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Nanocomposite Materials for Electrocatalytic Oxidation of Glucose  
 
 

Abstract 
 

The design and development of new nanocomposites for electrocatalysis are in high demand, as 

they make the electrode reactions energy and time efficient. Catalysts involved in these reactions 

at the electrodes could be either chemical catalysts or biocatalysts. Chemical catalysts can be 

metals, metal oxides or alloys. Enzymes are the main biocatalysts. In this study, our main focus 

was to design, develop and fabricate electrocatalytic electrodes for glucose oxidation. Glucose is 

an inexpensive and abundant substrate, but with high electrochemical stability. It is important to 

develop novel nanocomposites for electrocatalytic oxidation of glucose. 

Electrocatalytic glucose oxidation can lead to two major applications; sensors and fuel cells 

development, which are both equally important electrochemical devices in the field. Fuel cell 

applications, require highly efficient oxidation reactions to achieve a sufficiently large power 

density. Glucose fuel cells have caught the interest as it is simple, more efficient and the fuels used 

are abundant. Glucose sensing field is growing day by day due to the high demand from the 

increasing number of people who suffer from diabetes, which have continuous demand on the 

synthesis of novel materials for fabrication of efficient and reliable sensors. 

This thesis discusses four successfully synthesised novel nanocomposites that were used in the 

fabrication of electrocatalytic electrodes for glucose oxidation. The first two experimental chapters 

are on second generation enzymatic nanocomposites modified electrodes using ferrocene 

propionic acid as the mediator. The active site of the enzymes buried under a thick protein layer. 

Therefore, in enzymatic electrodes fabrication, enzyme immobilisation plays a critical role and 

also in the performance. In this study, well known hydrogel was employed, branched 

polyethylenimine (bPEI), the primary amines create the platform to covalently attach components 

such as mediators and enzymes. This hydrogel with its hydrophilic nature increases the mobility 

of mediator for effective electron transfer between enzyme and the electrode. Carbon materials 

were non-covalently functionalised by the π-π interaction with the pyrene which was tethered to 
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redox relay of ferrocene functionalised branched PEI. Glucose oxidase (GOx) enzyme was 

crosslinked to nanocomposite using glutaraldehyde (GA) prior to electrode fabrication. Another 

enzymatic nanocomposite was designed where, gold nanoparticles were synthesised using bPEI 

as the stabilizer, and further conjugated with ferrocene propionic acid via the 1-ethyl-3-(3-

dimethylaminopropyl)carbodiimide (EDC) coupling reaction. EDC activates the carboxyl group 

for the coupling with primary amines to form amide bonds. After separation and purification, the 

resulting material was used for covalent attachment of enzyme GOx using GA as linkers. This 

composite material was then used for the fabrication of glucose oxidase electrodes. Above 

discussed enzymatic electrodes showed excellent electrocatalysis towards glucose oxidation in 

neutral pH. 

The non-enzymatic electrodes were fabricated using poly(hydroxyl-1,4-naphthoquinone) 

stabilised gold nanoparticles (AuNQ NPs) was synthesised by one step chemical reduction of 

AuCl4
- using 5-hydroxyl-1,4-naphthoquinone, and stabilised by the simultaneously formed 

poly(hydroxyl-1,4-naphthoquinone). Cobalt selenide flakes decorated reduced graphene oxide 

(CoSe-rGO) is another non-enzymatic catalyst that was synthesised using a simple hydrothermal 

method. The electrochemical properties of the AuNQ NPs and CoSe-rGO and their electrocatalytic 

activities towards glucose oxidation in alkaline media were investigated using a range of 

techniques, including DC cyclic, rotating disk electrode and Fourier transformed large amplitude 

AC voltammetry techniques. The results demonstrate that these non-enzymatic catalysts modified 

electrodes have excellent catalytic activity toward glucose oxidation. 
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Symbol Description Usual units 

𝐸𝐹𝑜 Formal redox potential V 

𝐸𝑜𝑥𝑃  Oxidation peak potential V 

𝐸𝑟𝑒𝑑𝑃  Reduction peak potential V 

∆Ep Separation of the peak potentials V 

Em Mid potential V 

I Current µA 

Ip Peak current µA 

𝐼𝑜𝑥𝑃  Oxidation peak current µA 

𝐼𝑟𝑒𝑑𝑃  Reduction peak current µA 

Iss Steady state limiting current µA 

jss Steady state current density µA cm-2 

jmax Maximum current density µA cm-2 

n Number of electrons  

F Faraday’s constant 96,485 C mol-1 

A Electrode area cm2 

C Concentration  mol cm-3 / mol dm-3 

v Scan rate V s-1 

D Diffusion coefficient cm2 s-1 

R Universal gas constant 8.314 J mol-1 K-1 

T Absolute temperature K 

t Time s 

ɷ Rotational speed rad s-1 

Q Charge C 

Г Surface coverage mol cm-2 

Km' Apparent Michaelis Menten constant mmol dm-3 

IRu 

 

Uncompensated resistant Ω 
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1.1.  Electrocatalysis 

 

Electrocatalysis can be defined as ‘the acceleration of a particular redox reaction by the 

appropriate choice of electrode material’ [1, 2]. The requirement for electrocatalytic 

materials is obvious, as it makes various processes more economically favoured using 

electrons to undertake chemical transformation [3]. The function of a catalyst is to lower 

the free energy that is required to reach the transition state, however, the total difference 

of free energy of reactants and products does not change [4]. Electrocatalysts will 

minimise the overpotential required to drive a particular process. In addition, achieves 

higher current densities than other approaches [5].  

The discovery and development of new electrocatalysts is prevalent with the number of 

new scientific literature related to this topic being more than 800 papers (web of science 

search, term “electrocatalysis”) per annum. Catalysts can be either chemical catalysts or 

biocatalysts. Chemical catalysts are mainly metal, metal oxides, and alloys while enzymes 

represent the largest class of biocatalysts. Scientists work towards improving the 

electrocatalytic activity of chemical catalysts and biocatalysts for specific reactions. 

According to the catalytic materials used in electrode fabrication, the modified electrodes 

can be classified into two types; enzymatic and non-enzymatic based electrodes. An 

electrode which is modified for an electrocatalytic purpose should have properties such 

as high stability, resistance to poisoning of the electrode, nor oxidation or reduction [2]. 

Many different electrochemical techniques with many different catalysts have been used 

in electrocatalysis such as amperometry, electrochemical impedance spectroscopy and 

voltammetry[6]. 
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1.2.  Applications of electrocatalysis 

 

Catalyst modified electrodes have been used in the application of sensors, energy 

conversions such as fuel cells and other electrocatalytic reaction processes [7]. Examples 

for electrocatalytic reaction processes are specific C-H bond transformation, activation 

and reduction of CO2 to other useful products and inter-conversion of O2 and H2O [7]. 

The cost targets for catalysts highly depend on the application. As there can be high cost 

when precious metals and some rare enzymes are used. In this thesis, the focus is on 

electrocatalytic oxidation of glucose and its use as a model to design and develop new 

electrocatalytic electrodes. 

1.3.  Why we need efficient electrocatalysts for glucose oxidation? 

 

Glucose is a simple sugar which is widely available and inexpensive [8]. In plants, 

glucose is synthesised by photosynthesis via chlorophyll [9]. In humans, glucose is a 

product of carbohydrate metabolism [10] and acts as a source of energy [11]. The excess 

is stored as fat [12] and an inability to metabolise glucose will give rise to diabetes [13, 

14]. Glucose oxidation can be used in two major applications in sensors to determine 

glucose concentration and in fuel cells. The electrochemical techniques, such as 

amperometry, potentiometry[15] are widely adopted due to its relative simplicity [16], 

low cost instrumentation and miniaturisation[15] compared to surface plasmon 

resonance[17] and other optical[18] techniques. Development of effective and cheap 

glucose sensors is required for the food industry and in clinical applications related to 

diabetes where patients need to continuously monitor their glucose levels to prevent acute 

clinical conditions. Development of efficient glucose fuel cells is important to produce 

clean energy and provides an alternative energy source using abundant materials. 
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1.3.1. Glucose sensing for Diabetes 

 

The glucose sensing field is growing day by day due to the high demand from people who 

suffer from Diabetes mellitus. Diabetes mellitus is a chronic clinical condition which 

results in high or low deviations in glucose levels in blood that lie outside the normal 

range of 80-120 mg/dL (4.4-6.6 mM) [19]. This can be characterised as a metabolic 

disease [20].  The symptoms are increased thirst and urine volume, recurrent infection 

and weight loss [21]. There are three main types of diabetes as Type 1, Type 2 and 

gestational. In all three types, the basic physiological inadequacy is relative or absolute 

deficiency of insulin [22]. Type 1 diabetes results from a deficiency of insulin secretion 

from the pancreas. Type 2 diabetes is caused by resistance to insulin action or inadequate 

response to insulin secretion [12].  Gestational diabetes arise during pregnancy and can 

be seen only in women [23].  

