 

Solubility in water 
miscible, but readily 

decomposes 
reacts to form TiO2 
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2.2.2.1 Sol-gel chemistry 

 

 Sol-gel chemistry offers an effective methodology for the synthesis of 

macromolecular materials under extraordinarily mild thermal conditions, typically at 

room temperature. The room temperature operation, inherent in sol-gel chemistry, 

enables the material synthesis process by easing the operational requirements on 

equipment specification and laboratory safety. A sol is a colloidal suspension of 

particles, while the term gel refers to the semi-rigid material formed when the colloidal 

particles link together in a liquid to form a network. Sol-gel precursors consist of metals 

or metalloids surrounded by various ligands, of which the most widely used is metal 

alkoxide (Londeree, 2002). Aluminates, titanates, borates and silicates are the examples 

of the alkoxides that can be used to create a sol-gel. The classical sol-gel process can be 

divided into four characteristic steps (Figure 2.8): 

1. Generation of a stable solution of molecular metal precursors (the sol). 

2. Formation of a bridged network by condensation reactions, gelation with 

increasing viscosity (the gel). 

3. Ageing of the gel with on-going condensation: Formation of a solid mass and 

expulsion of solvents. 

4. Drying of the gel, removal of water and solvents by thermal treatment (xerogel) 

or by extraction at super-critical conditions (aerogel). 
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Figure 2.8: Reaction steps of the sol-gel process leading to a condensed inorganic 

network (Szeifert, 2011) 

 

 The simplicity and versatility of the sol-gel process allows it to be used more 

efficiently for sensing application especially biosensors. Compared to chemical methods 

to immobilise enzymes, sol-gel encapsulation is a powerful tool for improving the 

properties of biomolecules immobilised for use as biosensors or biocatalysts 

(Hernandez & Fernandez-Lafuente, 2011). A great amount of biomolecules have been 

immobilised by sol-gel techniques and they show better enzymatic activity and stability 

(Pastor et al., 2010). However, there are also some disadvantages in the process of sol-

gel immobilisation, such as shrinkage of the gel during the process of condensation and 

drying, which can cause denaturation of the enzyme (Souza et al., 2013).  

 

 One way to solve these problems is to use additives to stabilise enzymes and 

support in gel formation within arrays. Currently, the use of room temperature ionic 

liquids as additives in the immobilisation process has been stated, which increases the 

activity and stability of immobilised enzymes by modifying the hydration shell of the 

enzyme and decreasing the shrinkage of the gel (Souza et al., 2013). 
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2.2.2.2 Room temperature ionic liquid 

 

 Ionic liquids can be described as compounds composed entirely of ions that are 

liquid at a temperature less than 100 ºC. Those salts with very low melting points, so 

called room-temperature ionic liquids (RTILs), are most desirable solvents for reactions 

and processes. The mostly used cations are those containing imidazolium, pyridinium, 

phosphonium, pyrrolidinium, tetraalkylphosphonium, tetraalkylammonium and 

rialkylsulfonium, normally combine with anions such as tetrafluoroborate 

hexafluorophosphate, tri-fluorotris(pentafluoroethyl)phosphate, thiocyanate, 

dicyanamide, ethyl sulfate and bis(trifluoromethylsulfonyl)amid (Shiddiky & Torriero, 

2011). Compared to conventional organic solvents, RTILs have several favourable 

properties including extremely low vapour pressure, low flammability, a wide liquid 

range, high thermal conductivity, high ionic conductivity and good dissolution power 

towards many substrates, high chemical and thermal stability and a wide 

electrochemical potential window (Zhao, 2010).  

 

 Another important application of RTILs is to include them into conventional 

matrixes (such as biopolymers, cellulose, carbon nanotube, metal nanoparticles and sol-

gel based silica matrixes) to form stable composite materials, which have drawn huge 

attraction due to their unique properties (Liu et al., 2005c; Turner et al., 2004; Zhao et 

al., 2004; Han et al., 2010). These composite materials merge multifunctional properties 

of materials involved in preparing the composites. In electrochemical biosensors, these 

composite materials can also be used as immobilising matrix to entrap proteins and 

enzymes, which offer a favourable microenvironment for redox proteins and enzymes to 

maintain their bioactivity and perform direct electrochemistry and electrocatalysis. For 

examples, Liu et al. (2005c) improved activity and thermal stability of HRP after 
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immobilising in [C4MIm][BF4] based sol-gel, Lee and his co-researchers (Lee et al., 

2007a; Lee et al., 2007b) studied a variety of RTILs and their mixtures as additives 

during the sol-gel immobilisation of Candida rugosa lipase and achieved greater 

hydrolytic and esterification activities of sol-gel encapsulated lipase coated with RTILs 

as compared to that without RTILs. Furthermore, Hara et al. (2009) immobilised lipase 

PS from Burkholderia cepacia in a sol-gel and obtained higher enzyme stability in 

[C2MIm][BF4], [C2MIm][NTf2] and [C4MIm][PF6]. 

 

2.2.2.3 Silica-titania composite as enzyme-based electrochemical sensor 

 

 The design of sol-gel sensing materials, depend on the careful choice of the 

starting alkoxide, encapsulated reagents and preparation conditions, allows altering of 

material properties in a broad range and provides great promise for the development of 

electrochemical biosensors. The interesting properties of sol-gel materials including the 

simplicity of preparation, low-temperature encapsulation, tuneable porosity, chemical 

inertness, negligible swelling, optical transparency and mechanical stability, make them 

promising materials in the development of chemical sensors and biosensors. Early 

activities in sol-gel based sensors have been focused towards optical devices because 

the favourable optical properties of silica. However, the versatility of sol-gel processes 

and materials are also found to be very useful in the electrochemical devices.  

 

 Sol-gel derived composite electrodes have increasingly become advantageous 

for the design of electrochemical sensors. Nowadays, the sol-gel derived silica and 

titania materials in the presence of ionic liquids have attracted considerable interests. In 

spite of some studies on sol-gel derived titania with ionic liquids (Kaper et al., 2010; 

Chen, S. Y. et al., 2007; Ding et al., 2007), still the researches related to the enzymatic 
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sensor need to be improved. There are several studies related to sol-gel derived silica 

with ionic liquid that have been used in enzymatic electrochemical sensors and a few 

are depicted below. This study may open a new scope in sol-gel field for fabricating 

enzyme-based electrochemical sensor. 

 

 Liu et al. (2005b) developed a H2O2 biosensor based on [C4MIm][BF4] sol-gel 

hybrid material, in which the cyclic voltammogram (Figure 2.9) displayed a well-

defined oxidation and reduction peaks for Fc. After addition of H2O2, a typical 

voltammogram exhibited a sharp increase of the reduction current and a simultaneous 

decrease of the oxidation current. These phenomena showed that Fc could effectively 

transfer electrons from the surface of the GC electrode to the redox centre of HRP 

immobilised in the IL-silica gel. 

 

 

Figure 2.9: Cyclic voltammograms of the [C4MIm][BF4] enzyme electrode at a scan 

rate of 50 mVs
-1

 in 0.05 M PBS (pH 7.0) containing (a) 0, (b) 0.02 mM H2O2 (Liu et al., 

2005b) 

 

 Yang et al. (2007) have firstly incorporated a polyelectrolyte-functionalised 

ionic liquid (PFIL) into a sol-gel organic-inorganic hybrid material to immobilise 

glucose oxidase (GOx) for glucose detection. As shown in Figure 2.10, the current as a 
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function of time was monitored at different glucose concentrations. The results showed 

that the current response at the GOx/PFIL/sol-gel/GCE with the increase of glucose 

concentration is much higher compared to that at the GOx/sol-gel/GCE. It seems that the 

PFIL enhanced the electrochemical glucose response because of its high ion 

conductivity, biocompatibility and fast substrate diffusion. 

 

 

Figure 2.10: Steady-state response of (a) GOx/sol-gel/GCE and (b) GOx/PFIL/sol-

gel/GCE with successive addition of glucose concentration (0.4 mmol/L each step). 

Applied potential: 1.05 V vs. Ag/AgCl (in saturated KCl). Insert displays a 

magnification of the second addition of glucose (Yang et al., 2007) 

  

2.3 Analyte of interest 

 

 Hydrogen peroxide and glucose are two species, which have been targeted in 

this research. In this section, the introduction to this species, as well as the major 

applications for sensing them is going to be well described. 
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2.3.1 Hydrogen peroxide 

  

 Louis Jacque Thenard discovered hydrogen peroxide (H2O2) in 1818 (Campos-

Martin et al., 2006). Each H2O2 molecule contains two bonded oxygen atoms, each with 

one hydrogen molecule attached (H-O-O-H). Due to intermolecular repulsion, H2O2 

molecule has a skew chain structure as shown in Figure 2.11. H2O2 is a colourless liquid 

which is miscible with water and glycerine in all proportions. Pure H2O2 boils at 150.2 

ºC, freezes at -0.43 ºC and has a density 1.44 gml
-1

 at 25 ºC. 

 

 

Figure 2.11: Skew chain structure of H2O2 molecule 

 

 H2O2 has wide applications in industrial process and plays a fundamental role as 

an intermediate in many biological reactions. The applications of H2O2 include food 

processes, textile industry, pulp and paper bleaching, pharmaceutical research, clinical 

laboratory, medical diagnostics, environmental analysis, antiseptic and disinfecting 

agents, beverage packages, cleaning product, minerals processes and biochemistry 

(Chen, S. et al., 2013). Moreover, H2O2 is involved in several biological events and 

intracellular pathways and is the by-product of some classic biochemical reactions 

catalysed by enzymes such as glucose oxidase, cholesterol oxidase, glutamate oxidase, 

lactate oxidase, alcohol oxidase, D-amino acid oxidase, lysine oxidase and oxalate 

oxidase (Chen et al., 2012).  

 

 In contrast, the biological researches showed that H2O2 has a close relationship 

with human metabolism and accumulation of H2O2 can cause serious injury to cells 
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through base modifications and strand breakage in genomic DNA (Roninson, 2003), 

damage to lysosomal membranes (Antunes et al., 2001) and induction of apoptosis 

(Geiser et al., 2004). Furthermore, H2O2 can play a damaging role in tumour occurrence 

(Valko et al., 2004). Hence, the development of simple, sensitive, selective and accurate 

determination methods of H2O2 is significant in environmental, industrial, clinical, 

pharmaceutical and biomedical analyses. 

 

 There are a number of determination techniques for H2O2, such as 

chemiluminescence (Xu et al., 2010), fluorescence (Abo et al., 2011), chromatography 

(Toyo’oka et al., 2003) and spectrophotometry (Nogueira et al., 2005). However, most 

of them exhibit their own technical drawbacks such as low sensitivity and selectivity, 

time consuming, susceptibility to interferences and complicated or expensive 

instrumentation (Chen, S. et al., 2013). With high sensitivity and selectivity, fast 

response, practicality, simplicity, low-cost and convenient operation, electrochemical 

sensors have been an optimal choice to actualise the accurate and sensitive detection of 

H2O2. 

 

 To date, different electrochemical methods have been studied for quantitation of 

H2O2 based on oxidation or reduction on modified electrode surfaces. Several 

electrochemical sensors have been prepared based on catalysis of immobilised bio-

macromolecules, such as horseradish peroxidase (Wang & Wang, 2004), haemoglobin 

(Chen, S. et al., 2007) and myosin (Yang et al., 2006), towards H2O2 reduction. 

However, their uses have been limited due to some disadvantages of those biomaterials 

including high cost, instability and critical demand on the environmental condition. In 

order to attain the disadvantages of enzyme sensors, the development of non-enzyme 

H2O2 sensors has become a trend. 
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 Non-enzyme H2O2 sensors have the advantage of simplicity, low cost, high 

sensitivity, fast response time and convenient operation. Recent advancement in 

fabrication of nanomaterials has offered new platforms for the non-enzymatic H2O2 

sensing applications. The performances of these sensors are heavily dependent on the 

modified nanomaterials. Therefore, exploring new nanomaterials for the accurate and 

rapid detection of H2O2 is highly demanding. Herein, a non-enzymatic and an enzymatic 

based electrochemical sensor were developed for H2O2 detection. 

 

2.3.2 Glucose 

 

 Glucose is a monosaccharide or simple sugar with formula C6H12O6 or H-

(C=O)-(CHOH)5-H, as shown in Figure 2.12, whose five hydroxyl (OH) groups are 

arranged in a specific way along its six-carbon back. It is also known as dextrose or 

grape sugar. All forms of glucose are colourless and easily soluble in water, acetic acid, 

and only sparingly soluble in methanol and ethanol. 

 

 

Figure 2.12: The chemical structure of glucose 

 

 Glucose is widely distributed in nature. The plants mainly obtain it through the 

photosynthesis and animals primarily through the diet. Glucose can also be obtained by 

decomposition through the hydrolysis of other carbohydrates such as starch, cellulose, 

maltose or glycogen. Industrially, it is obtained from starch with use of acids or by 

hydrolysis. It is used as a sweetener in food industry and also in leather and dyes 
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industries. In medicine, the glucose is given intravenously to treat dehydration or 

intravenous feeding.  

 

 Moreover, glucose is widely distributed in human blood and the increasing 

amount of glucose concentration in blood could lead to diabetes mellitus. The diabetes 

mellitus has become one of the major health concerns worldwide. This metabolic 

disorder caused from insulin deficiency and hyperglycaemia is reflected by blood 

glucose concentrations higher than the normal range of about 3.9 – 6.2 mM (empty 

stomach) or 3.9 – 7.8 mM (2 h after food) (Chen, C. et al., 2013). Therefore, it is vital to 

develop fast, stable and accurate technologies to detect glucose levels, not only in blood 

but also in other sources such as foods and pharmaceuticals. 

 

 To date, various technologies for glucose detection have been reported including 

high performance liquid chromatography method (Ma, C. et al., 2014), 

fluorophotometry (Jin et al., 2011), spectrophotometric assay (Kanchana et al., 2007), 

electro-chemiluminescence (Liu et al., 2008), electrochemical sensors or biosensors 

(Ciftci et al., 2014; Shua et al., 2014) and etc. Among them, the electrochemical 

methods were proven as effective approaches for the detection of glucose due to the 

simplicity of the instrumentation and operation.  

   

 Electrochemical methods, especially amperometric methods, have been widely 

utilised in glucose sensing. The enzymatic and the non-enzymatic sensing of glucose are 

the two main categories of electrochemical glucose sensing which have been 

extensively investigated and utilised. Although, commercially available glucose sensing 

devices are controlled by enzymatic systems, there has been growing research interest in 

enzyme-less glucose sensors since last decade, especially those based on nanomaterials. 
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The developing nanotechnology has brought new opportunities and ideas for the 

development of creative enzyme-less glucose sensors. The nanostructured electro-

catalysts promise to solve the problems associated with enzyme-less electrode such as 

poor selectivity and surface fouling and nanomaterials based enzyme-less biosensors 

demonstrated higher sensitivity compared enzymatic systems (Si et al., 2013). In this 

regard, herein conducting polymer-metal oxide composite was developed for non-

enzymatic glucose sensor. 