Abnormal levels of glucose cause many long term serious health issues, such as blindness, 

tissue damage, heart disease and kidney failure [24]. Therefore, it is necessary for diabetic 

patients to regularly monitor their glucose levels with high accuracy. Since the first 

discovery of an enzyme electrode in 1962 by Clark and Lyons [25], amperometric glucose 

sensors have improved dramatically over the last five decades [26, 27]. Many sensors for 

glucose monitoring have been reported [28-30]. Glucose sensors are medically important 

devices for the aid of diabetes patients who constitute more than 10% of the world 

population [31].  Sensors allow biological or chemical changes to be translated into a 

quantifiable measurement as a signal for determining the quantity of the target analyte 

devoid of interference [32]. Blood and urine are used as biological fluids to monitor 

glucose in humans [33]. With the advancement of technology, sweat [34] and tears [35-

37] are now been used as samples to monitor glucose levels.  A very recent advance in 

the glucose sensor field is the discovery of “smart tattoos” [34, 38-40]. These smart 
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tattoos are implantable fluorescent microparticle sensors that can be injected into the skin 

and are exposed to the interstitial fluid. They monitor fluctuations of glucose 

concentration that correlates with blood glucose levels [41]. Contact lenses provide 

another approach, where tears are exploited as the biological fluid. The normal glucose 

level in tears is between 0.1–0.6 mM [42]. Yao et al. reported contact lenses embedded 

with single [43] and dual [42] glucose sensors. These contact lenses operate as wireless 

devices with telecommunication circuits.  

 

Figure 1: Different types of glucose sensors. Artwork created by Emilia Witkowska-

Nery, Martin Jönsson-Niedziółka, and Małgorzata Stani [27]. 



6 | P a g e  
 

1.3.2. Alternative energy source/ glucose fuel cells 

 

Far the industrialisation of the world, society started consuming for more energy to meet 

their aspirations [44]. Fossil fuels were the main energy source in their context. 

Combustion of fossil fuels generates energy, but is a non-renewable source. Alternative 

renewable energy sources are now needed that produce clean energy and have a low 

impact on the environment due to minimum secondary waste [45]. The use of renewable 

energy sources can provide a solution for global warming resulting from use of fossil 

fuels[44]. Renewable energy sources are solar [46], wind [47], hydroelectric [48], 

geothermal [49] and fuel cells [50]. 

Fuel cell technology is dramatically improving via fundamental research and is used in 

real applications [51]. Fuel cells have attracted interest as they are simple, efficient and 

the fuels used are abundant [44]. Fuel cells convert chemical energy into electrical energy 

(via electric current) [52] and thus act as galvanic cells [44]. A fuel cell consists of an 

anode, a cathode and electrolyte containing substrate (fuel). The anodes and cathodes are 

fabricated with catalysts that oxidise or reduce the fuel and produce electrons and 

positively charged hydrogen ions [52]. At the anode, the fuel is oxidised and release 

protons that flow through the electrolyte towards the cathode. The released electrons flow 

from the external circuit to the cathode under an electrical potential [53].  There are 

several types of bio-based fuel cells, such as enzymatic biofuel cells [54], microbial 

biofuel cells [55].  

This thesis focuses on fabricating electrocatalytic electrodes for fuel cells that utilise 

glucose. Enzymes and metals are employed as catalysts. For glucose enzymatic biofuel 

cells, glucose oxidase [56], bilirubin oxidase [57], peroxidase [58] and laccase [59]  were 

employed. The short life of enzymes causes a gradual decrease in power output of the 
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fuel cells. To minimise this problem, precious metals have been used in conjugation with 

enzymes, although, the use of metal catalysts alone has attracted much interest due to the 

work done by Stetten et al. [60] since 2010. Glucose is a well known fuel in fuel cell 

application [61]. The complete oxidation of glucose gives 24 electrons, hydrogen ions 

and CO2 [62]. 

anode : Glucose + 6H2O                     6CO2 + 24e- + 24H+                          (1.1) 

However, a more common reaction for glucose a fuel cells is: 

anode : Glucose + H2O                     Gluconolactone + 2e- + 2H+                (1.2) 

where glucose is oxidised to gluconolactone giving 2 electrons [60]. Finding an efficient 

catalyst to convert glucose completely to CO2 is challenging. With the advantage of their 

small size and high biocompatibility, glucose enzymatic fuel cells have been used in in 

vivo applications [63]. These fuel cells are very useful in providing energy to medical 

implants, because glucose and O2 can be found in biological fluids [61]. Miniature biofuel 

cells that generate electricity at high pressure created through body fluids and powered 

implanted devices have been proposed [64, 65] 

1.4.  Materials and methods used in the fabrication of electrocatalytic 

electrodes 

 

There are two main types of electrodes that have been utilised for electrocatalytic 

oxidation of glucose. They are categorised according to the catalyst used and known as 

non-enzymatic or enzymatic electrodes. However, there are many methods to fabricate 

these electrodes with catalysts such as, layer by layer deposition [66, 67], 

electrodeposition [68], drop cast [69], spin coating [70], screen printing [71, 72] hot 

embossing [73] or a combination of the methods listed above [74]. Materials that are used 

as the host matrix in the fabrication process play the role of anchoring the catalysts and 
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enhance the performance of the electrode. Mostly polymers, porous architectures and 

carbon materials are employed. 

1.4.1. Polymers 

 

Polymers are widely used materials designed by linking a large number of monomer units 

together [75]. Polymers can be used as the sensitive component or as the matrix for 

immobilisation of specific substrates such as enzymes or nanoparticles. Polymers can be 

categorised according to their properties, such as conductivity, to give conducting [76, 77] 

and non-conducting [78] polymers. The range of conducting polymer nanocomposites for 

electrochemical applications is rapidly expanding [79]. Non-conducting polymers have 

been exploited when mixed with conducting matrixes, for example, carbon nanotubes, 

inorganic nanoparticles, graphene, and special dopants. These have been used with non-

conducting polymers to overcome the low conductivity, in designing composites for 

electrochemical applications. Metallic nanoparticles stabilised with different polymers 

offer a great opportunity for enhancing the performance of modified electrodes [80]. The 

polymer may have a significant influence on the properties of resulting nanomaterials by 

utilising various forms of functional groups [81]. 

1.4.2. Carbon materials 

 

Carbon is a fascinating element that has several allotropes [82] such as diamond, graphite 

and fullerene.  However, of all the allotropes, graphite and its derivatives have been most 

widely used in electrochemical application [83]. Graphite consist of layers of carbon 

arranged as a honeycomb and stacked planes on top of each layer [84]. Graphene is a 

single layer of graphite. Graphite has been the source of many interesting carbon based 

materials such as graphene and graphene oxide [84] that are used in many applications 

[85, 86]. Their sp2 hybridised carbons allow non covalent interactions mainly via π-π 
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stacking [83, 87]. The functional groups on graphene oxide add an additional advantage 

that allows covalent attachment to other pendant groups or biomolecules [88]. Similarly, 

in 1991 the discovery of carbon nanotubes (CNT) by Iijima [89] has attracted the attention 

of material scientists. Sensors[90, 91] and fuel cells [58, 92] now incorporate CNTs as 

the host matrix. Even though used as a host matrix CNTs have improved the loading of 

catalysts due to the high surface area and high electron transfer rate derived from the high 

conductivity [93].  

1.4.3. Porous materials 

 

Porous materials can be classified according to the size of the cavity into three classes: 

macro (x > 50 nm), meso (2 < x< 50 nm) and micro (x < 2 nm) porous [94]. The use of 

mesoporous materials is now prominent in electrocatalytic applications. Catalysts are 

embedded in the cavities or if the porous structures are made out of metals they will act 

as a catalyst with a high surface area for the substrate to oxidise or reduce. If enzymes are 

used with these porous structures, the cavity should be 4 to 5 times larger than the mean 

molecular diameter of the enzyme to allow successful immobilisation [95]. There are 

many methods for creating porous materials, with silicon [96] and carbon [97] porous 

materials being very popular. 

1.5.   Types of electrodes used in electrocatalytic glucose oxidation  

  

1.5.1. Non-enzymatic electrodes 

 

In non-enzymatic electrodes, synthetic materials, such as metallic nanoparticles (NPs) 

[28, 98], conducting polymers [99, 100], polymer films and sol-gel materials [98], have 

been exploited to synthesis nanocomposites for the detection of glucose. Non-enzymatic 

electrodes are reported to provide an efficient approach to detect glucose with high 

sensitivity, reliability, fast response, good selectivity and a low detection limit [101]. 
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However, these electrodes suffer from slow kinetics and surface poisoning due to 

adsorption of intermediates [102]. Transition metals, such as gold (Au), platinum (Pt), 

silver (Ag), copper (Cu), nickel (Ni), cobalt (Co), metal oxides and alloys also have been 

reported to give high catalytic activities in glucose sensor applications [103]. Almost all 

the non-enzymatic electrodes contain transition metal component as the catalyst.  

There are two accepted theories used to obtain non-enzymatic glucose electro-oxidation 

by transition metal centres [104]: 

1. An activated chemisorption model – where glucose molecules adsorb on the 

surface of the metal centres of transition metal containing electrocatalysts 

followed by the elimination of hydrogen atom attached to hemiacetal carbon. The 

elimination of the hydrogen atom acts as the rate limiting step in this mechanism 

[28]. 

2. ‘Incipient Hydrous Oxide Adatom Mediator’ (IHOAM) model – where the active 

metal surface undergo premonolayer oxidation step that creates an incipient 

hydrous oxide layer of OHads which mediates the glucose oxidation [105]. The 

glucose becomes oxidised at a low potential and the metal surface is regenerates.  

There are thousands of reports of non-enzymatic glucose electrodes based on transition 

metals catalysts. Interestingly, both macro and nano forms of gold are active towards 

glucose oxidation [106]. Gold and platinum have the ability to work over a wide range of 

pH which allows their use within medical implants in humans [28, 107], whereas most 

other metal nanoparticles are active in alkaline pH. Poyraz et al. prepared poly(o-

toluidine) (POT) nanofiber/metal nanoparticle composites modified graphite working 

electrode which gave rapid responses with a sensitivity of 37 µA cm-2 mM-1  and a limit 

of detection (LOD) for glucose of 0.027 µM in alkaline medium [108]. Sebez et al. 
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reported the use of polyethyleneimine modified gold nanoparticles on carbon fibers 

coated with aligned carbon nanotubes in non-enzymatic glucose oxidation at 

physiological pH of 7.4[109]. It was reported that coating the electrodeposited Au 

nanoparticles with polymers with intrinsic microporosity provided resistance to poisoning 

during glucose oxidation at pH 7[110]. Au NPs electrodeposited on amine functionalised 

mesoporous silica, has been reported to give a sensitivity of 75 µA cm-2 mM-1 and LOD 

of 100 µM for glucose detection in alkaline medium [111]. Au NPs decorated on multi-

walled carbon nanotube functionalised with congo red composites was reported to give a 

low detection limit of 0.5 µM glucose in a basic medium [112]. Feng et al. synthesised 

Au NPs modified with chitosan which was exploited in the application of a glucose sensor 

with a LOD of 0.37 mM [113]. Kurniawan et al. [114] fabricated an electrode using layer-

by-layer deposition of AuNPs on a gold electrode (AuE) and obtained a sensitivity of 160 

A mM-1 cm-2, a detection limit of 0.5 mM and linear range up to 8mM in alkaline 

medium. Similarly, Jena and Raj [115] achieved glucose detection at a low potential of 

0.16 V in phosphate buffer solution (PBS pH 9.2) with high sensitivity of 179 A mM-1 

cm-2 and low detection limit of 50 nM. Yi et al.[116] designed an electrode with Ni 

nanoflakes supported by titanium and obtained a sensitivity of 7320 A mM-1 cm-2 and 

low detection limit of 1.2 M in alkaline medium. Huang et al.[117] reported the use of 

Cu nanobelts in non-enzymatic glucose sensing and obtained a high sensitivity of 4433 

A mM-1 cm-2 and linear range of 0.01-1.13 mM. These studies provide examples of the 

many different approaches to fabricating non-enzymatic glucose electrodes [118]. The 

performances of selected materials are summarised in Table 1. 
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Table 1:Non-enzymatic glucose sensor performance of nanostructured transition metals. 

Electrode Material Sensitivity / 

(A mM-1 

cm-2) 

Linear 

range/ 

(mM) 

LOD/ 

M 

Operational 

potential/ V 

Medium Ref. 

Au nanofilm  57.5 Up to 

57.5 

0.72 +0.3 vs SCE PBS 

pH7.4 

[119] 

Au nanocorals 22.6 0.05-30 10 +0.2 vs 

Ag/AgCl 

PBS pH 

7.4 

[120] 

Layer-by-layer 

AuNPs/Au E 

160 Up to 8 500 - 0.1 M 

NaOH 

[114] 

Au NPs/ Au E 179 0-8 0.05 +0.16 vs 

Ag/AgCl 

PBS pH 

9.2 

[115] 

Au NPs/ ITO 183.5 0.004-

0.5 

- +0.2 vs SCE 0.01 M 

NaOH 

[121] 

AuNPs/SrPdO3/ 

graphite 

 

7157 0.1-6 10 0.4 vs 

Ag/AgCl 

0.1 M 

NaOH 

[122] 

AuRu NPs 38.3 0-15 269 -0.65 vs 

Ag/AgCl 

0.1M 

NaOH 

[123] 

PtPb nanoporous 

networks 

10.8 1-16.9 - -0.08 vs 

Ag/AgCl 

PBS 

pH7.4 

[124] 

PtPb NPs/ MWCNT 18 Up to 5 7 -0.15 vs 

Ag/AgCl 

PBS pH 

7.4 

[125] 

PtRu/ MWCNTs/IL 10.7 0.2-15 50 -0.1 vs SCE PBS 

pH7.4 

[126] 
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PtNi/graphene 20.42 Up to 35 10 -0.35 vs 

Ag/AgCl 

PBS pH 

7.4 

[127] 

Pt3PdNP/rGO/GCE 79.57 0-0.3 0.002 0.06 vs. SCE 0.05 M 

PBS pH 

7.4 

[128] 

PtAu/ MWCNT 10.71 Up to 

24.44 

10 +0.3 vs 

Ag/AgCl 

PBS 

pH7.4 

[129] 

PtRu NPs/ MWCNTs 28.26 1-15 0.25 +0.55 vs 

Ag/AgCl 

0.1 M 

NaOH 

[130] 

PtNi nanowires 920 0.002-2 1.5 +0.45 vs SCE 0.1M 

NaOH 

[131] 

Ni nanowire arrays 1043 0.0005-7 0.1 +0.55 vs SCE 0.1 M 

NaOH 

[102] 

NiS/ ITO 7430 0.005–

0.045 

0.32 +0.5 vs 

Ag/AgCl 

0.1 M 

NaOH 

[132] 

Ni nanoflakes/ Ti 7320 0.05-0.6 1.2 +0.5 vs SCE 0.5 M 

NaOH 

[116] 

Cu nanobelts 4433 0.01-

1.13 

10 +0.6 vs 

Ag/AgCl 

0.05 M 

NaOH 

[117] 

Cu NPs/Graphene 157 0-4.5 0.5 +0.5 vs SCE 0.1 M 

NaOH 

[133] 

Cu NPs/ SWCNT 3657 Up to 

0.5 

0.25 +0.65 vs 

Ag/AgCl 

0.02 M 

NaOH 

[134] 

Cu–Ag/NF 7745.7 0.005– 

3.5 

0.08 0.55 V vs  

Hg/HgO  

0.5 M 

NaOH 

[135] 

Co3O4 NFs-

Nafion/GCE 

36.25 0-2.04 0.97 +0.59 vs 

Ag/AgCl 

0.1 M 

NaOH 

[136] 
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3D graphene/ Co3O4 

nanowire composite 

3390 0- 0.080 0.025 +0.58 vs 

Ag/AgCl 

0.1 M 

NaOH 

[137] 

Cu-Co NSs/RGO-

CHIT/GCE 

1921 0.015–

6.95 

10 0.45  vs SCE 0.1 M 

NaOH 

[138] 

MnO2/Au Composite 95 0.1 - 20  0.271 vs SCE 0.1 M 

NaOH 

[139] 

MnO2/MWCNT 396 0 - 28 - +0.3 vs 

Ag/AgCl 

0.1M 

NaOH 

[140] 

PtAu– MnO2/ 

Graphene Paper 

58.54 0.1 - 

30.0 

0.02 0 vs. 