53 
 

CHAPTER 3  

 

METHODOLOGY 

 

 In this chapter the experimental techniques and apparatus employed during the 

course of this research are outlined. The procedure for the experiments undertaken also 

detailed. 

 

3.1 Reagents and apparatus 

 

 The chemicals and reagents used in this research together with the purities and 

sources are listed in Table 3.1. They all were used in the form they were received. The 

general apparatus for materials preparation and electrochemical measurements are given 

in Table 3.2. 

 

Table 3.1: Reagents used for materials synthesis and sensor development 

Chemicals Grade Supplier 

1-butyl-3-methylimidazolium 

bis(trifluoromethylsulfonyl)imide 

98% Sigma-Aldrich 

Acetone 99% Sigma-Aldrich 

Cobalt(II) chloride hexahydrate 97% Sigma-Aldrich 

D(+)-glucose 99.5% Sigma-Aldrich 

Ethanol, absolute 99% J.Kollin Chemical 

Fructose 99% Sigma-Aldrich 

Glycine 98% Friendemann Schmidt 

Horseradish peroxidase - Sigma-Aldrich 

Hydrazine 51% Acros Organic 

Hydrochloric acid 98% Sigma-Aldrich 

Hydrogen peroxide 30% Friendemann Schmidt 

Hydrogen phosphate disodium 99% Friendemann Schmidt 
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Table 3.1, continued. 

Chemicals Grade Supplier 

L(+)-ascorbic acid 99% Sigma-Aldrich 

Nafion 117 solution ~5% in a mixture of lower 

aliphatic alcohol and water 

Fluka 

Nickel(II) chloride hexahydrate 97% Sigma-Aldrich 

Potassium permanganate 99% Acros Organic 

Pyrrole 98% Alfa Aesar 

Sodium dihydrogen phosphate 99% Friendemann Schmidt 

Sodium hydroxide 99% Sigma-Aldrich 

Sucrose 99% Sigma-Aldrich 

Sulphuric acid 95.9% R&M Chemicals 

Tetraethylorthosilicate 98% Sigma-Aldrich 

Titanium(IV) isopropoxide 97% Sigma-Aldrich 

Uric acid 95.9% Sigma-Aldrich 

 

Table 3.2: Apparatus 

Apparatus Model or Specification Manufacturer 

Centrifuge 2420 KUBOTA 

Electronic balance AX224 Sartorius 

Hot plate and magnetic stirrer D-91126 Heidolph 

Oven FAC-100 PROTECH 

Ultrasonicator LUC-405 LabTech 

 

3.2 Instrumentations 

 

3.2.1 Field emission scanning electron microscopy and energy dispersive x-ray 

analysis 

 

 Field emission scanning microscopy (FESEM) is generally used in order to 

generate high-resolution images to visualise very small topographic details on the 

surface, entire or fractioned objects. The FESEM is usually equipped with an energy 
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dispersive x-ray analysis (EDX) system enable it to perform compositional analysis on 

specimens. FESEM Quanta FEG 450 (FEI, Hillsboro, OR, USA) is used to examine, 

document and analyse the surface morphology or near surface structure of materials and 

components. The PPy-Co and PPy-Ni samples for FESEM and EDX were prepared by 

dropping the suspension onto the Indium Tin Oxide (ITO) glass slide surface and then 

dried overnight at room temperature prior to analysis. Whereas, the Si-

Ti/[C4MIm][NTf2] for FESEM and EDX were prepared by placing the samples over 

sticky conducting tape attaching to the FESEM sample holder prior to measurement. 

 

3.2.2 X-ray powder diffraction 

 

 X-ray powder diffraction (XRPD) takes advantage of the coherent scattering of 

x-ray by crystalline materials to obtain a wide range of crystallographic information 

including orientation, composition, phase, crystallinity and particle size. The samples 

were characterised by using Cu-Kα irradiation with a PAN analytical EMPYREAN X-

ray diffractometer operated at 40 kV and 100 mA. The samples were mounted on a 

sample holder and scanned from 10 º to 90 º at a speed of 3 º per minute. 

 

3.2.3 Fourier Transform InfraRed 

 

 Fourier Transform InfraRed (FTIR) spectroscopy records the interaction of a 

single beam of undispersed IR radiation with a sample, measuring the frequencies at 

which the sample absorbs the radiation and the intensities of the absorptions. Chemical 

functional groups are known to absorb light at specific frequencies. Thus, the chemical 

structure can be determined from the frequencies recorded. FTIR spectra for synthesised 

materials were recorded on a Perkin-Elmer RX1 FTIR spectrometer using potassium 
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bromide (KBr) pellets at a weight ratio of sample: KBr = 1:10. All the samples were run 

in the spectral region range of 400 – 4000 cm
-1

. 

 

3.2.4 Thermogravimetric analysis 

 

 Thermogravimetric analysis (TGA) is effective for quantitative analysis of 

thermal reactions that are accompanied by mass changes such as dehydration, 

evaporation, decomposition and desorption. In this technique, the change in the weight 

of the sample is measured while the sample is heated at a constant rate. TGA was 

conducted on a thermal analysis instrument (Pyris TGA 400) with a heating rate of 10 

ºC/min under a nitrogen atmosphere at flow rate of 20 mL/min. 

 

3.2.5 Brunauer-Emmett-Teller 

 

 Brunauer-Emmett-Teller (BET) analysis offers specific surface area evaluation 

of materials by nitrogen multilayer adsorption measured as a function of relative 

pressure using a fully automated analyser. The technique includes external area and 

pore area evaluations to determine the total specific surface area providing information 

of surface porosity and particle size. The surface area and porous properties of the 

synthesised composites were measured through the nitrogen adsorption-desorption 

analysis at 77 K on the surface area analyser (Quantachrome, Boynton Beach, FL, 

USA). The samples were previously degassed at 393 K overnight.  
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3.2.6 Carbon, Hydrogen and Nitrogen analysis 

 

 Carbon, Hydrogen and Nitrogen (CHN) analysis was performed on the Perkin 

Elmer CHNS/O 2400 Series II analyser. The samples were weighted between the ranges 

of 1.5 – 2.0 mg. 

 

3.2.7 Electrochemical analysis 

 

 Electrochemical measurements were performed with an Autolab model 

PGSTAT-302N controlled by USB_IF030 (Metrohm Autolab) interface and card 

connected to a computer. Cyclic voltammetry (CV) and chronoamperometry 

measurements were performed in aqueous solutions of phosphate buffer solution (PBS, 

pH 7.0) and sodium hydroxide (NaOH, 0.1 M) for hydrogen peroxide and glucose 

detection, respectively. Chronoamperometry measurements were performed under N2-

saturated steady state and stirring condition, by applying a constant potential to the 

working electrode. After the background current became stable (about 100 s), a 

subsequent addition of prepared target analyte solution was applied and the current was 

measured.  

 

 A standard three-electrode electrochemical cell configuration was employed for 

all electrochemical experiments. This consists of a working electrode, a reference 

electrode and a counter/auxiliary electrode as shown in Figure 3.1. The working 

electrode used was a highly polished glassy carbon disk supported into a solvent-

resistant CTFE plastic body (7.5 cm length x 6 mm OD) and the electrode disk diameter 

is 3.0 mm, called glassy carbon electrode (GCE). Prior to each experiment, the GCE 

was carefully polished with 1.0 μm, 0.3 μm and 0.05 μm alumina powder on polishing 
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cloth and rinsed thoroughly with distilled water. Then the electrode was sonicated in 

acetone/ethanol (1:1, v/v) mixture for 3 minutes and finally rinsed with distilled water. 

The counter electrode consisted of high surface area platinum (Pt) wire with 7.5 cm in 

length and regularly burnished with silicon carbide based abrasive paper, smoothed, 

cleaned and sonicated in distilled water. The reference electrode was a saturated 

calomel electrode (SCE).  

 

 

Figure 3.1: A schematic of the three-electrode cell used for electrochemical 

measurements 

 

3.3 Conducting polymer/metal oxide composite/nanocomposite 

 

3.3.1 Synthesis of PPy-metal oxide composite/nanocomposite 

 

 1 mL of 0.1 M metal-hexahydrate solution was added into 30 mL of 7 M NaOH 

solution and the reaction was continuously stirred at 500 rpm with a mechanical stirrer 

at room temperature to obtain a homogenous solution. Then, 0.5 mL of pyrrole 
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monomer was added. After 30 min, the solution colour turned from light to dark, which 

indicates the completion of polymerisation. Then, 0.01 mL hydrazine monohydrate was 

injected into the reaction mixture to accomplish the solvothermal reduction and the 

reaction temperature increased to 60 ºC at 1.5 ºCmin
-1

 and was continued for another 60 

min. Finally, the reaction mixture was centrifuged at 4000 rpm for 10 min to separate 

the PPy-metal oxide composites from the solution, followed by drying in a vacuum 

oven at 60 ºC for 24 h. Besides, the whole procedure was repeated in the absence and 

with different content of pyrrole monomer to understand the effect of PPy.  

 

3.3.2 Preparation of modified GCE with synthesised composite materials 

 

 1 mg of the synthesised PPy-metal oxide composites were dispersed into 1 mL 

of distilled water and 10 μL of Nafion using ultra-sonication until a homogenous 

suspension was obtained. Then, 10 μL of the homogenous suspension was dropped on 

to the surface of a polished GCE and dried at room temperature. 

 

3.4 Si-Ti/[C4MIm][NTf2] composites 

 

3.4.1 Synthesis of Si-Ti mixed oxide with [C4MIm][NTf2] 

 

 In order to obtain the desired composition of the product, since the hydrolysis 

rate of the tetraethylorthosilicate (TEOS) is smaller than titanium(IV) isopropoxide 

(TTIP), TEOS was partially hydrolysed in absolute ethanol (EtOH) being stirred in the 

presence of 0.1 M aqueous hydrochloric acid (HCl). The molar ratio for TEOS: EtOH: 

HCl was 1: 8: 0.05. After 1 h stirring at room temperature, the solution of TTIP (TEOS: 

TTIP = 1:1 molar ratio) in absolute EtOH (TTIP: EtOH = 1:20 molar ratio) was added 
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and a clear aqueous sol was obtained under vigorous stirring. The [C4MIm][NTf2] was 

then added into the sol and stirred until a homogenous solution was obtained. Various 

weight percentages (wt%) of [C4MIm][NTf2] to TEOS were selected to investigate the 

effect of ionic liquid content on the gel. Then, the sols were left for 24 h at room 

temperature. After that, the samples were placed in an oven at 80 ºC to remove water 

and solvent. For nitrogen adsorption-desorption analysis, the entrapped [C4MIm][NTf2] 

was extracted by refluxing the products in ethanol and acetone for 6 h. The subsequent 

products were then dried at 80 ºC. The final products were white monoliths. 

 

3.4.2 Preparation of the mediated enzyme modified GCE 

 

 The mediated horseradish peroxidase (HRP) electrode was prepared as follows: 

10 μL of ferrocene (Fc) dissolved in ethanol solution (7.5 mg/1 mL) was dropped on the 

cleaned surface of GCE and allowed to dry at room temperature. Then, 1 mg of HRP 

was dissolved in 50 μL of 0.05 M phosphate buffer solution (PBS) (pH 7.0) and 20 μL 

of the mixture was added to 20 μL of the silica-titania/[C4MIm][NTf2] sol. The above 

mixture was hand-mixed thoroughly and a homogenous solution was obtained. Then, 10 

μL of the new mixture was dropped on the surface of Fc/GCE and allowed to dry at 4 

ºC for 24 h. Before the electrochemical measurement, the mediated enzyme electrodes 

were washed with 0.05 M PBS (pH 7.0). All the enzyme electrodes were washed 

thoroughly with 0.05 M PBS (pH 7.0) and stored at 4 ºC in a dry state unless otherwise 

specified. 
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3.5 Method Validation 

 

3.5.1 Linearity 

 

 Linear range calibration curves were plotted in certain concentration ranges of 

target analyte. After the preparation of different working solutions containing standards 

of target analyte, the calibration curve was obtained by plotting the current on y-axis 

against concentration of target analyte on x-axis. The concentrations of calibration 

standards were analysed and the linearity was evaluated by the correlation coefficient 

(R
2
).  

 

3.5.2 Limit of Detection and Limit of Quantification 

 

 There are number of terms that have been used to define Limit of Detection 

(LOD) and Limit of Quantification (LOQ). In general, the LOD described as the lowest 

concentration of an analyte is a sample that can be detected but not necessarily 

quantified under the stated conditions of the test (Shrivastava & Gupta, 2011). The LOQ 

is the lowest concentration of an analyte in a sample that can be determined with 

acceptable precision and accuracy under the stated conditions of the test (Shrivastava & 

Gupta, 2011). The LOD and LOQ in this thesis were estimated by using the following 

Eq. 3.1 (Shrivastava & Gupta, 2011).  

 

                       (3.1) 

 

Where, 

F: signal-to-noise ratio of 3 and 10 for LOD and LOQ, respectively 
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SD: Standard deviation of blank solution  

b: Slope of the regression line 

 

3.5.3 Precision 

 

 The precision of the sensor was evaluated by replicate analysis of the real 

sample containing target analyte. It was evaluated at different concentration levels and 

the precision was estimated by relative standard deviation (RSD) using formula Eq. 3.2, 

where SD is standard deviation (Eq. 3.3), x is the result of every measurement and    is 

mean of the measurements. 

 

                                   
  

  
          (3.2) 

 

                          
       

 

   
      (3.3) 

 

3.5.4 Recovery 

 

 The average recoveries for target analyte were evaluated at different 

concentration levels with each repeating four times. Recoveries were evaluated using 

the formula Eq. 3.4. Thus, the concentration of measured samples compared to the one 

of reference standards prepared, % recovery could be calculated. 

 

             
                                                    

                                          
      

(3.4) 
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3.6 Real sample analysis 

 

 The determination target analyte in real samples was performed on the modified 

sensor using standard addition method (Kelley et al., 1992). Moreover, the standard 

potassium permanganate titration procedure (Kenkel, 2003) and UV-Vis spectroscopy 

technique were used as a reference for checking the hydrogen peroxide and glucose 

sensors accuracy, respectively. 