Ag/AgCl. 

0.5M 

H2SO4 

[141] 

Fe2O3 nanowire arrays 726 0.015-8 6 +0.52 vs SCE PBS pH 

7.5 

[142] 

Abbreviations: NF- nickle foam; ITO – indium tin oxide; NP – nanoparticle; NS – nano 

sheets; MWCNT – multi wall carbon nanotube; RGO – reduce graphene oxide; 

1.5.2. Enzymatic electrodes 

 

The fabrication of enzymatic electrodes is much more complicated than the non-

enzymatic ones as there are many factors that influence the electron transfer process 

between the electrode and the enzyme [29]. Glucose oxidase (GOx) and glucose 

dehydrogenase (GDH) are the major enzymes that have been exploited in glucose 

enzymatic sensors. Enzymes are biocatalysts that have significant advantages over 

chemical catalysts [143]. The advantages are, the ability to work in standard conditions 

(no extra energy needed), high specificity and catalysis of only a specific reaction using 

a very narrow range of reactants [144]. However, employing enzymes in electrochemical 

devices, introduces complications that result from sluggish and inefficient electron 

transfer between large enzymes and the electrode. Since efficient electron transfer is 

critical to achieve an ideal functioning of the electrode, many studies have focused on 
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understanding the factors that influence the electron transfer process and to improve its 

activity.  An ideal enzymatic electrode should have the following properties: high 

chemical stability, anti-biofouling effect, high sensitivity, strong adherence of the film to 

the electrode, high immobilisation ratio of enzymes [145]. 

According to the mechanism involved, glucose biosensors can be categorised into three 

generations: 

1st Generation: In the first generation of biosensors, the enzyme, glucose oxidase utilised 

O2 to oxidise glucose. The amount of used O2 was used in the measurement of glucose 

concentration [29].  

Glucose + O2                         Gluconolactone + H2O2                                    (1.3) 

Further developments include the introduction of an oxygen working electrode to correct 

oxygen background and use of measurement based H2O2 detection [146]. Dependence on 

ambient O2 concentration, the high overpotentials for the reduction of O2 or oxidation of 

H2O2 are drawbacks in 1st generation glucose biosensors [28].  

2nd Generation: Mediators were introduced to overcome the drawbacks in 1st generation 

glucose biosensors. These mediators are relatively low molecular weight moieties that 

have reversible process at low potentials [147]. Ferrocene derivatives [148], osmium 

complexes[149], ruthenium complexes[150] are examples of mediators. These mediators 

make the communication more efficient by shuttling the electrons between electrode and 

enzyme active site. The mechanism is as below [28] is: 

Glucose + GOx(FAD)                             gluconic acid + GOx(FADH2)                   (1.4) 

GOx(FADH2) + 2M(ox) + 2e-                        GOx(FAD) + 2M(red)  + 2H+            (1.5) 

2M(red)                        2M(ox) + 2e-                                                                         (1.6) 
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In this approach the measurement become independent of oxygen and can be used at 

lower potentials which minimises interfering reactions [29] and improves selectivity. 

Medisense commercialised the first personal glucose biosensor in 1987 [29]. The possible 

leakage of the potentially toxic mediators prevented their use as in vivo glucose biosensors 

[28].                          

3rd Generation: This generation of biosensors eliminates the use of mediators, and employ 

direct electron transfer. The enzymatic electrodes of this generation can be operated at 

low potentials of ~ 0.44 V vs SHE, which is close to the physiological enzyme redox 

potential[29]. Interfering responses from electroactive species are minimised due to the 

low potentials. The mechanism [151] is: 

Glucose + GOx(FAD)                           gluconic acid + GOx(FADH2)                   (1.7) 

GOx(FADH2) + 2e-                               GOx(FAD)  + 2H+                                      (1.8) 

The 3rd generation biosensors suffer from a relatively small linear dynamic range 

compared to 1st and 2nd generation sensors. Therefore, research is needed to increase the 

performance of these sensors [28].    

1.5.2.1.  Enzyme immobilisation methods 

 

Enzyme immobilisation plays a critical role in the fabrication of enzymatic electrodes 

[152] because the active site of the enzymes are buried under a thick protein layer [153]. 

The orientation and the position that the enzyme docks on the electrode will impact on 

the efficiency of electron transfer process [154]. This problem arises in a two dimensional 

(2D) electrode and to overcome this issue it is necessary to fabricate three dimensional 

(3D) enzymatic electrodes, where orientation and position will no longer be a limiting 

factor as the polymer wrapped around the enzyme acts as an electrical wire to shuttle 
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electrons to the electrode [155]. Figure 2 depicts the orientation and position of enzymes 

in 2D and 3D enzymatic electrodes. 

  

 

 

 

 

 

Figure 2: Schematic diagrams which illustrate the effect of enzyme orientation in (a) a 

2D electrode and (b) a 3D electrode. 

Immobilisation of enzymes can be achieved in three ways: 

1. Adsorption- adhesion of enzymes onto the conducting matrix. This can be 

achieved by electrostatic interactions 

2. Entrapment in a polymer matrix  

      3. Cross-linking   

After the enzyme immobilisation on the electrode, it is necessary to achieve efficient 

electron transfer between the enzyme active site and the electrode. Many studies have 

focused on understanding the factors that influence the electron transfer process [156, 

157]. Mediated electron transfer can be achieved by incorporating reversible electron 

transfer mediators, which were reported to be useful. The combination of nanomaterials 

and nanotechnology assist in overcoming the challenging bioanalytical barriers such as 

specificity, stability and sensitivity [158]. Utilisation of conducting polymers and electron 

(a) (b) 

Blue wires- electrical conductive network 

Red spots- active sites of enzyme 
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relays have been used to enhance the contact/ communication between the buried redox 

centre of the protein and the electrode [159].  

1.5.2.2.  Electron transfer mechanisms 

 

Enzyme immobilization is a key requirement, as the electron transfer between the 

electrode and enzyme is an essential factor which enables the biosensor to function with 

high performance. Theoretically, this can be achieved by either direct electron transfer 

from the enzyme to the electrode through an electrically conductive pathway or through 

mediated electron transfer process with the aid of molecular species having well defined 

electrochemistry (Figure 3). Studies exploring electron transfer between large enzymes 

and electrode surfaces are highly important in understanding enzyme behaviour and 

exploiting their specific properties for biosensor applications [160].  

 

  

 

 

 

 

 

Figure 3: Schematic diagrams showing two key mechanisms for electron transfer 

between the enzyme and the electrode, (a) mediated electron transfer and (b) direct 

electron transfer. 

(b) (a) 
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One of the main challenges for biosensor is to establish efficient electron transfer 

pathways between the enzymes and electrode. The mediated electron transfer process, 

limits the energy loss. Since enzymes are large and hence the distance between the 

electrode and redox-active site is substantial. This approach is the principle on which 

most commercial disposable glucose biosensors for in vitro glucose monitoring are 

developed[161] and can be envisaged as a hopping mechanism when the mediators are 

immobilised on the electrode[162].   

Four pathways that have the potential to allow electronic communication between an 

enzyme and an electrode surface: 

i.  Direct electron transfer – This method could lead to device inactivity as a result of the 

interaction of the enzyme with a bare electrode surface, when the potential was applied, 

the developed current on the electrode can denature the enzyme and will no longer be 

active. This will cause the inability of the enzyme to strongly communicate with the 

electrode resulting device inactivity [163]. The enzyme working life can be extended 

when the electrode is modified with a monolayer of the enzyme nanocomposite material 

to weaken the interaction between the enzyme and the electrode [164]. This direct method 

only works efficiently for small or medium size enzyme where the active centres are 

sufficiently close to the electrode surface, eg <<2 nm [165].  

ii. Freely diffusing redox species through a mediated mechanism- This method may not 

lead to a robust system as needed for in vivo applications [166, 167]. 

iii. Electron hopping through a redox mediator within a polymer - This leads to a 

mediated approach with potential for biosensor and biofuel cell application [168-170]. 

iv. Electron transfer via a conducting polymer chain [163]- This could potentially lead to  

a direct electron transfer pathway under suitable conditions. Much of the current research 
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on enzyme electrodes is focusing on the development of stable enzyme electrodes (in 

particular GOx electrodes) based on the principle of direct electron transfer. The potential 

for these applications is relatively unexplored, but promising, particularly if a number of 

important challenges can be addressed. These include solving several aspects of 

communication between electrodes and metalloenzyme active sites [171], and 

overcoming the problem of partial denaturing or shape deformation through electrode 

contact. 