 

3.6.1 Standard addition method 

 

 The procedure for standard addition is to add 1 mL of the sample into six 

separate volumetric flasks. The first flask is then diluted to volume with the aqueous 

solution up to 5 mL. Standard analyte solution is then added to increasing volumes to 

the subsequent flasks (except first flask) and each flask is then diluted to volume with 

the aqueous solution up to 5 mL. The instrument response is then measured for all of the 

diluted solutions and the data is plotted with volume standard added in the x-axis and 

current response in the y-axis. These steps are repeated four times for different 

concentrations of standard solution of target analyte. Linear regression as shown in 

Figure 3.2, is performed and the slope (m) and y-intercept (b) of the calibration curve 

are used to calculate the concentration of target in the sample. From the linear 

regression:   

 

                          (3.5) 

 



64 
 

 Conceptually, if the curve starts where the current response is zero, the volume 

of analyte standard solution (VSD) from that point to the point of the first solution on the 

curve (x = 0) contains the same amount of target as the sample. So, 

 

                       (3.6) 

 

Where, 

VS: Volume of the sample 

VSD: Volume of the analyte standard solution 

CS: Concentration of the sample 

CSD: concentration of analyte standard solution 

 

Combining Eq. 3.5 and Eq. 3.6 and solving for concentration of sample results in: 

 

    
    

   
          (3.7) 

 

And one can then calculate the concentration of analyte in the sample from the slope 

(m) and intercept (b) of the standard addition calibration curve. 
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Figure 3.2: Linear regression 

 

3.6.2 Titrimetric determination of H2O2 in real sample 

 

 A burette was filled with 0.025 M potassium permanganate (KMnO4) solution 

until the liquid level is just above the zero mark. The stopcock on the burette was open 

to allow air bubbles to escape from the tip and then closed. The precise level of the 

solution was recorded (initial volume of KMnO4 solution). 1 mL of real sample (contact 

lens cleaning solution purchased from market) was added into 25 mL of deionised water 

in an Erlenmeyer flask. Then, 5 mL of 6 M sulphuric acid was added into the solution. 

Gently, the flask was swirled to mix the solution. After that, this solution was titrated 

drop-by-drop with KMnO4 solution while swirling the flask until a light pink colour 

persists. The final volume of the KMnO4 solution was recorded. The Eq. 3.8 below 

represents the chemical equation for titration of KMnO4. This procedure was repeated 

four times by adding standard stock solution of H2O2 (0.05, 0.5, 5 and 50 mM) into the 

real sample solution in the flask, respectively. 

 

                                                                    

(3.8) 
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3.6.3 Ultraviolet-visible (UV-Vis) spectroscopy 

 

 Ultraviolet-visible (UV-Vis) spectroscopy is a very useful analytical technique 

as it can be used to determine the amount of substance present in a sample and also to 

identify some chemical species. For the purpose of this study, UV-Vis spectroscopy was 

employed using a UV-Vis spectrophotometer (Shimadzu, Japan) to investigate the 

concentration of glucose in solution. For each measurement, a quartz crystal cuvette 

with a length of 1 cm, containing 1.0 mL of the sample solution, was used. The 

wavelength was scanned from 190 to 400 nm to determine the presence of glucose. 
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CHAPTER 4  

 

RESULTS AND DISCUSSION 

 

 In this chapter, the development and study of composite and nanocomposite 

materials for non-enzymatic and enzymatic based sensor were carried out. In the first 

section of this chapter, the results related to the characterisations of polypyrrole coated 

cobalt nanocomposite and its development towards non-enzymatic H2O2 detection have 

been discussed. Moreover, in the second section, the characterisation of polypyrrole-

nickel composite and fabrication for the non-enzymatic glucose detection were 

investigated. The results of Si-Ti/RTIL and its development as enzymatic sensor to 

detect hydrogen peroxide were presented in the third section of this chapter. 

 

4.1 Polypyrrole coated cobalt (PPy-Co) nanocomposite for hydrogen peroxide 

detection 

 

 The conducting polymer-metal oxide nanocomposite formed by metal oxide 

salts dispersed in electrically conducting polymers has received much attention for 

sensor applications in recent years. PPy is one of the conducting polymers that have 

been widely used to make nanocomposite with metal oxide due to its good 

environmental stability, facile synthesis and higher conductivity. Moreover, these 

nanocomposites are expected to display new properties over their single component 

making them more potential for non-enzymatic sensor applications. On the other hand, 

cobalt oxide was selected for this study, because of its unique fundamental and 

electrochemical properties. There are few studies on cobalt oxide nanostructure with 

conducting polymer. However, most of them are related to the enhancement of 
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electrocatalyst towards oxygen reduction reaction (Kumar et al., 2013; Yuan, 2013; 

Martínez et al., 2010; Olson, 2010) and only some of these studies were focused on 

sensor applications (Patois et al., 2013; Yu et al., 2013). 

 

 Therefore, in this section, the development and study of a new nanocomposite 

comprising of polypyrrole and cobalt oxide for the enhanced detection of H2O2 are 

presented. After synthesis, the structure and morphology of PPy-Co nanocomposites 

and H2CoO2 particles in the absence of pyrrole monomer were characterised by using 

various analytical techniques. Then, these synthesised nanocomposites were fabricated 

onto GCE in order to examine the sensing properties towards H2O2. Several factors 

influencing the electrocatalytic performances of the proposed non-enzymatic sensor 

were further improved. Besides, the linear range, detection limit, anti-interference 

performance, stability and reproducibility of the developed non-enzymatic H2O2 sensor 

also were evaluated. Finally, the PPy-Co nanocomposite modified GCE was 

successfully applied to a contact lens cleaning solution real sample. 

 

4.1.1 Fourier Transform InfraRed 

 

 The Fourier Transform InfraRed (FTIR) spectra of the PPy-Co nanocomposite, 

PPy and H2CoO2 nanoparticles are shown in Figure 4.1. The main FTIR bands detected 

in the 400 – 4000 cm
-1

 region with assignments are summarised in Table 4.1. The PPy-

Co nanocomposite spectrum (Figure 4.1 A) shows the characteristic peaks of PPy, but 

these peaks have a shift compared to the pure PPy which indicates that an interaction 

between the polymer backbone and the cobalt nanocomposites has occurred (Zhao et al., 

2011) and similar characteristics of  FTIR were recently obtained by Wang et al. (2015). 

In the PPy-Co nanocomposites spectrum, a large and descending baseline appears in the 
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spectral region of 1600 – 2500 cm
-1

 attributed to the free-electron conduction in 

conducting polymers (Gnanakan et al., 2009). Besides, the peaks at 3011.78 cm
-1

 and 

1684.99 cm
-1

 can be attributed to the N-H bond and N=C bond, respectively, and the 

characteristic of a typical PPy ring vibration peak at 1376.26 cm
-1

 further supported the 

occurrence of PPy. Besides, in the FTIR spectrum of PPy-Co nanocomposite, the 

presence of cobalt nanoparticle was confirmed with the peak at 561.07 cm
-1

 which was 

related to the vibration of the Co-O bond (Estepa & Daudon, 1997). Therefore, it has 

been concluded that the polymerisation between pyrrole monomers was completed and 

nanocomposites of PPy-Co were formed. 

 

 

Figure 4.1: FTIR spectra of the (A) PPy-Co nanocomposites; (B) synthesised PPy in 

the absence of Co
2+

 and (C) H2CoO2 particles synthesised in the absence of pyrrole 

monomers 

2824.03 

1661.03 
1400.18 

1020.84 

561.07 

 

 

1624.83 
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Table 4.1: The maximum wavenumber of PPy-Co nanocomposites, PPy and 

H2CoO2 particles 

Mode 
Wavenumber (cm

-1
) 

PPy-Co nanocomposites PPy H2CoO2 particles 

(C-H) 2811.78 2824.03 - 

(C-N=C) 1684.99 1661.03 - 

PPy ring 1376.16 1400.18 - 

=C-N 1018.40 1020.84 - 

Co-O 560.19 - 561.07 

C=O - - 1624.83 

 

4.1.2 Thermogravimetric analysis 

 

 A good thermal stability of the conducting polymer-metal oxide nanocomposites 

is essential for many practical applications. Therefore, the thermal stability of 

synthesised PPy-Co nanocomposites was investigated by the thermogravimetric 

analysis (TGA) in nitrogen atmosphere. Figure 4.2 shows the TGA spectra of the PPy-

Co nanocomposites, PPy and H2CoO2 particles in the absence of pyrrole monomer. The 

thermal behaviour of the PPy-Co nanocomposite involved only a two-steps process. In 

the first step, thermal changes can be observed due to the water loss and the second step 

decomposition is might account for the content of PPy in the composite. The second 

degradation step of the PPy-Co nanocomposites took place at temperature between 200 

ºC and 300 ºC with low weight loss about 0.36%. These results indicated that PPy-Co 

nanocomposite possesses a good thermal stability as compared to pristine PPy with 

weight loss of 87.94%. Apart from that, the high stability of PPy-Co nanocomposite 

could be due to the addition of H2CoO2 particles to the PPy, which was induced the 

relatively compact structure of PPy (Das et al., 2013). 
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Figure 4.2: TGA spectra of the H2CoO2 particles synthesised in the absence of 

pyrrole monomer, synthesised PPy in the absence of Co
2+

 and PPy-Co nanocomposites 

 

4.1.3 Field emission scanning electron microscopy and energy dispersive x-ray 

analysis 

 

 The surface morphology of PPy-Co nanocomposites and H2CoO2 particles in the 

absence of pyrrole monomer was investigated using field emission scanning electron 

microscopy (FESEM). The obtained FESEM results are presented in Figure 4.3. The 

H2CoO2 particles synthesised in the absence of pyrrole monomer led to a morphology 

with a flake-like structure as shown in Figure 4.3 (C) and (D) with low (15 000 x) and 

high (80 000 x) magnification, respectively. Nevertheless, this surface morphology 

structure did not remain any longer after forming nanocomposite with PPy. The FESEM 

images obtained for PPy-Co nanocomposites as shown in Figure 4.3 (A) and (B) with 

low (8 000 x) and high (60 000 x) magnification respectively indicated a clear 

difference in the surface morphology structures compared to H2CoO2 particles. These 

images showed that a layer of PPy was covered with cobalt nanocomposites, which can 

be called ‘a bouquet of cobalt flower cover with a bunch of grassy polypyrrole’. The 
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effect of pyrrole monomers on the morphology of nanocomposites can be confirmed by 

these results. 

 

 

Figure 4.3: FESEM images of the PPy-Co nanocomposites (A and B) and H2CoO2 

particles in the absence of pyrrole monomer at lower and higher magnification 

 

 It has been seen that the surface morphology of micro/nanostructure is strongly 

influenced by the preparation conditions including the concentration of dopant, oxidant, 

monomer and molar ratio of the dopant and oxidant to monomer as well as the reaction 

temperature, time and stirring (Varshney et al., 2012). For example, Chougule et al. 

(2013) showed that the surface morphology of PPy-ZnO nanohybrid film can be 

changed by varying the molar ratio of camphor sulfonic acid into PPy. Whereas, Ohlan 

et al. (2010) indicated that in the case of PEDOT-BaFe12O19, core-shell structure can be 

designed by the dodecyl benzene sulfonic acid. In the present study, the PPy-Co 

nanocomposites were synthesised at different pyrrole monomer contents in order to 
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investigate the effect of PPy on the structure and surface morphology of the 

nanocomposites. Figure 4.4 shows the FESEM images of the PPy-Co nanocomposites 

with different contents of pyrrole monomer. A thick coating of PPy onto cobalt was 

observed for the 0.7 ml of pyrrole monomer content as presented in Figure 4.4 (A). This 

may be due to the presence of higher amount of pyrrole monomer during the 

polymerisation reaction which gives rise to clusters of pure PPy domains. When the 

content of pyrrole monomer decreased to 0.3 ml, the morphology of PPy-Co 

nanocomposites was rough and some of the cobalt surfaces remained uncovered as 

shown in Figure 4.4 (C). This can be justified as the lesser availability of pyrrole 

monomer in the reaction mixture during polymerisation. However, for 0.5 ml of pyrrole 

monomer, the PPy-Co nanocomposites gave a clear and well-structured morphology 

(Figure 4.4 B). Moreover, it indicated larger surface area of PPy-Co nanocomposites 

which is added advantage for sensor fabrication. It is also believed that PPy with 

different contents presented surface property and reduction potential differences which 

leading to changes in the size and morphology of cobalt nanoparticles.  

 

 



74 
 

 

Figure 4.4: FESEM images of the PPy-Co nanocomposites with different content of 

PPy: 0.7 ml (A) with 10 kx; 0.5 ml (B) with 8 kx; and 0.3 ml (C) with 10 kx 

 

 On the other hand, the energy dispersive x-ray (EDX) measurements were also 

carried out on the PPy-Co nanocomposites, as shown in Figure 4.5. EDX area mapping 

results confirmed the nanocomposites composition of N, C, Co and O.  The spot 1 in the 

Figure 4.5 showed the signal of Carbon (C) at ~ 0.45 keV, Nitrogen (N) at ~ 0.35 keV, 

Oxygen (O) at ~ 1.50 keV and Cobalt (Co) at ~ 2.75 keV as the characteristic peaks of 

PPy-Co nanocomposites.  The signal of Indium (In) at ~ 0.30 keV and ~ 0.65 keV 

which can be found in the spot 2 indicated the ITO glass slide surface. These results 

further confirmed the formation of PPy-Co nanocomposites. 

 

(A) (B) 

(C) 
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Figure 4.5: FESEM-EDX images of the PPy-Co nanocomposites 

 

4.1.4 X-ray powder diffraction 

 

 Figure 4.6 shows the x-ray powder diffraction (XRPD) patterns of the PPy-Co 

nanocomposites and H2CoO2 particles synthesised in the absence of the pyrrole 

monomers. As seen, the sharp diffraction peaks of H2CoO2 particles (19.9 º, 36.5 º, 38.9 

º, 50.7 º, 58.1 º, 61.6 º, 69.2 º) indicate that the presence of CoO particles with good 

Spot 1 

Spot 2 
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crystallinity and broad diffraction peaks indicate the nano size nature of the particles 

(Kundu et al., 2013). Hence, it is believed that in the absence of the pyrrole monomer, 

the product reaction between CoCl2.H2O and NaOH is H2CoO2. While, for the PPy-Co 

nanocomposites, three major peaks at 43.5 º, 50.5 º and 74.5 º in the range of 40 º- 80 º 

can be assigned to the diffraction from the {111}, {200} and {220} planes of cobalt 

metal, respectively. A broad, amorphous diffraction peak, which appears in the range of 

10 º- 30 º in the XRPD pattern of PPy-Co nanocomposites can be attributed to the 

scattering of the interplanar spacing between the bare polymer chains (Seo et al., 2002). 

The XRPD results confirmed that Co
2+

 (cobalt(II) chloride) is reduced to Co in the 

presence of pyrrole monomers and is protected by the PPy. The reduction of some Co
2+

 

cation and the growth of CoO are related to the oxidation of pyrrole monomers and the 

protection of synthesised CoO by polymerised PPy, respectively. These XRPD results 

further confirmed the obtained FESEM results of PPy-Co nanocomposites. It can be 

concluded that nanocomposites of PPy-Co were successfully synthesised. 

 

 

Figure 4.6: XRPD patterns of the PPy-Co nanocomposites and H2CoO2 particles 

synthesised in the absence of pyrrole monomers 
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4.1.5 Electrochemical studies of the PPy-Co nanocomposites for H2O2 detection 

 

 The electrocatalytic oxidation of the PPy-Co nanocomposites was investigated 

with the cyclic voltammetry and the results are shown in Figure 4.7 in 0.2 M PBS (pH 

7.0). The bare GCE exhibited no electrochemical response in the absence of H2O2 

(Figure 4.7 red-lined curve), while a typical oxidation peak was observed for PPy-Co 

nanocomposites coated GCE in the potential range from 0.4 V to 1.15 V (Figure 4.7 

blue-lined curve). On the other hand, after adding 3 mM H2O2, the oxidation current of 

PPy-Co nanocomposites coated GCE greatly increased due to the catalytic oxidation of 

H2O2, while the reduction peak largely disappeared (Figure 4.7 purple-lined curve). The 

decrease of overvoltage and increased peak current of H2O2 confirmed that PPy-Co 

nanocomposites have high catalytic ability for H2O2 oxidation (Salimi et al., 2007). For 

bare GCE, it yet remains the same condition with no electrochemical response (Figure 

4.7 green-lined curve). This shows that PPy-Co nanocomposites are suitable as a 

mediator to shuttle the electron between the H2O2 and working electrode and facilitate 

electrochemical regeneration following the electron exchange with H2O2. The following 

catalytic reactions (Eq. 4.1) and (Eq. 4.2) describe the reaction sequence for the 

oxidation of H2O2 by the PPy-Co nanocomposites. 

 

                                                                 (4.1) 

 

                                              (4.2) 

 

In a possible catalytic mechanism, Co is electrochemically oxidised to Co
2+

 under 

positive potential and the formed Co
2+

 can catalyse H2O2 oxidation to form O2 and H2O. 
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Figure 4.7: Cyclic voltammograms of the bare GCE and PPy-Co nanocomposites 

coated GCE in the absence and presence of 3 mM H2O2 in PBS (pH 7.0) at scan rate 50 

mVs
-1

 

 

Influence of the supporting materials 

 

 The electrocatalytic oxidation of each supporting material including H2CoO2 

particles, nafion and polypyrrole towards 3 mM H2O2 in PBS (pH 7.0) was investigated 

with the cyclic voltammetry and the results are shown in Figure 4.8. It was noticeable 

that, no electrocatalytic oxidation current towards H2O2 was observed on polypyrrole 

coated GCE without Co
2+

 (Figure 4.8 orange-lined curve), which emphasises the 

importance of CoO. Whereas, H2CoO2 particles coated GCE produced an obvious 

oxidation peak (Figure 4.8 red-lined curve) suggesting an excellent catalytic activity of 

H2CoO2 particles for oxidation of H2O2. One can notice that the oxidation peak current 

of H2O2 on PPy-Co nanocomposites coated GCE was significantly higher than that of 

H2CoO2 particles coated GCE. The effect of nafion on the electrochemical response 

(Figure 4.8 green-lined curve) could be ignored since nafion was only employed as an 

adhesive to immobilise the nanocomposite on the surface of GCE. Thus, the increased 

current on PPy-Co nanocomposites coated GCE obviously benefited from the high 
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specific area and good conductivity of PPy that could facilitate electrochemical 

deposition of H2CoO2 particles. 

 

 

Figure 4.8: Cyclic voltammograms of the PPy-Co nanocomposites, H2CoO2 

particles, nafion and polypyrrole coated GCE in the presence of 3 mM H2O2 in PBS 

(pH7.0) at scan rate of 50 mVs
-1

  

 

Influence of scan rate 

 

 Apart from that, the effect of the potential scan rates on the electrochemical 

performance was also studied by cyclic voltammetry as shown in Figure 4.9. 

Performing the voltammograms under different scan rates demonstrates that the 

catalytic peak current of the H2O2 oxidation is linearly proportional to the scan rate 

within the range (10 – 100 mVs
-1

) indicating that the H2O2 oxidation follows a 

diffusion-controlled process at the modified GCE (Yan et al., 2013). Moreover, the peak 

potential shifts positively when the scan rate increases (shown in Figure 4.9 A) 

suggesting that the electrochemical reaction is irreversible. However, the charging 

current is too large when the scan rate increases and likely to cause instability in the 

-10 

10 

30 

50 

70 

0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 

C
u

rr
en

t 
(µ

A
) 

Potential (V) vs SCE 

PPy-Co 

H2CoO2 

Nafion 

Pyrrole 

PPy-Co nanocomposites 

H2CoO2 particles 

Nafion solution 

Polypyrrole 



80 
 

baseline. Therefore, in order to avoid such effect on the determination of H2O2, the 50 

mVs
-1

 was chosen as the
 
scan rate. 

 

 

Figure 4.9: (A) Cyclic voltammograms of the PPy-Co nanocomposites coated GCE 

in the presence of 3 mM H2O2 in PBS (pH 7.0) at different scan rates from inner to 

outer: 10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mVs
-1

 and (B) A linear plot of oxidation 

current vs. different scan rate 

 

4.1.6 Optimisation of the sensor 

 

 The above electrochemical studies showed that the electrochemical oxidation of 

H2O2 could be achieved in the presence of PPy-Co nanocomposites on the GCE surface. 
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In order to improve the performance of the sensor, the factors which may influence the 

response of the sensor such as applied potential, pyrrole monomer content in the 

nanocomposites and pH were studied and discussed as follow: 

 

Influence of applied potential 

 

 The relationship between the applied potential in chronoamperometry and the 

oxidation current of H2O2 was studied and the results are shown in Figure 4.10. The 

dependency of the amperometric response on the applied potential of the PPy-Co 

nanocomposites coated GCE under the batch conditions were evaluated over the range 

of 0.7 V to 1.0 V. The current response gradually increased when the applied potential 

increased from 0.7 V to 0.9 V suggesting that the oxidation of H2O2 was easily achieved 

at low potential. However, when the potential was more positive than 0.9 V, the 

response current then slightly decreased. A suitable working potential should be chosen 

based on the least negative potential to achieve good selectivity, along with a potential 

value that shows a high analyte-dependent current. Thus, 0.9 V was finally selected as 

the optimised condition. 
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Figure 4.10: Effect of the applied potential on the current response of 3 mM H2O2 on 

the PPy-Co nanocomposites coated GCE in 0.2 M PBS (pH 7.0) 

 

Influence of the pyrrole monomer content 

 

 The effect of the pyrrole monomer content in PPy-Co nanocomposites was 

investigated and the obtained results are shown in Figure 4.11. It can be seen that the 

catalytic oxidation of H2O2 has been significantly influenced by the content of pyrrole 

monomer in the nanocomposites. The current response rapidly increased with the 

increase of the pyrrole content from 100 μl to 500 μl. Then, the current response 

gradually decreased after 500 μl. These results were supported by the obtained FESEM 

results (shown in Figure 4.4), which suggests that at the higher content of pyrrole 

monomer, the polymer is rapidly formed and may contain multiple detects or 

deformities, leading to a loss in the sensing ability towards H2O2 (Ramanavicius et al., 

2006; Sadki et al., 2000).  
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Figure 4.11: Effect of the pyrrole content on the current response of 3 mM H2O2 on 

the PPy-Co nanocomposites coated GCE in 0.2 M PBS (pH 7.0) 

 

Influence of pH 

 

 The effect of the pH value of the phosphate buffer solution (PBS) on the 

oxidation current of H2O2 on PPy-Co nanocomposites coated GCE was investigated and 

the results are shown in Figure 4.12. It can be seen that the peak current of H2O2 

oxidation is obviously influenced by the pH values. When pH is below 7.0, the peak 

current increase is associated with the increase in pH value. Then the peak current 

decreases when pH is more than 7.0. Over the pH ranges studied, the peak current 

achieved a maximum at pH 7.0. These results may be ascribed to the instability of H2O2 

under both acidic and alkaline conditions. Besides, the decrease of the current value on 

alkaline conditions might be related to the self-degradation of H2O2 (Špalek et al., 

1982). To minimise the loss of H2O2 in real sample during the detecting process, a 

neutral environment was required. Thus, pH 7 PBS was employed in all the subsequent 

experiments.  
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Figure 4.12: Effects of the pH of 0.2 M PBS on the current response of 3 mM H2O2 

on the PPy-Co nanocomposites coated GCE 

 

4.1.7 Chronoamperometric studies 

 

 The amperometry under stirred conditions is a more sensitive electroanalytical 

method than cyclic voltammetry and this method was employed in order to estimate the 

low detection limits. Figure 4.13 shows the amperometric response of PPy-Co 

nanocomposites coated GCE upon successive addition of H2O2 into the stirring (2000 

rpm) of the PBS (pH 7.0) under the applied potential of 0.9 V. The oxidation current 

density reached a maximum steady-state value and achieved 95% of steady-state current 

density within 6 s, which was a clear indication of the rapid and sensitive H2O2 

detection features shown by this electrode. It should be also mentioned that the currents 

increased linearly with the concentration of H2O2 between 20 μM and 80 mM. These 

responses demonstrated a stable and efficient catalytic property of PPy-Co 

nanocomposites coated on the GCE. There are two linear segments for the calibration 

curve of the current response to H2O2. The first linear segment (low concentration of 

H2O2) increases from 20 μM to 1 mM (Figure 4.13 B) with a linear regression equation 
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of I = 12.977 (μAmM
-1

) + 3.27 (R
2
 = 0.990), while, the second linear segment (high 

concentration of H2O2) increases up to 80 mM (Figure 4.13 C) with linear regression 

equation of I = 1.357 (μAmM
-1

) + 27.24 (R
2
 = 0.991). 

 

 

Figure 4.13: (A) Amperometric responses of PPy-Co nanocomposites coated GCE 

upon the successive addition of H2O2 into 0.2 M PBS (pH 7.0) with applied potential 

0.9 V under stirring condition. Inert is the calibration curve. (B) The calibration curve at 

concentration range 20 μM – 1 mM and (C) The calibration curve at concentration 

range 1 – 80 mM 

 

 The limit of detection (LOD) and limit of quantification (LOQ) at a signal-to-

noise of 3 are estimated to be 2.05 μM, 6.83 μM and 19.64 μM, 65.48 μM for two linear 

segments, respectively. The calculated sensitivity for H2O2 determination at these two 

linear segments is 12.997 μAmM
-1

 and 1.357 μAmM
-1

. The obtained detection limits, 
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linear range and sensitivities of the PPy-Co nanocomposites modified GCE sensor are 

comparable to and even better than those recently developed modified electrode. For 

example, Mahmoudian et al. (2014) fabricated an electrochemical sensor based on the 

PPy/Fe3O4 nanostrip bundles/GCE for amperometric determination of H2O2, which 

showed that the detection limit for linear range of 0.1 – 60.0 mM is estimated to be 

0.472 μM. Moreover, Lee et al. (2013) developed CoOOH nanosheet electrodes for 

non-enzymatic detection of H2O2 in alkaline solution and could detect H2O2 

concentration up to 1.6 mM with detection limit of 40 μM and sensitivity of 99 μAmM
-

1
cm

-2
. Han et al. (2013) developed a new sandwich structure nanocomposite of Ag 

nanoparticles supported on MnO2 modified MWCNTs for fabricating a non-enzymatic 

H2O2 sensor. This fabricated sensor detected H2O2 in a linear range of 0.005 – 10.4 mM 

with sensitivity of 82.5 μAmM
-1

cm
-2

 and detection limit of 1.7 μM at a signal-to-noise 

ratio of 3. Whereas, the electrochemical H2O2 sensor based on the MWCNTs/Ni(OH)2 

modified GCE showed a significant linear dependence on the concentration of H2O2 up 

to 22 mM with detection limit of 66 μM (Zhang et al., 2012). 

 

 The overall H2O2 sensing performance of PPy-Co nanocomposite/GCE with 

rapid responses, high detection limit and wide linear range is competitive with the 

previous non-enzymatic H2O2 sensor as mentioned above. Herein, the wide linear range 

can be attributed to the previously mentioned morphological advantages of this 

nanocomposite, such as larger electroactive site due to the presence of smaller size PPy-

Co nanocomposites and the superior electrocatalytic performance due to the effective 

electron transfer process between PPy-Co nanocomposites and GCE. Thus, by 

combining these properties with its high sensitivity and low detection limit, PPy-Co 

nanocomposite will be one of the major materials of preference for the next generation 

non-enzymatic H2O2 sensors that would be used for real samples. 
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4.1.8 Stability of PPy-Co nanocomposites modified GCE 

 

 In order to further explore and study, the stability, reproducibility and shelf-life 

of the developed sensor were investigated. These parameters are discussed in details in 

the following sections and are well known to play an important role in the development 

of a H2O2 sensor. 

 

Stability and reproducibility 

 

 The stability and reproducibility of the developed sensor were investigated. The 

stability of the PPy-Co nanocomposites was determined by using cyclic voltammetric 

and the results are shown in Figure 4.14. As can be noticed, the nanocomposites showed 

a higher stability and the response remained stable even after 10 cycles (≈ 91%). These 

observations indicated that there is no inhibition effect of H2O2. On the other hand, the 

reproducibility of the PPy-Co nanocomposites in the detection of H2O2 was investigated 

by five independently prepared PPy-Co nanocomposites coated GCEs. The 

amperometric response upon the successive addition of 1 mM H2O2 into 0.2 M PBS (pH 

7.0) were collected as shown in Figure 4.15. It is obvious from the results that the 

oxidation currents obtained for five different PPy-Co nanocomposites are very similar 

to each other and present a very good reproducibility. The relative standard deviation 

(RSD) was calculated to be 3.83%. This compares very favourably with other 

developed H2O2 sensors, such as Jia et al. (2014) calculated the RSD value of 3.94% for 

the current responses to 10 mM H2O2 on five independently prepared gold 

nanoparticles-graphene-chitosan modified electrode. Yan et al. (2013) also reported that 

the reproducibility of the gold electrode modified with granular cuprous oxide 
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nanowires has RSD of 4–5% for five electrodes, which been prepared under the same 

condition to detect H2O2.  