Lee et al. [172] reported a glucose biosensor based on prussian blue (PB) modified 

graphite. The glucose oxidase (GOx) was immobilised on PB-G string electrode with 

biocompatible chitosan overlayer to obtain Chi/GOx/PB-G string electrode which gave a 

high sensitivity of  641.3 A mM-1 cm-2 and a linear range of 0.03 to 1.0 mM for glucose 

at physiological pH (PBS pH 7.4). It is now becoming more comman to use multi enzyme 

systems in the biosensor field and Wang et al.[173] reported graphene nano-sheet bonded 

polydopamine/metal–organic frameworks (MOF) microcapsules with immobilized 

glucose oxidase as a mimetic multi-enzyme system for glucose sensing. The MOF mimics 

the horseradish peroxidase properties and further oxidise H2O2 that was produced by 

glucose oxidation by GOx.  Ambarsari et al. reported the immobilisation of glucose 

oxidase onto polyaniline nanofiber modified carbon paste electrodes 

(GOx/PAniNF/MCPE) as bioanodes in fuel cell having a sensitivity of 57.79 A mM-1 

cm-2[174].  Merchant et al.[175] used ferrocene (Fc) conjugated linear polyethylenimine 

(PEI) for glucose oxidase electrode fabrication for glucose determination obtained a 

sensitivity of 10 A mM-1 cm-2 and a short linear range of 0.005-0.1 mM. 

Ferrocenylhexyl- and ferrocenylpropyl-modified linear PEI (Fc-C6-LPEI) were used with 

periodate-modified glucose oxidase (p-GOX) in the layer-by-layer assembly of 

enzymatic electrodes by Godman et al.[66] with a high current density of 1417 ± 63 μA 
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cm−2. A novel glucose biosensor based on a gold nanoparticle/ bovine serum albumin/ 

Fe3O4 (AuNPs/BSA/Fe3O4) composite was reported by He et al.[176] for immobilising 

GOx. This enzymatic electrode has a high sensitivity of 115.3 A mM-1 cm-2 and a wide 

linear range of 0.25 - 7.0 mM with a LOD of 3.54 M at pH 7.4. Chitosan supported 

silver nanowires (AgNWs) based enzyme electrodes were fabricated  by Kumar-Krishnan 

et al.[177] with a sensitivity of 16.72 A mM-1 cm-2 with a wide linear range of 1–15 

mM. Wang et al. [178], who integrated the conducting polymer poly(3,4-

ethylenedioxythiophene) with a Fc conjugated bPEI, obtained a sensitivity of 66  A mM-

1 cm-2 and a linear range of 0.5-4.5 mM in pH 5.5 solution. Cheng et al.[179] reported an 

enzymatic glucose sensor modified with palladium/ reduced graphene oxide and GOx 

with a high sensitivity of 201 A mM-1 cm-2, a narrow linear range 0- 4 mM and a low 

detection limit of 0.34 M. Zhong et. al.[180] designed multi-wall carbon 

nanotube/conductive polyaniline nanocomposite with a sensitivity of 128 A mM-1 cm-2, 

the linear range of 0.003-8.2 mM and a low detection limit of 1 M. Singh et al.[181] 

prepared a sulfonated poly(ether-ether-ketone) functionalised ternary 

graphene/AuNPs/chitosan nanocomposite for efficient glucose biosensor and obtained a 

sensitivity of 6.51 A mM-1 cm-2 with a wide linear range of 0.5-22.2 mM and a low 

detection limit of 0.13 M. All these enzymatic sensors are designed to work at 

physiological pH in order to ensure enzyme stability. A survey of literature relating to 

enzymatic glucose sensor performance is provided in Table 2. 
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Table 2: Enzymatic glucose sensor performance. 

Electrode Material Sensitivity 

(A mM-1 

cm-2) 

Linear 

range 

(mM) 

LOD/ 

M 

Operational 

potential/ V 

Mediu

m 

Ref. 

GCE/BCNTs/POAP-

GOx 

2.43 Up to 8 3.6 +0.60 vs SCE PBS 

pH 7.0 

[182] 

GOx/PAniNF/MCPE 57.79 - - +1.0  vs 

Ag/AgCl 

AB pH 

4.5  

[174] 

CS/AgNWs/GOx/GCE 16.72 1–15 - -0.70 vs SCE PBS 

pH 7.4 

[177] 

Chi/GOx/PB-G string 

electrode 

641.3 0.03 - 1 10 -0.05 vs 

Ag/AgCl 

PBS 

pH 7.4 

[172] 

GOx/AuNPs/BSA/Fe3O4 115.3 0.25 - 

7.0 

3.54 +0.4 vs 

Ag/AgCl 

PBS 

pH 7.4 

[176] 

GNS-PEI-

AuNPs/GOx/GCE 

93 0.001-

0.1 

0.32 -0.35 vs 

Ag/AgCl 

PBS 

pH 7.0 

[183] 

HMMP SiO2-Au bilayer/ 

GOx/ GCE 

18 0.1 - 10 50 +0.35 vs 

Ag/AgCl 

PBS 

pH 

6.86 

[184] 

GOx/NiO/TiO2–Gr/GCE 4.129 1.0– 

12.0 

1.2 -0.4 vs SCE PBS 

pH 7.0 

[185] 

GOx/PtNP/PAni/Pt 96.1 0.01- 8 0.7 +0.56 vs SCE PBS 

pH 5.6 

[79] 

GOx/AuNPs/PAni/GC 73.25 0.001-

0.8 

0.5 +0.6 vs SCE  PBS 

pH 6.9 

[186] 

GOx/Pt/MWNT-

PAni/GCE 

128 0.003-

8.2 

1 +0.55 vs SCE PBS 

pH 7.0 

[180] 
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GOx/(Pt/C)/GCE 125 0-45 <300 +0.7 vs 

Ag/AgCl 

PBS 

pH 7.4 

[187] 

GOx/MWCNT/Pt 52.7 0-28 30 +0.4 vs SCE PBS 

pH 7.4 

[188] 

GNPs/CD-Fc/GOx 18.2  0.08-

11.5 

15 +0.25 vs SCE PBS 

pH 7.0 

[189] 

Fc-C6-LPEI/ SWCNT 74 0 – 10 - 0.35 vs SCE PBS 

pH 7 

[190] 

MWCNT-Fc/ chitosan-

GOx 

25 0 – 3.8 0.003 0.35 vs 

Ag/AgCl 

0.1M 

PBS 

pH7 

[191] 

Fc-PAH-MWCNT/GOx 

 

30.8 0 - 10 - 0.5 vs 

Ag/AgCl 

0.01M 

PBS 

pH7 

[192] 

GOx/Pd/RGO/GCE 201 0-4 0.34 +0.5 vs 

Ag/AgCl 

PBS 

pH 

6.85 

[179] 

MnO2/GOx/Screen-

Printed Carbon Ink 

7.6 0.011 - 

13  

0.0005 +0.48 vs. 

Ag/AgCl. 

0.1 M 

PBS 

pH 7.5 

[193] 

GOx/SPG-AuNPs-

CH/ITO 

6.51 0.5-

22.2 

0.13 +0.3 vs 

Ag/AgCl 

PBS 

pH 7.0 

[181] 

Abbreviations: GCE- glassy carbon electrode; BCNT- boron doped carbon nanotubes; 

POAP - poly(o-aminophenol); GOx – glucose oxidase; AB – acetate buffer; CS- chitosan; 

Chi – chitosan; PB - prussian blue; BSA - bovine serum albumin; GNS - graphene; Gr- 

graphene; RGO – reduce graphene oxide;  HMMP - hierarchical meso-macroporous; 

PAH - Poly(allylamine hydrochloride); SPG – screen printed graphene; PAni – 

Polyaniline. 
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1.6.  Advantages and disadvantages of enzymatic and non-enzymatic electrodes 

 

The two electrode approaches have advantages and disadvantages. Consequently, it is 

necessary to overcome these drawbacks in the fabrication of both electrocatalytic 

electrodes for glucose sensing and in glucose fuel cell applications. Thus, 

biocompatibility studies along with stability and lifetime testing are required in achieving 

high performance. The advantages and disadvantages[103, 194] are listed in Table 3.  

Table 3: Advantages and disadvantages of enzymatic and non-enzymatic electrodes 

 Advantages  Disadvantages 

Enzymatic  Low detection limits 

 High selectivity and less 

interference 

 Active in physiological 

pHs 

 Low stability 

 Complicated enzyme 

immobilisation 

procedures 

 Sensitive to external 

conditions, eg – 

temperature 

 

Non-enzymatic  High sensitivity 

 Low cost 

 Good stability 

 Wide dynamic range 

 

 Prone to surface 

poisoning 

 Most catalysts are active 

in alkaline pH 
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1.7.  Electrochemical techniques used in this study 

 

1.7.1. Cyclic voltammetry 

 

Cyclic voltammetry is a simple, widely used electroanalytical technique [195], which 

uses a three electrode cell system with an electrolyte. The three electrodes are the working 

electrode, the reference electrode and an auxiliary electrode. In this technique, the 

potential applied to the working electrode is varied between the initial value and an upper 

or lower limit. The initial potential could be the upper or lower values, or the open circuit 

potential. The potential of the working electrode is controlled relative to the reference 

electrode. The output current which is the response signal, gives rise to a cyclic 

voltammogram [195]. Cyclic voltammetry is mostly used to probe the nature of a redox 

process that taken place at an electrode/electrolyte interface. A simple cyclic 

voltammogram can provide information on the formal redox potential (𝐸𝐹
𝑜), oxidation 

current, reduction current, peak separation/ reversibility, kinetics etc. [196]. The formal 

redox potential for a reversible process is the average of oxidation peak potential (𝐸𝑜𝑥
𝑃 ) 

and reduction peak potential (𝐸𝑟𝑒𝑑
𝑃 ) and can be calculated as in equation (1.9); 

 𝐸𝐹
𝑜  =  

𝐸𝑜𝑥
𝑃 + 𝐸𝑟𝑒𝑑

𝑃

2
     (1.9) 

The separation of the peak potentials (∆Ep) gives information regarding the number of 

electrons (n) transferred in the electrode reaction and it can be evaluated from equation 

(1.10); 

∆Ep = 𝐸𝑜𝑥
𝑃  -  𝐸𝑟𝑒𝑑

𝑃   ͠=  
0.057

𝑛
     at 25º C                          (1.10) 

The peak current of a reversible process can be evaluated by using the Randles- Sevcik 

equation [197] given in equation (1.11); 
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Ip = 0.4463nFAC(
𝑛𝐹ʋ𝐷

𝑅𝑇
)1/2                                                 (1.11) 

where Ip is the peak current, n is the number of electrons for the redox couple, F = 

Faraday’s constant (96,485 C mol-1), A = electrode area (cm2), C = concentration of the 

analyte (mol cm-3), v =  rate at which the potential is swept (V s-1), D =  analyte diffusion 

coefficient (cm2 s-1), R =  universal gas constant (8.314 J mol-1 K-1), and T =  absolute 

temperature (K).  

In electrocatalysis, these parameters and equations provided above are used to assess the 

performance of the catalyst. Cyclic voltammetry uses a linear potential scan with a 

triangular waveform as shown in Figure 4 [198]. A typical cyclic voltammogram for a 

one electron transfer is illustrated in Figure 5. Thus, a voltammogram is a display of 

current versus potential [195].  

 

Figure 4: A schematic diagram showing the wave form employed in dc cyclic 

voltammetry (taken from ref [198]). 
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Figure 5: A cyclic voltammogram for a simple one electron oxidation process. The 

symbols used in the diagram are as follows; t = time, E = potential versus a reference 

electrode such as Ag/AgCl, Red = reduced form, Ox = oxidised form, 𝐸𝑜𝑥
𝑃 = oxidation 

peak potential, 𝐸𝑟𝑒𝑑
𝑃  = reduction peak potential, 𝐼𝑜𝑥

𝑃  = oxidation peak current , 𝐼𝑟𝑒𝑑
𝑃 = 

reduction peak current (taken from ref [198]).  

 

 

 

 

 

 

𝑬𝒓𝒆𝒅
𝑷  
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1.7.2. Rotating disc electrode  

 

The rotating disc electrode (RDE) technique represents an extended version of 

voltammetry, in where a stationary electrode was replaced by a rotating disc as the 

working electrode (typically glassy carbon, platinum or gold) in a conventional three 

electrode cell. A simple RDE setup is illustrated in Figure 6. 

 

 

 

 

 

 

 

 

Figure 6: A conventional rotating disc electrode set up  

 The RDE allows studying kinetics under the hydrodynamic condition [199] and can be 

used to find out whether a process is kinetically or mass transport controlled. The theory 

behind RDE was described by Levich in 1942[200] and the variation of the mass transport 

limiting current as a function of rotation speed can be analysed. The Levich equation 

(1.12) is: 

Ilim = 0.62nFAD2/3ʋ-1/6ɷ1/2C                                                                                (1.12) 
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where Ilim = limiting current, n = total number of electrons transferred, F = Faraday 

constant (96485.34 C mol–1), A = area of the electrode (cm2), D = diffusion coefficient 

(cm2 s–1), ʋ = kinematic viscosity of the electrolyte (cm2 s–1) , ɷ = rotational speed (rad s-

1), C = concentration of the analyte (mol cm-3). Sigmoidal curves (Figure 7) rather than 

peak shaped one, are obtained with a steady state limiting current (Iss) under 

hydrodynamic conditions with RDE.  

 

 

 

 

 

 

 

 

 

Figure 7: Sigmoidal curve obtained with a steady state limiting current (Iss) under 

hydrodynamic conditions at a RDE. 
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1.7.3. Bulk electrolysis 

 

Potentiostatic coulometry or controlled potential coulometry are other names for bulk 

electrolysis[201, 202]. This method is also carried out in a three electrode system in a one, 

two or three compartment cell with the working electrode being larger than those used in 

voltammetry. Continuous stirring[203] (enhances convection) is essential to enhance 

analyte to contact with working electrode. Figure 8 illustrates H-shaped bulk electrolysis 

cell setup.  

 

Figure 8: Schematic representation of H-shaped bulk electrolysis setup. 

During the experiment, the potential of the working electrode is held constant and the 

current monitored as a function of time[204]. Upon injection the data are displayed as 

coulombs (C) versus time (s)[205]. Faraday’s law of electrolysis given in equation (1.13) 

expresses the relationship between charge (Q), current (I) and the electrolysis time (t) 

[206]: 

Q = ∫ 𝐼 𝑑𝑡
𝑡

0
                                                             (1.13) 

During bulk electrolysis the current decreases as the analyte is consumed with time and 

reaches zero when the substrate conversion is complete [204] as shown in Figure 9. The 
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mass transfer of the analyte in the solution to the electrode surface determines the rate of 

electrolysis [204].  

Bulk electrolysis is often used in industry for electrometallurgy, cleaning and plating of 

metals, production of H2 as fuels, production of chemicals and rust removal etc. [207]. In 

this study bulk electrolysis is used to evaluate final products of electrolysis and establish 

the efficiency of new catalysis.   

 

 

Figure 9: A plot of current vs time in bulk electrolysis. 
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1.7.4. Fourier transformed AC voltammetry 

 

Fourier transformed AC voltammetry (FTACV) is a very sensitive technique that enables 

some electrode processes to be studied more efficiently compared to DC voltammetry. In 

DC voltammetry, the faradaic signal generated from a surface confined redox species is 

often very small and neglected by background catalysis current [208]. However, the 

higher mode harmonics in FTACV technique have a very low background. In FTACV as 

used in this thesis, a large amplitude ac perturbation is superimposed onto the dc ramp. 

Fourier transformation (FT) and inverse FT are used to resolve dc and ac harmonic 

components. The higher order harmonics are devoid of background charging current [209] 

and highly sensitive to the kinetics of heterogeneous electron transfer process [210]. The 

harmonics are used to evaluate the kinetics of electron transfer processes. Surface 

heterogeneity also can be more readily identified using the FTACV technique [211]. 