 

 

Figure 4.14: Repeated cyclic voltammograms of PPy-Co nanocomposites coated GCE 

in the presence of 3 mM H2O2 in PBS (pH 7.0) at scan rate 50 mVs
-1

 

 

 

Figure 4.15: Amperometric response of five different PPy-Co nanocomposites/GCE 

upon successive addition of 1 mM H2O2 into 0.2 M PBS (pH 7.0) an applied potential 

0.9 V under a stirring condition 
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Shelf-life 

 

 The shelf-life of the developed sensor was investigated by chronoamperometric 

detection upon the successive addition of 1 mM H2O2 into 0.2 M PBS (pH 7.0) and the 

results are shown in Figure 4.16. A PPy-Co nanocomposites/GCE was stored at 4 ºC in 

a refrigerator when it was not in use. After storage for 1 week, the response of the 

sensor was maintained about 98.6% of the initial values. The sensor still retained 95.3% 

of its original values after two weeks. The storage stability may be attributed to the 

stable film of the PPy-Co nanocomposite. This is comparable to the work done by Xu et 

al. (2013), who investigated the shelf-life of the CuO2-rGOpa/GCE which could retain 

92% of the pristine current value after 14 days storage at 4 ºC. On the other hand, Kitte 

et al. (2013) reported that the current response of the Pd nanoparticles modified GCE 

declined about 29% for the determination made on the same electrode on the second day 

of the experiment and on the 10th day of the experiment, the current response decreased 

by 71%.  

 

 

Figure 4.16: Shelf-life of PPy-Co nanocomposite/GCE in the presence of 3 mM H2O2 

in PBS (pH 7.0) at 0.9 V 
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4.1.9 Investigation of the interfering compound and real sample analysis on the 

H2O2 detection 

 

4.1.9.1 Effect of interference compounds 

 

 The possible interference from some co-existing electroactive compounds in real 

samples such as ascorbic acid, ethanol, glucose and glycine were assessed in order to 

investigate the selectivity of the developed non-enzymatic sensor. Figure 4.17 shows the 

amperometric response of the modified electrode upon successive addition of 3 mM of 

H2O2, ascorbic acid, ethanol, glucose and glycine into 0.2 M PBS (pH 7.0). As can be 

seen, two electrochemical signals resulting from H2O2 were basically identical and the 

responses made by ascorbic acid, ethanol, glucose and glycine are negligible. These 

observations indicate that the developed sensor can be employed in the selective 

detection of H2O2 in the presence of these common physiological materials. 

 

 

Figure 4.17: Amperometric responses of PPy-Co nanocomposites/GCE upon 

successive addition of 3 mM of H2O2, ascorbic acid, ethanol, glucose and glycine into 

0.2 M PBS (pH 7.0) with an applied potential 0.9 V under a stirring condition 
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4.1.9.2 Application to lens cleaning solution and comparison with standard method 

 

 In order to verify the reliability of the sensor, the detection of H2O2 in the 

contact lens cleaning solution was carried out. The determination of H2O2 in contact 

lens cleaning solution samples was performed on the modified sensor using standard 

addition method as mentioned before in Chapter 3 section 3.6.1 and compared with 

standard titration method, section 3.6.2. All the measurements were performed four 

times and the concentration of H2O2 was calculated from calibration plots as shown in 

Figure 4.18. The calculated recovery and relative standard deviation (RSD) are listed in 

Table 4.2 and are in good agreement with those obtained by standard titration method. 

This suggests that the developed sensor has potential applications in the determination 

of certain concentration range of H2O2. 

 

Table 4.2: Amperometric and titrimetric determination of H2O2 in contact lens 

cleaning solution 

Standard 

concentration (mM) 

Amperometric measurements Titrimetric measurements 

RSD (%)
a
 Recovery (%) RSD (%)

a
 Recovery (%) 

0.05 0.851 96.0 0.751 97.2 

0.5 0.668 97.8 0.288 98.2 

5 0.384 98.6 0.081 98.9 

50 0.498 98.4 0.529 98.6 

a
 RSD (%) calculated from four measurements 



 

 

Figure 4.18: Calibration plots for determination of H2O2 in contact lens cleaning solution measured with different concentration of standard solution 

in 0.2 M PBS (pH 7.0) with an applied potential 0.9 V. Average values and error bars were calculated from four measurements
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4.2 Polypyrrole coated nickel composites for glucose detection 

 

 In this section, the development and study of a new composite comprising of 

polypyrrole and nickel oxide for the enhanced detection of glucose are presented. Ni-

based materials have been widely studied as electrode materials for fabricating non-

enzymatic glucose sensors because they can function as efficient catalysts for 

electrocatalytic oxidation of glucose resulting from the redox couple of Ni
3+

/Ni
2+

 in the 

alkaline medium (Luo et al., 2013; Tian et al., 2013; Danaee et al., 2012; Ding et al., 

2011; Jiang & Zhang, 2010). So far, most Ni-based non-enzymatic glucose sensors are 

constructed by modifying substrates with Ni-based nanoparticle, Ni/carbon hybrids or 

porous nickel nanomaterials. Therefore, herein a simple non-enzymatic electrochemical 

sensor for glucose detection based on PPy-NiO composite modified GCE was 

demonstrated.  

 

 In this chapter, the synthesis of PPy-Ni composite by a facile and simplest 

method is presented. The synthesised composite were characterised using FTIR, TGA, 

FESEM-EDX and XRPD. In order to investigate the sensing properties towards glucose 

and the possible interaction involved, the PPy-NiO composite was fabricated with 

modified GCE to study their electrocatalytic capability. Several factors affecting the 

electrocatalytic performances of the proposed non-enzymatic sensor were further 

optimised. The linear range, detection limit, anti-interference performance, stability and 

reproducibility of the fabricated non-enzymatic glucose sensor were evaluated. 

Additionally, this PPy-NiO composite modified GCE was successfully applied to a 

commercial beverage green tea real sample. 
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4.2.1 Fourier Transform InfraRed 

 

 The molecular structure of samples was analysed by the Fourier Transform 

InfraRed (FTIR) spectroscopy. Figure 4.19 shows the FTIR spectra of the PPy-NiO 

composites, PPy and NiO particles. The bands detected in the 400 – 4000 cm
-1

 region 

are summarised in Table 4.3. The FTIR spectra of PPy shows characteristic peaks 

attributed to the C-H vibration at 2824.03 cm
-1

, N-C stretching band at 1661.03 cm
-1

 

and ring stretching mode of pyrrole ring at 1406.18 cm
-1

 (Nalage et al., 2013b). While, 

for NiO FTIR spectra, a strong peak is observed to be centred at 631.01 cm
-1

 

corresponds to the stretching vibration of Ni-O. It was noticeable that the main 

absorption peaks in FTIR spectrum of PPy-NiO composites are affected by the presence 

of NiO in pure PPy and get shifted from 1400.18 cm
-1

 and 1661.03 cm
-1

 to 1381.06 cm
-1

 

and 1670.11 cm
-1

, respectively. This is due to the loss in conjugation and molecular 

order after modification of PPy with NiO. However, the shift of NiO stretching band at 

633.21 cm
-1

 was observed in PPy-NiO composite due to binding of organic compound 

to the NiO (Chougule et al., 2012b). These results indicated a strong interaction 

between PPy and NiO particles. 
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Figure 4.19: FTIR spectra of (A) PPy-NiO composites; (B) synthesised PPy in the 

absence of Ni
2+

 and (C) NiO particles synthesised in the absence of pyrrole monomer 

 

Table 4.3:  The maximum wavenumber of PPy-NiO composites, PPy and NiO 

particles 

Mode 
Wavenumber (cm

-1
) 

PPy-NiO composite PPy NiO particles 

(C-H) 2801.43 2824.03 - 

(C-N=C) 1670.11 1661.03 - 

PPy ring 1381.06 1400.18 - 

=C-N 1013.28 1020.84 - 

Ni-O 633.21 - 631.01 

C=O - - 1623.84 

1400.18 

631.01 
1623.84 

1020.84 1661.03 

2824.03 
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4.2.2 Thermogravimetric analysis 

 

 The results of thermogravimetric analysis (TGA) of NiO particles synthesised in 

the absence of pyrrole monomer, pure PPy and PPy-NiO composite are shown in Figure 

4.20. As seen in TGA spectra of pure PPy, the weight loss of 3.10% is observed at 

temperature 110 ºC, which is attributed to the removal of moisture in the PPy and the 

weight loss at the temperature higher than 200 ºC is due to degradation of PPy. The 

decomposition step initiates at 200 ºC and higher temperatures would then result in 

enhanced weight loss. A weight loss of 83.43% was observed up to 650 ºC due to the 

release of C, H and N moieties of PPy (Han, 2009; Tabassum et al., 2009). It is found 

that the TGA spectra of NiO particles synthesised in the absence of pyrrole monomer 

shows the first loss in weight near the temperature range 50 – 120 ºC, which could be 

due to the probable loss of water, volatile impurities and adsorbed surfactants present on 

NiO particles. Moreover, it was shown only 9.23% reduction in the weight until an 

operating temperature of 900 ºC, which clearly indicates that there is a formation of 

stable NiO material. As indicated in the TGA spectra of PPy-NiO composite, initially at 

the temperature range of 30 – 110 ºC, the weight loss is about 10%, which was 

attributed to the removal of water molecules/impurities associated with the polymer 

(Batool et al., 2012; Mavinakuli et al., 2010). There is a sharp decrease between 150 ºC 

and 250 ºC in the weight loss, which was due to the degradation of the polymer 

materials. At about 280 ºC, 30% weight loss is observed. The binding between the PPy 

and NiO shows a strong chemical interaction and hence, weight loss is found to be less 

as compared to that of the neat polymer over a similar temperature range (Guo et al., 

2009). These results show that the PPy-NiO composites possess a better thermal 

stability as compared with pristine polypyrrole.   
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Figure 4.20: TGA spectra of NiO particles synthesised in the absence of pyrrole 

monomer, PPy in the absence of Ni
2+

 and PPy-NiO composite 

 

4.2.3 Field emission scanning electron microscopy and energy dispersive x-ray 

analysis 

 

 The PPy-NiO composites and NiO particles in the absence of pyrrole monomer 

were examined by using field emission scanning electron microscopy (FESEM). Figure 

4.21 (A) and (B) present the FESEM images captured for the PPy-NiO composites at 

magnification of 5 000 x and 10 000 x, respectively. While, the images obtained for 

NiO particles in the absence of pyrrole monomer are presented in Figure 4.21 (C) and 

(D) at magnification of 10 000 x and 25 000 x, respectively. These results clearly 

indicated the effect of pyrrole monomer on the morphology of the composite. The NiO 

particles in the absence of pyrrole monomer show granules structure and this 

morphology were changed after reacting with pyrrole monomer. The synthesised PPy-

NiO composite shows needle-like structures with 330 ± 10 nm in width.  
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Figure 4.21: FESEM images of the PPy-NiO composites (A and B) and NiO particles 

in the absence of pyrrole monomer at lower and higher magnification 

 

 As mentioned before, the surface morphology of structure is strongly affected by 

the preparation conditions. So, the effect of PPy on NiO and the importance of the 

presence of PPy were demonstrated by investigating the surface morphology of PPy-

NiO composites with different contents of pyrrole monomer using FESEM technique. 

Figure 4.22 shows the FESEM images of PPy-NiO composites with different contents 

of pyrrole monomer. An irregular morphology structure and some of the nickel 

surfaces, which remained uncovered, were observed for the pyrrole monomer content of 

0.3 ml as shown in Figure 4.22 (A). This could be due to the smaller amount of pyrrole 

monomer in the reaction mixture during polymerisation. However, the PPy-NiO 

composites at 0.5 ml of pyrrole monomer content gave a clear and well-structured 

(needle-like) morphology as shown in Figure 4.22 (B). Moreover, it also indicates a 

greatly accessible surface area of PPy-NiO composites which adds an extra advantage 
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for sensor fabrication. When the content of pyrrole monomer increases to 0.7 ml, the 

morphology of PPy-NiO composites was shows that a thick coating of PPy onto nickel 

as shown in Figure 4.22 (C). This may be due to the existence of higher amount of 

pyrrole monomer during the polymerisation reaction which gives rise to clusters of pure 

PPy domains. It is understood that different contents of PPy offered surface property 

and reduction potential differences which leads to changes in the size and morphology 

of nickel particles. 

 

 

Figure 4.22: FESEM images of the PPy-Ni composites with different content of PPy: 

0.3 ml (A) 0.5 ml (B) and 0.7 ml (C) with 10 kx 

 

 Energy dispersive x-ray (EDX) measurements were also performed on the PPy-

NiO composites and the obtained results were shown in Figure 4.23. As can be seen, the 

signal of Carbon (C) at ~ 0.35 keV, Nitrogen (N) at ~ 0.25 keV, Oxygen (O) at ~ 1.95 

keV and Nickel (Ni) at ~ 3.70 keV, which are found in the spot 1 indicated the 

(B) 

(C) 

(A) 
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characteristic peaks of PPy-NiO composites.  The signal of Indium (In) at ~ 0.40 keV 

and ~ 0.10 keV, which were found in the spot 2, indicated the ITO glass slide surface. 

However, the weak peak of Ni at ~ 2.55 keV in the spot 2 shows the unformed needle-

like structure of the composite. 

 

 

Figure 4.23: FESEM-EDX images of the PPy-NiO composites 

Spot 1 

Spot 2 
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4.2.4 X-ray powder diffraction 

 

 The x-ray powder diffraction (XRPD) patterns of PPy-NiO composites and NiO 

particles synthesised in the absence of pyrrole monomers are shown in Figure 4.24. The 

XRPD pattern of PPy-NiO composites (Figure 4.24 A) presents all the diffraction peaks 

of NiO and the broad peak of PPy at 10 – 30 º, indicating the characteristic peak of PPy. 

The XRPD pattern of NiO particles as shown in Figure 4.24 (B) revealed well-defined 

peaks having orientations in the (111), (200), (220), (311) and (222) planes. However, 

these diffraction peaks of NiO were found to shift to lower 2θ values in PPy-NiO 

composites compared to the XRPD patterns of NiO particles. The similar phenomenon 

was also observed by Nalage et al., (2013a). The decrease in the intensities of the NiO 

peaks in the PPy functionalised composites suggests that the NiO particles are 

uniformly and extensively dispersed in the PPy matrix and the broadness of the peaks 

remains the same, which further suggest a uniform dispersion of the particles. 