Figure 10 presents a schematic representation of the waveform used in FTACV and 

Figure 11 illustrates how data analysis is undertaken.  

 

Figure 10: Schematic representation of the waveform used in ac voltammetry, taken from 

ref [198] 
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Figure 11: A schematic representation of data analysis used in FTACV, taken from ref 

[198] 
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1.8.  Research objectives 

 

This thesis study is aimed at developing the science and engineering required for 

generation of low-cost and recyclable electrodes for electrocatalytic oxidation of glucose. 

The study seek new pathways to avoid surface poisoning from intermediates and aims to 

improve the selectivity towards glucose electrocatalytic processes which can be used in 

glucose sensors and fuel cell applications. To achieve the challenges provided, the 

following essential aspects need to be addressed: 

1. Improve the electron transfer process between the electrode and the catalyst  

 

2. Investigate novel catalysts and polymer nanocomposites to obtain high sensitivity 

and selectivity for the analytical application of glucose sensors and fuel cells. 

 

3. Design and synthesise of nanocomposites that can immobilise and stabilise 

Glucose oxidase enzymes. 
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1. Introduction 
 

Enzymes are complex proteins produced by living cells that catalyse a specific biochemical 

reaction. Enzymatic co-factors assist the enzymes to achieve efficient electron transfer in its 

natural environment. The glucose oxidase (GOx) enzyme is widely used in glucose oxidation 

[1], due to its simplicity in use in systems/nanocomposites for different electrochemical 

applications, such as biosensors [2] and biofuel cells [3]. In GOx, the active redox center lies 

deep in the apoenzyme which makes the electron transfer kinetics slow [4]. However, this 

could be achieved via mediated electron transfer while the enzyme was immobilised onto the 

surface of the electrode [5]. Use of mediators would overcome the sluggish electron transfer 

between the enzyme and the electrode. The key process of activation of the bioelectrocatalytic 

function of the enzyme relies on the effectiveness of the electrical contacting of the redox 

center of the enzyme with electrode supports [6].   

Glucose biosensors and biofuel cells can be considered as important electronic devices, which 

are mainly used in clinical/medical applications. According to the global report on diabetes 

2016 published by the World Health Organisation, the number of diabetic patients has 

increased to 422 million from the world population [7]. The development of accurate and 

reliable biosensors are required to assist diabetes patients to continuously monitor glucose 

level in human blood. The requirement of development of efficient biofuel cells is now in 

high demand as it has attracted the attention of scientist as it can be used to power medical 

implants in human body which has a continuous supply of glucose and oxygen via blood[8].  

Biofuel cells consist of bioanodes and biocathodes which are designed by employing enzymes 

or microorganisms as the catalyst to convert target analyte into electrical power output[9]. 

Considering all plausible enzyme pathways which could be used in biofuel cell application, 

glucose oxidase (GOx) was reported to be the best enzyme as it is stable, inexpensive, high 
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catalytic activity and use glucose as a fuel which is wide spread[4]. Key structural 

components of an enzyme electrode are enzyme, immobilisation matrix and mediator.  

A wide range of polymers have been used to provides the basic platform for the covalent 

attachment of biomolecules [5]. Among them the linear and branched forms of 

polyethylenimine (PEI), is a popular choice. It is a polyamine with high solubility in water 

[10] which is widely used for the attachment of biomolecules such as enzymes and DNA [11]. 

Since branched PEI (bPEI) is nonconductive, it cannot be directly used for enzyme electrode 

fabrication. In order to improve the electrical conductivity, integration with other conductive 

substrates is essential. Carbon materials, such as carbon nanotube (CNT) and graphene 

derivatives, are known as emerging supporting substrates for functional nanomaterials due to 

their remarkable properties [12]. CNT are non-metallic graphene nanowires with different 

constituent, length, diameter and chirality. These exhibit high specific surface area, 

biocompatibility, antifouling properties and most importantly high conductivity [5, 13]. Since 

the discovery of carbon nanotubes (CNT) by Iijima in 1991 [14] it has attracted material 

scientists with its properties compared to metals. A whole lot of work has been done in 

biosensor and biofuel cell field incorporating CNTs as the host matrix. Even though it was 

used as a host matrix it has improved the loading of enzymes due to high surface area, high 

electron transfer rate due to high conductivity etc. These remarkable properties have been 

synchronised by J. Liu et al. [15] in synthesising CNTs immobilised ferrocenecarboxaldehyde 

with GOx immobilised silk films for the fabrication of an enzymatic electrode for the glucose 

biofuel cells. They have obtained a high current density of 0.5 mA cm-2. Qiu et al. [12] 

reported a ferrocene modified MWCNT with chitosan modified GOx for glucose biosensor 

application. Analytical performance of this biosensor showed a sensitivity of 25 µA mM-1 cm-

2, a detection limit of 3.0 µM and a current density of 57 µA cm-2. A comparison study 

between polyethylenimine (PEI) and poly(acrylic acid) (PAA) has been conducted by Yan et 



62 | P a g e  
 

al. [16] using CNTs coated with PEI or PAA then carried out covalent binding of Fc 

derivative and GOx accordingly to develop an enzymatic electrode for glucose oxidation. The 

CNT/PEI-Fc-GOx electrode showed excellent performance over CNT/PAA-Fc-GOx 

electrode having a current density of 0.3 mA cm-2. Tran et al. [17] has reported single wall 

carbon nanotubes incorporated with Fc modified linear PEI redox polymer hydrogels with 

GOx in glucose oxidation and has obtained a remarkably high current density of 3 mA cm-2. 

Similarly, reduced graphene oxide carries these above mentioned properties [18]. Qiu and co-

workers [19] reported a chitosan–ferrocene/graphene oxide/glucose oxidase (CS–

Fc/GO/GOx) nanocomposite film for the fabrication of glucose biosensor which showed a 

linear response to glucose in the concentration range from 0.02 to 6.78 mM with a detection 

limit of 7.6 M and exhibited a sensitivity of 10 A mM−1 cm−2. 

In the present study, carbon materials were non-covalently functionalised by the π-π 

interaction with the pyrene which was tethered to redox relay of ferrocene functionalised 

branched PEI (bPEI). This was employed for the development of enzymatic electrodes. We 

compare the activity of Fc-Py-bPEI-MWCNT/GOx fabricated electrodes with Fc-Py-bPEI-

rGO/ GOx fabricated electrodes towards glucose oxidation. The results revealed that 

MWCNT nanocomposite fabricated electrode has a maximum current density of 1.4 mA cm-2 

over the rGO nanocomposite fabricated electrode, which has a maximum current density 0.98 

mA cm-2, which shows that there is no significant difference in the activity of these two 

carbon materials proving the concept published in the review by Wenrong et al.[20]. 
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2. Experimental 
 

2.1. Chemicals  

The chemicals branched polyethylenimine (bPEI, 97%), 1-pyrenebutyric acid (Py, 97%), N-

hydroxysuccinimide (NHS, 98%), 1-ethyl-3-(3-dimethylaminopropyl) carbodiimide 

hydrochloride (EDC, commercial grade), glutaraldehyde solution in H2O (GA, 50% (w/v)) 

and D-glucose (99%) were purchased from Sigma Aldrich. Multiwall carbon nanotubes 

(MWCNT, 20-30nm diameter, 0.5-2 µm length, 95%) was purchased from Nanostructured & 

Amorphous Nanomaterials Inc. (USA) Sodium dihydroxyphospate (99%) and disodium 

hydrogen phosphate (99%) from Merck were used for the preparation of buffer solutions. 

Glucose oxidase (GOx, 211 U mg-1) was purchased from Fluka. Acetonitrile (MeCN, reagent 

grade) from LiChrosolv Merck. All of the above mentioned chemicals were used as received. 

Deionised water was utilised for preparation of solutions.  

Ferrocene propionic acid (Fc) was synthesised according to a literature reported procedure 

and analysis was in agreement with literature[21]. 