 

 

Figure 4.24: XRPD patterns of the (A) PPy-NiO composites and (B) NiO particles 

synthesised in the absence of pyrrole monomers 
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4.2.5 Electrochemical studies of the PPy-NiO composites for glucose detection 

 

 The electrocatalytic performance of the PPy-NiO coated GCE towards glucose 

oxidation in alkaline medium is shown in Figure 4.25. The bare GCE exhibited no 

electrochemical response in the absence of glucose (Figure 4.25 red-lined curve) and it 

still remained the same with no electrochemical response with the presence of glucose 

(Figure 4.25 green-lined curve). While, the addition of 0.1 mM glucose to PPy-

NiO/GCE results in a significant increase of the oxidation current (Figure 4.25 grey-

lined curve) and the reduction current are decreased, suggesting excellent 

electrocatalytic activity of PPy-NiO towards glucose oxidation. The oxidation of 

glucose to glucolactone was electro-catalysed by the PPy-NiOOH/PPy-NiO redox 

couple according to the following electrochemical reaction (Ci et al., 2014; Mu et al., 

2011; Zhang et al., 2011; Zhu et al., 2011): 

 

                                  (4.3) 

 

                                           (4.4) 

 

 The increase of oxidation current is attributed to the electro-oxidation of glucose 

with PPy-NiO as an electro-catalyst which is accompanied by the oxidation of Ni
2+

 to 

Ni
3+

. Besides that, the addition and oxidation of glucose would certainly induce 

adsorption of glucose and the oxidised intermediates on active site of Ni-based 

materials, which may slow down the kinetics of the corresponding reaction and thus 

give rise to a slight positive shift in the reduction peak (Ci et al., 2014). Therefore, it has 

been concluded that the PPy-NiO composites are suitable as mediators to shuttle the 
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electron between the glucose and working electrode and facilitate electrochemical 

regeneration following the electron exchange with glucose. 

 

 

Figure 4.25: Cyclic voltammograms of the bare GCE and PPy-NiO composites coated 

GCE in the absence and presence of 0.1 mM glucose in NaOH (0.1 M) at scan rate 20 

mVs
-1

 

 

Influence of the supporting materials 

 

 Indeed, in a control experiment using the electrocatalytic oxidation of each 

supporting materials including NiO particles, nafion and polypyrrole, towards 0.1 mM 

glucose in NaOH (0.1 M) was investigated with the cyclic voltammetry and the results 

are shown in Figure 4.26. No electrocatalytic oxidation current towards glucose for 

polypyrrole coated GCE without the presence of Ni
2+

 (Figure 4.26 orange-lined curve) 

was observed, underlining the importance of NiO. While, the effect of nafion on the 

electrochemical response (Figure 4.26 green-line curve) could be ignored since nafion 

was only employed as an adhesive to immobilise the composite on the surface of GCE. 

On the other hand, NiO particles coated GCE shows an obvious oxidation peak in 

Figure 4.26 (red-lined curve), which suggest the excellent catalytic activity of NiO 
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particles for oxidation of glucose. It was noticeable that the oxidation peak current of 

glucose on PPy-NiO composites coated GCE was significantly higher than that of NiO 

particles coated GCE. Thus, the increased current on PPy-NiO composites coated GCE 

obviously benefited from high specific area and good conductivity of PPy that could 

facilitate chemical deposition of NiO particles. 

 

 

Figure 4.26: Cyclic voltammograms of the PPy-NiO composites, NiO particles, 

nafion and polypyrrole coated GCE in the presence of 0.1 mM glucose in NaOH (0.1 

M) at scan rate 20 mVs
-1

 

 

Influence of scan rate 

 

 The effect of potential scan rate was also characterised in 0.1 M NaOH 

containing 0.1 mM glucose by cyclic voltammetry and the results are shown in Figure 

4.27. It can be seen that the reduction and oxidation peak currents are both proportional 

to the scan rate in the range of 10 – 100 mVs
-1

. As seen in Figure 4.28, the redox current 

observed on the PPy-NiO matrix scales linearly with the scan rate. This linearity might 

indicate a diffusion controlled process involving OH
-
 diffusion from the supporting 
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electrolyte to the electrode surface during the reduction step and from the electrode to 

the solution during the oxidation step (Subramanian et al., 2014).  

 

 

Figure 4.27: Cyclic voltammograms of the PPy-NiO composites coated GCE in the 

presence of 0.1 mM glucose in NaOH (0.1 M) at different scan rate; from inner to outer: 

10, 20, 30, 40, 50, 60, 70, 80, 90 and 100 mVs
-1

 

 

 

Figure 4.28: A linear plot of oxidation current vs. different scan rate from 10, 20, 30, 

40, 50, 60, 70, 80, 90 and 100 mVs
-1
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4.2.6 Optimisation of sensor 

 

 The above electrochemical studies demonstrated that the electrochemical 

oxidation of glucose could be accomplished in the vicinity of PPy-NiO composites on 

the GCE surface. With a specific end goal to enhance the execution of the sensor, the 

elements which may impact the reaction of the sensor, such as applied potential, pyrrole 

monomer content in the composites and sodium hydroxide concentration were 

considered and examined as follows: 

 

Influence of applied potential 

 

 It is well known that the applied potential significantly affects the amperometric 

response of an electrochemical sensor. Therefore, the dependency of the amperometric 

response on the applied potential of the PPy-NiO composites coated GCE under the 

batch conditions were evaluated over the range of 0.7 V to 1.0 V; in this way, a suitable 

potential can be optimised for glucose detection. As shown in Figure 4.29, when a 

potential below 0.53 V (e.g. 0.45 – 0.50 V) was applied, a small current response was 

observed with each addition of glucose. However, an applied potential of 0.53, 0.55 or 

0.57 V led to a remarkable enhancement in the current response upon each addition of 

glucose. Because of a relatively low potential of glucose detection, it is of great benefit 

to lower the background current and noise. Given the fact that gases will be produced 

on the surface of the electrode at a high potential (Ci et al., 2014), a potential of 0.53 V 

was selected as the optimum working potential for amperometric detection of glucose in 

the subsequent studies. 
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Figure 4.29: Effect of the applied potential on the current response of 0.1 mM glucose 

on the PPy-NiO composites coated GCE in 0.1 M NaOH 

 

Influence of pyrrole content 

 

 The influence of the pyrrole content to the electrocatalytic oxidation of glucose 

was investigated and Figure 4.30 shows the chronoamperometry response for the 

composites of different pyrrole contents on the current response of 0.1 mM glucose in 

0.1 M NaOH. It can be seen that the content of pyrrole monomer in the composite has a 

significant influence on the catalytic oxidation of glucose. The current response rapidly 

increased with the increase of the pyrrole content from 100 μl to 500 μl and the current 

response gradually decreased after 500 μl. This is because, if there is not enough 

monomer in solution, the composite will not form. Alternatively, if there is an excess of 

monomer in the solution, the polymer will form very quickly and may contain multiple 

defects or deformities, leading to a loss in sensing performance towards glucose 

(Ramanavicius et al., 2006; Sadki et al., 2000). 
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Figure 4.30: Effect of the pyrrole content on the current response of 0.1 mM glucose 

on the PPy-NiO composites coated GCE in 0.1 M NaOH 

 

Influence of NaOH concentration 

 

 The influence of the NaOH concentration on the oxidation current of glucose on 

PPy-NiO composites coated GCE was investigated since an alkaline medium is required 

for enhancing the electrocatalytic activity of PPy-NiO for oxidation of carbohydrate 

compounds (Wang et al., 2010) and the results are shown in Figure 4.31. No response 

current of the oxidation of glucose is observed in the absence of NaOH. When the 

concentration of NaOH increases from 0.1 M to 0.5 M, the current increases due to the 

fact that glucose is more easily oxidised at higher pH. However, as the concentration of 

NaOH increases, the background signal increases and the response signal decreases. 

This is because the reference electrode is greatly affected by the high concentration of 

NaOH, which is consistent with the reported experimental phenomena that an increased 

background current was observed at high NaOH concentration (Mu et al., 2011). Thus, 

0.1 M NaOH was chosen as the optimised medium for the subsequent experiments. 
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Figure 4.31: Effects of the concentration of NaOH on the current response of 0.1 mM 

glucose on the PPy-NiO composites coated GCE 

 

4.2.7 Chronoamperometric studies 

 

 In the evaluation of an amperometric sensor, current responses are measured 

using different concentrations of the objective analyte at a fixed potential for a fixed 

time. The amperometric responses of the PPy-NiO composite/GCE to the successive 

addition of glucose into the stirring (2000 rpm) of the NaOH (0.1 M) under applied 

potential of 0.53 V was carried out and the results are shown in Figure 4.32. The 

amperometric response shows a staircase-like increase upon the addition of glucose 

with a very fast response time towards the oxidation of glucose. The PPy-NiO 

composite/GCE responses immediately upon glucose addition and reaches its steady-

state level within 6 s; this is attributed to the good electrocatalytic properties of PPy-

NiO. It can be seen that the currents increased linearly with the concentration of glucose 

between 0.01 mM and 20 mM and there are two calibration curves of the current 

response towards glucose. From the first calibration curve (Figure 4.32 B), an excellent 

linearity (R
2
= 0.993) over a concentration range of 0.01 – 0.5 mM with a slope of 

137.560 μAmM
-1

 was obtained. While, the second calibration curve (Figure 4.32 C) 
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over concentration range from 1 mM to 20 mM was obtained with R
2
= 0.992 and a 

slope of 7.899 μAmM
-1

. These responses demonstrate a stable and efficient catalytic 

property of PPy-NiO composites coated on the GCE.  

 

 

Figure 4.32: (A) Amperometric responses of PPy-NiO composites coated on GCE 

upon the successive addition of glucose into 0.1 M NaOH with an applied potential 0.53 

V under stirring condition. Inert is the calibration curve; (B) The calibration curve at 

low concentration range of glucose; (C) the calibration curve at higher concentration 

range of glucose 

 

 The limit of detection (LOD) and limit of quantification (LOQ) were calculated 

by signal-to-noise ratio of 3 and were estimated to be 0.33 μM and 1.10 μM, 

respectively, for lower concentration range of glucose (0.01 – 0.5 mM). While, for the 

higher concentration range of glucose (1 – 20 mM), the LOD and LOQ were valued to 

be 5.77 μM and 19.24 μM, respectively. Besides, the sensitivity at these two 

concentration ranges for glucose determination is estimated to be 137.560 μAmM
-1

 and 
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7.899 μAmM
-1

, respectively. The obtained sensitivity for the developed sensor is 

comparable with various non-enzymatic glucose sensors previously reported as shown 

in Table 4.4. 

 

Table 4.4: Comparison of various non-enzymatic glucose sensors 

Modified 

electrode 

Linear range 

(mM) 

Sensitivity  LOD 

(μM) 

Reference 

Ni(OH)2 NF 

arrays 
0.01 – 0.8 8500 mAmM

-1
cm

-2
 1.2 

(Wang, G. et 

al., 2012) 

Ni-rGO NBs 0.001 – 0.11 813 μAmM
-1

cm
-2

 - 
(Wang, Z. et 

al., 2012) 

sG-Ni/NiO 0.0001 – 0.005 48270 μAmM
-1

cm
-2

 0.28 
(Kumary et al., 

2013) 

Ni-Co NSs-rGO 0.01 – 2.65 1773.61 μAmM
-1

cm
-2

 3.79 
(Wang, L. et 

al., 2013) 

NiO-HMS 0.00167 – 0.42 2.39 mAmM
-1

cm
-2

 0.53 (Ci et al., 2014) 

rGO/Ni(OH)2 0.015 – 30.0 11.40 mAmM
-1

cm
-2

 15 
(Subramanian 

et al., 2014) 

NiOHSs-rGO-

NF 

0.000625 – 0.2584 

0.2584 – 10.50 

3796 μAmM
-1

cm
-2

 

2721 μAmM
-1

cm
-2

 
0.03 

(Lu et al., 

2014) 

PPy-NiO 
0.01 – 0.50 

1.0 – 20.0 

1094.80 μAmM
-1

cm
-2

 

62.87 μAmM
-1

cm
-2

 

0.33 

5.77 
This work 

 

4.2.8 Stability of PPy-NiO composites modified GCE 

 

 To further investigate and study, the stability, reproducibility and shelf-life of 

accurate usability of the fabricated sensor were examined, individually. These 

parameters are discussed in details in the subsequent segments and are known to be 

significant in the enhancement of a glucose sensor. 
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Stability and reproducibility 

 

 The stability and reproducibility of the developed sensor were investigated. The 

stability of the PPy-NiO composites was determined by using cyclic voltammetric 

technique and the results are shown in Figure 4.33. As noticed, the composites show a 

greater stability and the response remains stable even after 10 cycles (≈ 89%). This 

shows that there is a no inhibition effect during glucose determination. On the other 

hand, the reproducibility of the PPy-NiO composites for the detection of glucose was 

investigated by using five different PPy-NiO composites coated GCEs, prepared 

independently. The amperometric responses were collected upon the successive 

addition of 0.1 mM glucose into 0.1 M NaOH and the obtained results are shown in 

Figure 4.34. This developed sensor yielded a reasonable RSD value of 3.5% for the 

current determination of 0.1 mM glucose, which is comparable with other glucose 

sensors, such as those described by Ci et al. (2014) and also Wang, L. et al. (2013) who 

yielded an acceptable RSD of 3.7% and 5.6%, respectively, for the current 

determination in the presence of glucose, depending on the number of modified glucose 

sensor. Such good stability and reproducibility make the developed sensor attractive for 

real applications. 
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Figure 4.33: Repeated cyclic voltammograms of the PPy-NiO composites coated 

GCE in the presence of 0.1 mM glucose in NaOH (0.1 M) at scan rate 20 mVs
-1

 

 

 

Figure 4.34: Amperometric responses of five different PPy-NiO composites coated 

GCEs upon successive addition of 0.1 mM glucose into NaOH (0.1 M) with an applied 

potential 0.53 V under stirring condition 

 

Shelf-life 

 

 The shelf-life of the developed sensor was determined by investigating the 

current response of PPy-NiO composites coated GCE towards glucose with respect to 

storage time. The results are shown in Figure 4.35. After each investigation, the sensor 

-80 

20 

120 

220 

320 

420 

0.1 0.2 0.3 0.4 0.5 0.6 

C
u

rr
en

t 
(µ

A
) 

Potential (V) vs SCE 

0 

10 

20 

30 

40 

50 

60 

0 100 200 300 400 500 600 

C
u

rr
en

t 
(µ

A
) 

Time (s) 

PPy-NiO/GCE 1 

PPy-NiO/GCE 2 

PPy-NiO/GCE 3 

PPy-NiO/GCE 4 

PPy-NiO/GCE 5 



114 

 

was washed with deionised water and stored at 4 ºC. Through this investigation, it was 

discovered that the modified GCE lost only 3.4% of its initial response over 1 week and 

it could keep up to 88.1% of the initial response to glucose after 2 weeks. This is 

comparable to the work done by Shahnavaz et al. (2014) as well as Shua et al. (2014) 

who investigated the shelf-life of different glucose sensors and found a range of shelf-

life times from 1 to 15 days, subjected on the fabrication of glucose sensor. 

 

 

Figure 4.35: Shelf-life of PPy-NiO coated GCE in the presence of 0.1 mM glucose in 

NaOH (0.1 M) at 0.53 V 

 

4.2.9 Investigation of the interfering compound and real sample analysis on the 

glucose detection 

 

4.2.9.1 Effect of interference compounds 

 

 One challenge in non-enzymatic glucose detection is the specificity, as other 

organic substances could simultaneously oxidise at an applied potential of +0.53 V. In 

this study, possible interferences from some co-existing electroactive compounds in real 

samples such as ascorbic acid, fructose, sucrose and uric acid were chosen to evaluate 
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the selectivity of the sensor. Co-existing with glucose real samples, these substance 

concentrations are much lower than that of glucose. As shown in Figure 4.36, the 

interference studies were performed under optimum condition by comparing the current 

response to 0.1 mM glucose with 0.1 mM of each interfering substances. The 

substances did not interfere significantly to glucose detection which indicates a good 

selectivity. Thus, this developed sensor allows an accurate and selective non-enzymatic 

detection of glucose.    

 

 

Figure 4.36: Amperometric responses of PPy-NiO composites coated GCE upon the 

successive addition of 0.1 mM glucose, ascorbic acid, fructose, sucrose and uric acid 

into NaOH (0.1 M) at 0.53 V under stirring condition 

 

4.2.9.2 Application to commercial beverage and comparison with standard method 

 

 In order to evaluate the applicability and reliability of the proposed sensor, the 

detection of glucose in commercial beverage green tea was carried out and compared 

with the standard method UV-Vis spectroscopy (refer Chapter 3, Section 3.6.3). The 

real samples were purchased from market and the concentration of glucose was 

determined by using standard addition method (refer Chapter 3, Section 3.6.1). This was 
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achieved by adding NaOH (0.1 M) solution to a fixed volume of real sample (1 ml). All 

the measurements were performed four times. The content of glucose was calculated 

from the calibration plot shown in Figure 4.37. The obtained results are given in Table 

4.5 which as can be seen are in good agreement with data obtained by the reference 

method (UV-Vis spectroscopy). 

 

Table 4.5: Amperometric and UV-Vis spectrometric determination of glucose in 

commercial beverage green tea 

Standard 

Concentration 

(mM) 

Amperometric 

measurements 

UV-Vis spectrometric 

measurements 

RSD (%)
a
 Recovery % RSD (%)

a
 Recovery % 

0.05 0.869 96.75 0.118 97.90 

0.1 0.933 98.62 0.704 99.58 

0.15 0.915 98.47 0.586 99.13 

a
 RSD (%) calculated from four measurements 



 

 

Figure 4.37: Calibration plots for determination of glucose in commercial beverage green tea measured with different concentration of standard 

solution of glucose in NaOH (0.1 M) with an applied potential 0.53 V. Average values and error bars were calculated from four measurements
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4.3 Room temperature ionic liquid based silica-titania sol-gel matrix for 

hydrogen peroxide detection 

 

 The Si-Ti composites were synthesised by a sol-gel route in the presence of 

RTIL [C4MIm][NTf2] as shown in Scheme 4.1, with the aim of obtaining microporous 

solids. The role of [C4MIm][NTf2] content and their effect on the properties of these 

materials were evaluated. Subsequently, the development of Si-Ti/[C4MIm][NTf2] sol 

to an enzymatic sensor for the enhanced detection of H2O2 is presented. 

 

 

Scheme 4.1: Formation of Si-Ti gels using TEOS, TTIP and [C4MIm][NTf2] 

 

 It is very beneficial to fabricate a sensitive H2O2 sensor showing long-term 

stability since many biomolecules can be oxidised by oxidases to produce H2O2. The 

immobilisation of enzymes is one of the most important steps in the research of H2O2 

electrochemical sensors. Recently, the introduction of sol-gel method to immobilise 

horseradish peroxidase (HRP) enzymes has been a trend in preparing H2O2 chemical 

sensors (Wang et al., 2000; Dõâaz et al., 1998). In this section, we tried to apply the 

synthesised composite for H2O2 sensor by immobilising horseradish peroxidase 

enzyme. 
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4.3.1 Characterisation of Si-Ti/[C4IMm][NTf2] 

 

4.3.1.1 Fourier Transform Infrared 

 

 The Fourier Transform Infrared (FTIR) spectra of Si-Ti composite with and 

without RTIL [C4MIm][NTf2] are illustrated in Figure 4.38. In the FTIR spectrum of Si-

Ti composite (0 wt%), the bands at 1059 cm
-1

 and 805 cm
-1

 correspond to asymmetric 

and symmetric stretching vibration of the Si-O-Si bonds (Mikushina et al., 2008; 

Murashkevich et al., 2008) and the band at 460 cm
-1

 correspond to bending vibration of 

Si-O-Si bonds (Shishmakov et al., 2012). While, the presence of shoulder band at 790 

cm
-1

 is due to the symmetric stretching vibration of the Ti-O bonds of the TiO4 

tetrahedral (Murashkevich et al., 2008). The Si-O-Ti bond is characterised by the 

absorption band at 940 cm
-1

 and this band can also be attributed to the Si-OH bond 

(Vives & Meunier, 2008). The bending vibration of the trapped water molecules in the 

Si-Ti matrix was detected as a band at 3450 cm
-1

 and 1640 cm
-1

 (Chen, S. Y. et al., 

2007; Zhang et al., 2005). These bands, especially band 1640 cm
-1

, become weaker 

when the content of RTIL increases. The spectral characteristics of the Si-Ti composites 

with 10 to 90 wt% of [C4MIm][NTf2] as shown in Figure 4.38 are quite different from 

Si-Ti composite without [C4MIm][NTf2]. The new bands at 2900 cm
-1

 and 1576 cm
-1

 

are corresponding to imidazolium cation alkyl groups and the in-plane C-C and C-N 

stretching vibration of the imidazolium ring, respectively (Shi & Deng, 2005). These 

bands exist in all Si-Ti composites in the presence of [C4MIm][NTf2] regardless of the 

amount of RTIL used and they become stronger as content of RTIL increases. Based on 

these results, it can be concluded that the vibrations of the [C4MIm][NTf2] molecular 

confined were severely affected due to the narrow space of pores in Si-Ti composite. 
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Figure 4.38: FTIR spectra of Si-Ti composite without and with different wt% of 

[C4MIm][NTf2] 

 

4.3.1.2 Thermogravimetric analysis 

 

 Figure 4.39 represents thermogravimetric analysis (TGA) curve of Si-Ti 

composite with and without RTIL. In the first range of temperature at 50 – 140 ºC in 

TGA curves, the decomposition was observed for all the composites could be ascribed 

to the dehydration and evaporation of alcohol existing in the porous texture (Farag et 

al., 2008). While, the second range of temperature from 140 ºC to 340 ºC was attributed 

to the removal of the strongly bound water or the surface hydroxyl group in the 

composites. The combustion of the remaining alkoxy groups bind to silicon and 

titanium which results from the incomplete hydrolysis or condensation reactions can 

also contribute to these weight losses (Vives & Meunier, 2008). For Si-Ti composite (0 

wt%) as shown in Figure 4.39, the weight loss occurred at 340 ºC indicating the 

decomposition of hydroxyl groups and organic molecules. Consequently, there is no 

weight loss for this composite and it can be concluded that the amorphous phase has 

changed to crystalline phase (Balachandran et al., 2010). The third range of temperature 

from 340 ºC to 470 ºC was observed for Si-Ti composite with 10 – 90 wt% RTIL. 

350 850 1350 1850 2350 2850 3350 3850 

%
 T

ra
n

sm
it

ta
n

ce
 

Wavelenght, cm-1  

30 wt% 

50 wt% 

70 wt% 

90 wt% 

0 wt% 

10 wt% 



121 

 

These weight losses were assigned to the decomposition of [C4MIm][NTf2] and the 

percentage of weight loss increased by increasing the content of RTIL. The forth range 

temperature (470 – 540 ºC) was also observed for Si-Ti composite with [C4MIm][NTf2], 

which attributed to the oxidation of residue carbon. The Si-Ti composite without 

[C4MIm][NTf2] starts to be decomposed at 150 ºC. On the other hand, Si-Ti composite 

with [C4MIm][NTf2] starts to be decomposed at 180 ºC, which suggests that the 

composite with RTIL has increased the initial decomposition temperature and 

simultaneously, it also increased the final decomposition temperature from 390 ºC 

(without [C4MIm][NTf2]) to 430 ºC (with [C4MIm][NTf2]). This shows that the 

composite in the presence of RTIL is more stable than pure Si-Ti composite. 

 

 

Figure 4.39: TGA curve of the Si-Ti composite without and with varied wt% 

[C4MIm][NTf2] 

 

4.3.1.3 X-ray powder diffraction 

 

 The x-ray powder diffraction (XRPD) characterisation of Si-Ti composite with 

and without [C4MIm][NTf2] was investigated and the results are presented in Figure 
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4.40. As can be seen, none of them shows any crystallites formation and the Si-Ti 

composites with various loading of [C4MIm][NTf2] was amorphous after drying at 100 

ºC. The Si-Ti composite with loading of 50 wt% [C4MIm][NTf2] at different 

temperature was also studied. The XRPD patterns are shown in Figure 4.41 (A). It was 

observed that the crystallinity of TiO2 increased with increasing temperature and in the 

range of temperature between 200 ºC and 800 ºC, the presence of TiO2 anatase and 

rutile phase is observed while brookite phase was not detected. For the temperature 

lower than 200 ºC [Figure 4.41 (A iii-vi)], no diffraction peak is detected. This might 

indicate that the composites may contain very small amount of crystallites to the extent 

that within the resolution of XRPD device, no diffraction peaks could be obtained 

(Farag et al., 2008). However, these diffraction peaks were transformed to anatase phase 

after 200 ºC with increasing peak intensity. This suggests the progress of the 

crystallisation of TiO2 (Gunji et al., 2005). The highest anatase crystallinity was 

observed at 600 ºC and then the crystalline phase started to be transformed to rutile at 

around 600 ºC and the rutile phase completely formed at 800 ºC. Whereas, Si-Ti 

composite without [C4MIm][NTf2] shows a diffraction peak for anatase at lower 

temperature of 150 ºC [Figure 4.41 (B)] as compared Si-Ti composite with 

[C4MIm][NTf2]. It can be assumed that the presence of RTIL stabilises the anatase 

phase and elevates the temperature at which the phase transformation to rutile occurs. 

This might enhance the activity of the prepared composites as a catalyst. 
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Figure 4.40: XRPD patterns of Si-Ti composite with [C4MIm][NTf2] loading of: (a) 0 

wt%, (b) 10 wt%, (c) 30 wt%, (d) 50 wt%, (e) 70 wt% and (f) 90 wt% after being dried 

at 100 ºC 

 

 
Figure 4.41: (A) XRPD patterns of Si-Ti composite with 50 wt% loading of 

[C4MIm][NTf2] at different temperature (i) 80 ºC, (ii) 100 ºC, (iii) 200 ºC, (iv) 400 ºC, 

(v) 600 ºC and (vi) 800 ºC; (B) XRPD patterns of Si-Ti composite with different wt% 

loading of [C4MIm][NTf2] at 150 ºC 
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4.3.1.4 Field emission scanning electron microscopy 

 

 Figure 4.42 shows the field emission scanning electron microscopy (FESEM) 

images of Si-Ti composites with and without various loadings of [C4MIm][NTf2], in 

which particle/agglomerate morphology can be observed. The particle/agglomerate size 

of Si-Ti composites with [C4MIm][NTf2] is a range from sub-micron particles to 

agglomerates of 3 – 10 μm. The pure Si-Ti composite shows that the sample exhibits an 

irregular morphology as seen in Figure 4.42 (A). The FESEM images of Si-Ti 

composites revealed a marked effect as the wt% loading of [C4MIm][NTf2] increased. 

When the [C4MIm][NTf2] was introduced, the irregular morphology changed to 

agglomeration structure, which conforming the presence RTIL on the Si-Ti composites. 

It was observed in Figure 4.43 (B – D) that Si-Ti composites aggregate together with 

[C4MIm][NTf2] to form agglomerate particles and the number of agglomerate particles 

increases with the increase of the amount of the [C4MIm][NTf2]. The Si-Ti composites 

with lower loading of the RTIL were more opaque and white in appearance, while at 

higher loading, the composites become more transparent. Moreover, the gels were 

brittle when smaller volume of the RTIL were added and vice versa. 
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Figure 4.42: FESEM analysis of Si-Ti composites with (A) 0 wt%, (B) 30 wt%, (C) 

50 wt% and (D) 90 wt% of [C4MIm][NTf2] 

 

4.3.1.5 Elemental analysis 

 

 The elemental analysis was obtained by energy dispersive x-ray (EDX) analysis 

and CHN as listed in Table 4.6 and Table 4.7, respectively. The EDX analysis shows 

the existence of silicon, titania and oxygen in the Si-Ti composites with the presence 

and absence of [C4MIm][NTf2]. While, the presence of hydrogen, carbon and nitrogen 

in the refluxed Si-Ti/[C4MIm][NTf2] composites was confirmed by CHN analysis. As 

can be seen in Table 4.6, the percentage of Si and Ti were found around 20 – 25% and 

12 – 17%, respectively in Si-Ti composites with and without [C4MIm][NTf2]. Si-Ti 

composites with the RTIL show the presence of nitrogen composition indicating a 

successful encapsulation of imidazole on the Si-Ti matrix. The amounts of confined 

RTIL were determined by the presence of nitrogen in the composites through CHN 
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analysis (Table 4.7). The calculated confined RTIL for Si-Ti composites with various 

wt% of [C4MIm][NTf2] was almost in the range of 0.032 – 0.034 gmol
-1

. 

 

Table 4.6: EDX analysis of Si-Ti composite with and without [C4MIm][NTf2] 

[C4MIm][NTf2] loading (wt%) Si% Ti% O% N% 

0 25.2 12.6 62.2 - 

10 25.4 12.9 59.6 2.2 

30 24.8 13.8 49.8 11.6 

50 21.7 10.3 49.5 18.6 

70 22.9 13.5 43.9 19.7 

90 20.1 17.1 43.5 19.5 

 

Table 4.7: CHN analysis of Si-Ti composites with [C4MIM][NTf2] after reflux 

[C4MIm][NTf2] loading (wt%) C% H% N% 

0 0.233 2.917 0.070 

10 1.537 3.469 0.303 

30 1.931 4.478 0.311 

50 1.170 2.395 0.313 

70 1.666 1.713 0.308 

90 4.078 3.849 0.438 

 

4.3.1.6 N2 adsorption-desorption analysis 

 

 The surface analysis of Si-Ti composites with and without the RTIL was 

determined by the N2 adsorption-desorption and BET analysis. N2 adsorption-

desorption isotherms of the refluxed Si-Ti composites with [C4MIm][NTf2] loading 

from 10 wt% to 90 wt% shows a Type I isotherm, indicating a microporous or nano-

porous structure as can be seen in Figure 4.43. Based on what can be observed in Table 

4.8 and Figure 4.44, all the Si-Ti composites with different content of the RTIL showed 

the microporous characteristics with average pore diameter in the range of 0.0017 – 
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0.00205 μm and BET surface area of 190 – 283 m
2
/g. The average pore diameter, pore 

volume and BET surface area for [C4MIm][NTf2] loading of 10 wt% were 0.00171 μm, 

0.08 cm
3
/g and 190.51 m

2
/g, respectively. By the way of [C4MIm][NTf2] loading being 

increased to 30 wt% and 50 wt%, the average pore diameter correspondingly increased 

to 0.00182 μm and 0.00198 μm, respectively. The pore size of the Si-Ti composites 

considerably enlarged with [C4MIm][NTf2] loading increasing from 10 wt% to 50 wt%. 

It was thought that the increased amount of the RTIL would induce the stacking 

arrangement of its cation and anion and results in the increase of pore diameter of the 

composite for the supramolecular structure of RTIL (Liu et al., 2005a). However, with 

further increasing of [C4MIm][NTf2] loading to be 70 wt% and 90 wt%, the average 

pore diameter and BET surface area was almost the same with 50 wt% of 

[C4MIm][NTf2] as noticed in Table 4.8. It can be said that the pore size and surface area 

of Si-Ti composites was not significantly affected by the variations of the RTIL content 

from 50 wt% to higher. Thus, the pore structure of the obtained microporous Si-Ti 

composites can be tuned by the variations of the RTIL content in the synthesis system, 

that is, the pore size increased with initial increasing of the RTIL content. 
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Figure 4.43: N2 adsorption-desorption isotherms of Si-Ti composites with 

[C4MIm][NTf2] loading from 10 to 90 wt% 

 

Table 4.8: Pore structure of Si-Ti composites with various [C4MIm][NTf2] loading 

[C4MIm][NTf2] 

loading wt% 

Average pore 

diameter (nm) 

Pore volume 

(cm
3
/g) 

BET surface area 

(m
2
/g) 

0 1.50 0.02 71.87 

10 1.71 0.08 190.51 

30 1.82 0.16 354.53 

50 1.98 0.19 385.67 

70 1.95 0.18 355.63 

90 1.98 0.14 282.08 
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Figure 4.44: Effect of [C4MIm][NTf2] loading on the pore size and BET surface area 

of Si-Ti composite 

 

4.3.2 Development of Si-Ti/[C4MIm][NTf2]-HRP/Fc modified GCE for the 

detection of H2O2 

 

4.3.2.1 Electroactivity of Si-Ti/[C4MIm][NTf2]-HRP/Fc modified GCE 

 

 In this section, a simple and new enzymatic H2O2 sensor based on HRP 

encapsulated into Si-Ti/[C4MIm][NTf2] was attempted to be developed. Here, the 

“bilayer” configuration (ferrocene: HRP-sol-gel) was selected to fabricate enzymatic 

sensor. There was no obvious redox reaction between the HRP and the H2O2, if no 

electron mediators existed in the redox system. Among the various mediators, ferrocene 

(Fc) is a satisfactory candidate for the amperometric H2O2 sensor by measuring the 

reduction current. The one-electron oxidation of Fc to the stable ferrocenium cation is a 

simple electron transfer reaction, in which there are no difficulties arising from 

adsorption or associated chemical reaction (Wang et al., 2005). Therefore, Fc is 

employed as the mediator for determination of H2O2 in many studies (Fan et al., 2012; 

Luo et al., 2011; Şenel et al., 2010). In this study, Fc and HRP encapsulated in Si-

Ti/[C4MIm][NTf2] were immobilised on the GCE surface in sequence. We expected 
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that the Si-Ti/[C4MIm][NTf2] matrix could improve the stability of ferrocene on the 

electrode and also probably, it could protect the encapsulated HRP from denature. As a 

mediator, Fc accelerated the redox reaction. The possible mechanism of the electron 

transfer is shown in Scheme 4.2.  

 

 

Scheme 4.2: The possible mechanism of the electroactivity of HRP-Si-

Ti/[C4MIm][NTf2]/Fc modified GCE  

 

 The electrochemical behaviour of the enzyme electrode was studied using cyclic 

voltammetry. Figure 4.45 shows the cyclic voltammograms of the Fc modified GCE 

and Fc modified HRP-Si-Ti/[C4MIm][NTf2] GCE in 0.05 M PBS (pH 7.0). It can be 

seen that both electrodes have only one pair of quasi-reversible redox peaks of Fc and 

the peak current slightly increased in the presence of HRP. Thus, the presence of HRP 

is in favour of the electron transfer between Fc and GCE surface.  

 

 The cyclic voltammograms of the Fc modified GCE and Fc modified HRP-Si-

Ti/[C4MIm][NTf2] GCE in 0.05 M PBS (pH 7.0) in the presence of H2O2 are shown in 

Figure 4.46. As can be seen, there is an obvious decrease of the cathodic and anodic 

peak currents which indicates that H2O2 did not oxidise Fcred to Fcox in the presence of 

HRP and moreover, the Fcox is subsequently not reduced at the GCE surface. This might 

cause ferrocenium as the water-soluble oxidised form of Fc is easily leached out from 
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the electrode surface and leads to the instability of the enzyme electrode (Wang et al., 

2005). 

 

 

Figure 4.45: Cyclic voltammograms of (A) Fc mediated GCE and (B) Fc mediated 

HRP/Si-Ti/[C4MIm][NTf2] GCE in 0.05 M PBS (pH 7.0) at scan rate 50 mVs
-1

 

   

 

Figure 4.46: Cyclic voltammograms of Fc mediated HRP/Si-Ti/[C4MIm][NTf2] GCE 

in 0.05 M PBS (pH 7.0) in absence (A) and presence (B) of 0.2 mM H2O2 at scan rate 

50 mVs
-1

 

 

 Therefore, in a way to get the response, the Fc modified HRP/Si-

Ti/[C4MIm][NTf2] GCE in 0.05 M PBS (pH 7.0) containing 0.2 mM H2O2 was 
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investigated with different ratio contents of Si and Ti in the sol-gel matrix. The results 

are presented in Figure 4.47. As noticed, the cyclic voltammogram shows a couple of 

well-defined oxidation and reduction peaks of Fc in the absence of H2O2 for all Si: Ti 

ratio. However, neither one gives a significant change in redox current after introducing 

H2O2 into 0.05 M PBS (pH 7.0). These results suggest that the presence of H2O2 does 

not favour the electron transfer between Fc and GCE surface. In addition, the 

repeatability and reproducibility of this modified electrode is very weak (produced the 

same results after several trials).  

 

 

Figure 4.47: Cyclic voltammograms of Fc modified HRP-Si-Ti/[C4MIm][NTf2] GCE 

with different Si: Ti ratio (a) 1:1; (b) 2:1; (c) 3:1; (d) 4:1 and (e) 5:1 at scan rate 50 

mVs
-1

 in 0.05 M PBS (pH 7.0) containing (A) 0 and (B) 0.2 mM H2O2 
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 Besides, film cracking is another problem encountered during fabrication of this 

sensor. This might be due to the fact that Fc-HRP-Si-Ti/[C4MIm][NTf2] film undergoes 

substantial changes in structure and solvent content during drying process, possibly 

leading to extensive cracking (Goring & Brennan, 2002). And, the film on the surface 

of GCE undergoes further cracking during cyclic voltammetry investigation (Figure 

4.48), which caused leaching of HRP from the surface of electrode and could not 

produce a significant response.  

 

 Another possible reason of the failure is that the HRP might lose its activity 

during the encapsulation into Si-Ti/[C4MIm][NTf2]. This may be due to the preparation 

method of Fc modified HRP-Si-Ti/[C4MIm][NTf2] GCE. The sol-gel film was prepared 

from diluted stock standard sol-gel solution with a high volume of alcohol, which was 

not effective for enzyme encapsulation. This could lead to low enzyme loading or low 

film stability, which results in limited dynamic range and low sensitivity. Because of 

these drawbacks, the optimisation of this enzymatic sensor could not proceed further. 

Time is needed to solve these problems and fabricate H2O2 sensor based on Fc modified 

HRP-Si-Ti/[C4MIm][NTf2] GCE with more reliable properties. 

 

  

Figure 4.48: Fc modified HRP-Si-Ti/[C4MIm][NTf2] after cyclic voltammetry 

investigation in 0.05 M PBS (pH 7.0) containing 0.2 mM H2O2
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CHAPTER 5  

 

CONCLUSION AND RECOMMENDATION 

 

5.1 Conclusion 

 

 In this study, a systematic investigation has been conducted on the synthesis, 

characterisation, fabrication and chemical sensing property of the composite materials. 

The following outcomes have been achieved. 

 

 The new nanocomposite of PPy-Co was successfully synthesised and 

characterised using various tools and the results obtained were compared with 

polypyrrole and cobalt nanoparticles. The FTIR results confirmed the interaction 

between the polymer backbone and the cobalt nanoparticles of PPy-Co nanocomposites 

by showing the characteristics of the shifted peaks of pure polypyrrole. The TGA results 

showed that the PPy-Co nanocomposite has a better thermal stability compared to 

pristine polypyrrole. The FESEM images of this nanocomposite indicated a clear 

difference in the surface morphologies with high surface area. Meanwhile, the XRPD 

results confirmed that cobalt(II) is reduced to cobalt in the presence of pyrrole monomer 

and is protected by the polypyrrole. The electrochemical oxidation of H2O2 was 

achieved on the modified GCE coated with PPy-Co nanocomposites. The optimum 

response of this modified GCE towards H2O2 was observed at applied potential 0.9 V, 

500 μl of pyrrole content and pH 7.0. The optimised modified sensor could detect H2O2 

in a linear range of 20 μM to 80 mM with two linear segments (low and high 

concentrations of H2O2). The first linear segment ranges from 20 μM to 1 mM with a 

correlation coefficient (R
2
) of 0.990 and sensitivity of 103.48 μAmM

-1
cm

-2
. While, the 
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second linear segment ranges up to 80 mM with a correlation coefficient (R
2
) of 0.991 

and sensitivity of 10.80 μAmM
-1

cm
-2

. The detection limit of both ranges is 2.05 μM and 

19.64 μM, respectively. Besides, these nanocomposites modified GCE showed a good 

immunity from interference of electro-active materials towards the oxidation of H2O2 

detection. Additionally, we proved that the modified electrode was successfully applied 

to contact lens cleaning solution real sample with recovery 96 – 98%. 

 

 Another composite comprising of polypyrrole and nickel oxide was successfully 

synthesised and characterised by various analytical techniques. The FTIR results 

indicated a strong interaction between polypyrrole and nickel oxide particles by 

showing their characteristic peaks in the spectrum. While, these composites proved to 

have a better thermal stability than pure polypyrrole. The FESEM results of PPy-NiO 

showed a needle-like structure with 330 ± 10 nm in width and also showed the effect of 

pyrrole monomers on the morphology of the composites. Meanwhile, the XRPD results 

confirmed that NiO particles are homogeneously and extensively dispersed in the PPy 

matrix. Then, the electrocatalytic performance of the PPy-NiO modified GCE towards 

oxidation of glucose was investigated by cyclic voltammograms and 

chronoamperometry method. The PPy-NiO composites modified GCE showed a 

suitable mediator to shuttle the electron between the glucose and GCE in alkaline 

medium and also facilitate electrochemical regeneration following the electron 

exchange with glucose at optimised condition (applied potential 0.53 V, 500 μl of 

pyrrole monomer content and 0.1 M NaOH). At this optimised condition, the modified 

GCE could detect glucose in a linear range of 0.01 – 0.50 mM and 1 – 20 mM with 

detection limit of 0.33 μM and 5.77 μM, respectively. While, the sensitivity of these two 

concentrations ranges are 1094.80 μAmM
-1

cm
-2

 and 62.87 μAmM
-1

cm
-2

, respectively. 

Moreover, this modified GCE indicated a good reproducibility with RSD 3.5% and also 
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showed a good selectivity in which co-existing substances in real samples such as 

ascorbic acid, fructose, sucrose and uric acid did not interfere significantly to glucose 

detection. Finally, we applied this PPy-NiO modified GCE to a commercial beverage 

green tea real sample. 

 

 Besides, Si-Ti composite in the presence of [C4MIm][NTf2] was successfully 

synthesised as a microporous material via sol-gel method under room reaction 

conditions. The synthesised composite was characterised by various tools and the 

results obtained being compared with Si-Ti composite without RTIL. The FTIR results 

showed the presence of C-N groups, which indicated the presence of RTIL in the Si-Ti 

matrix. The FESEM results revealed that the presence of RTIL increased the pore size, 

while according to BET results the Si-Ti composite with RTIL had 191 – 386 m
2
g

-1
 

surface area. Moreover, the BJH pore size distribution revealed that the composite 

exhibited microporous with an average pore diameter of 1.70 – 2.12 nm. This composite 

was then fabricated as an enzymatic sensor using HRP to study catalytic activity 

towards H2O2 reduction. But, unfortunately this enzymatic sensor is failed to fabricated 

due to the film cracking and also the interaction between HRP/Si-Ti/[C4MIm][NTf2] 

and H2O2/Si-Ti/[C4MIm][NTf2] may lead to HRP denaturation and calibration drift. 

 

5.2 Challenges and future perspectives 

 

 A wide range of new conducting polymer-metal nanocomposites is relied upon 

to enlarge the area of biosensors. Different techniques for the synthesis of one-

dimensional conducting polymer-metal nanocomposites are liable to lead in new bio-

sensing applications. The capability to functionalise the PPy-Co and PPy-NiO 

composites with the preferred groups to bind target biomolecules and doping these with 
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electronically active materials to achieve improved charge transfer, may prepare for new 

approaches for biosensor advancement. The synthesis of conducting polymer-metal 

nanocomposites with different morphologies at the nano level may offer a appropriate 

domain for obtaining the oriented immobilisation of desired biomolecules and 

consequently amplified signals. These conducting polymer-metal nanocomposites can 

be fabricated and tried in desired patterns such as sensor arrays, for the development of 

functional integrated devices. More studies on using this method to prepare the metal 

oxide nanostructures coated with conducting polymers for electrochemical sensing 

properties are being extended to other materials. 

 

 Sensor development is a difficult work and takes years of research. But, within 

the short period, it was really a tedious task to overcome the challenges related to 

fabrication of Si-Ti/[C4MIm][NTf2] composite based enzymatic sensor for H2O2. The 

work carried out for this material has opened several scopes of future researches based 

on proper selection of substances to form a better matrix for enzyme immobilisation for 

quality assessment of biosensor in particular. Thus, continued optimisation and 

improvement of the enzyme immobilisation and electrode fabrication process of Si-

Ti/[C4MIm][NTf2] composite may be needed to fabricate H2O2 sensor with more 

reliable properties. 
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