2.2. Coupling of Fc and Py with bPEI (Fc-bPEI-Py)  

The carboxylic acid functional group on Fc and Py was coupled with the amine functional 

groups on bPEI using the EDC coupling method forming amide bonds.  A 2.5 mg of bPEI 

was weighed and dissolved in deionised water. Ferrocene propionic acid (2 mg) and 

pyrenebutaric acid (0.25 mg) were dissolved in MeCN. This mixture was mixed with bPEI 

under stirring. Then, EDC and NHS (1.5 molar equivalent with respect to Fc) were added to 

the solution. The solution was stirred overnight. Fc-Py-bPEI formed were isolated by 

centrifugation at a rotation rate of 13000 rpm (Eppendorf, mini spin plus) and then washed 

with MeCN to remove any unreacted Fc or Py. This material was then redissolved in 500 μL 
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deionised water and stored in a refrigerator until used with carbon materials which acts as 

host matrixes.  

2.3. Preparation of Fc-Py-bPEI stabilised MWCNT (Fc-Py-bPEI-MWCNT) and Fc-Py-

bPEI stabilised rGO (Fc-Py-bPEI-rGO) 

For the preparation of Fc-Py-bPEI stabilised MWCNT, an aliquot of 100 µL of the above Fc-

Py-bPEI mixture was mixed with 100 μL of MWCNT solution (0.1, 0.2, 0.5 mg in 100 μL 

deionised water).  This mixture was then sonicated for 4 min to obtain a homogeneous 

mixture. Similarly, rGO stabilised Fc-Py-bPEI was prepared by mixing of 100 µL of Fc-Py-

bPEI with 0.20 mg rGO solution (in 100 µL deionised water) which will give rise to 200 µL 

of total volume. Graphene oxide was synthesised by modified Hummer’s method[22] and 

rGO was achieved by a chemical method using tri-sodium citrate[23]. Furthermore, the 

mixture was sonicated for 4 minutes to obtain a homogeneous mixture. Both mixtures were 

stored in the fridge until further use in experiments. 

2.4. Crosslinking of GOx to Fc-Py-bPEI-MWCNT and fabrication of the Fc-Py-bPEI-

MWCNT and Fc-Py-bPEI-MWCNT /GOx modified electrodes 

To obtain more stability and to prevent possible leakage of GOx from the enzyme electrodes 

to the electrolyte media during electrochemical analysis, -NH2 sites of the enzyme and the 

bPEI were crosslinked via amide bonds using GA as the cross-linking agent to form Fc-Py-

bPEI-MWCNT /GOx. In this procedure, Fc-Py-bPEI-MWCNT solution (3 µL) was mixed 

with 6 µg of GOx (0.6 µL of 1 mg/ mL GOx solution) to obtain a homogeneous solution. 

Mixing with GA was then undertaken to crosslink the primary amines on GOx and bPEI. The 

amount of added GA was varied by using 1.0 μL aliquot of a 0.03, 0.01, 0.015, and 0.003% 

(w/v) solutions.  

A glassy carbon electrode (GCE, 3mm diameter, CH Instruments, Texas, USA), was used to 

prepare the modified electrodes used in voltammetric studies. Initially, the electrode was 
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polished with an aqueous 0.3 µm alumina slurry followed by rinsing with water, sonication 

and rinsing again with water before drying under a nitrogen atmosphere. Then 4.0 µL of Fc-

Py-bPEI-MWCNT or Fc-Py-bPEI-rGO /GOx solution was drop-casted on the electrode 

surface and left to dry in air, before use in an electrochemical measurement. The GC rotating 

disk electrode (GC-RDE, 3 mm, BAS, Tokyo, Japan) was modified in a similar manner.  

2.5. Electrochemical measurements 

Voltammetric measurements were carried out at 20 ± 2 ºC using a CH Instrument 760E 

electrochemical workstation with a conventional three-electrode cell. Phosphate buffer saline 

(PBS, 0.1 M, pH 7) was used as the electrolyte. The modified GCE or GC-RDE, Ag|AgCl(1 M 

KCl) and platinum wire were employed as working, reference and auxiliary electrodes 

respectively. Appropriate aliquots of a 1.00 M glucose stock solution were added to the PBS 

pH 7 solution in the cell to obtain the required concentration of glucose. To remove oxygen, 

all solutions were degassed with high purity nitrogen for at least 10 min prior to commencing 

the electrochemical measurements. A scan rate of 0.01 V s-1 was used, unless otherwise 

stated. The catalytic current was obtained by subtracting the background current for ferrocene 

from the electrocatalytic current obtained by glucose oxidation at 0.45 V vs Ag|AgCl(1 M KCl). 

 

3. Results and Discussion 
 

3.1. Electrochemical characterisation of redox active Fc-Py-bPEI-MWCNT/GOx 

modified electrodes 

The electrochemical behaviour of the redox active Fc-Py-bPEI/MWCNT modified GC 

electrode was investigated using by cyclic voltammetry. A cyclic voltammogram obtained at 

a scan rate of 0.01 V s-1in phosphate buffer pH 7 medium showed a well-defined redox 

potential at 0.22 V with a peak to peak separation of 50 mV (Figure 1a). The effect of scan 

rate on the modified electrode was evaluated over the scan rate range of 0.01 – 0.25 Vs-1. The 

oxidation peak currents increased linearly with scan rate, (Figure 1b) which implies that the 
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Fc-Py-bPEI/MWCNT material is surface confined. To obtain the surface coverage of Fc, a 

cyclic voltammogram obtained with the slow scan rate of 0.01 V s-1 was used to ensure the 

complete oxidation of Fc to Fc+. The peak area of the oxidation process was integrated to 

obtain the total charge which then allows the calculation of the surface coverage. This allows 

the surface coverage to be estimated via use of equation (1): 

 

  Г𝑡𝑜𝑡𝑎𝑙 = 𝑄/𝑛𝐹𝐴     (1) 

 

where, Г𝑡𝑜𝑡𝑎𝑙  is total surface coverage, Q is the total charge, 𝑛 is the number of electrons 

transferred, 𝐹 is the Faraday constant and 𝐴  is the geometrical surface area of the GC 

electrode (0.07 cm2).With respect to the CV obtained the surface coverage of Fc was 

calculated according to equation (1) and obtained a value of 12 nmol cm-2.  

 

 

 

 

 

  

 

 

Figure 1: (a) Cyclic voltammograms obtained using Fc-Py-bPEI-MWCNT modified GCE in 

0.1 M PBS pH 7 as a function of scan rate and (b) the relationship between the peak current 

and scan rate. 
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3.2. Optimisation of compositions of different components of Fc-Py-bPEI-

MWCNT/GOx for the electrocatalytic glucose response  

To achieve optimal performance from the Fc-Py-bPEI-MWCNT/GOx modified electrode the 

influence of the concentrations of individual components, GOx loading, crosslinking 

concentration, pH and loading mass of the nanocomposite was investigated. The synthesis of 

Fc-bPEI-MWCNT was undertaken in the absence of Py previously[16]. However, it was 

revealed in this study that Py has an important role to play in increasing the stability. The key 

to achieve the highly stable formation is that Py allows mediator coupled bPEI to bind 

strongly to the MWCNTs by creating π-π interactions between the aromatic rings of sp2 

hybridized carbon [24] on both the pyrene and carbon material (MWCNT/ rGO). Without Py 

incorporation in the Fc-bPEI-MWCNT/GOx nanocomposite, the catalytic current of the 

enzymatic electrode was found to be very low in the presence of 10 mM glucose (Figure 2) 

compared to the enzymatic electrode fabricated with Fc-Py-bPEI-MWCNT/GOx 

nanocomposite (Figure 4). The sigmoidal shape of the cyclic voltammogram of Fc-bPEI-

MWCNT/GOx modified electrode conveys kinetically controlled behaviour while Fc-Py-

bPEI-MWCNT/GOx modified electrode express mass transport controlled behaviour in the 

presence of 10.0 mM glucose. The results with the Fc-bPEI-MWCNT nanocomposite 

modified GOx electrode are comparable with the literature data reported with Fc-bPEI-

MWCNT[16] and similar materials. This could be due to low interaction of the redox polymer 

with MWCNT. Thus, Py was incorporated into the synthesis of the Fc-Py-bPEI-MWCNT 

nanocomposite. The optimisation of individual components were carried out using 

electrocatalytic glucose oxidation current as an indicator using Fc-Py-bPEI-MWCNT/GOx 

modified electrodes. The catalytic current was obtained by subtracting the background current 

for ferrocene from the electrocatalytic current obtained by glucose oxidation at 0.45 V vs 

Ag|AgCl(1 M KCl).  
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Figure 2: Cyclic voltammograms obtained at a scan rate of 0.01 V s-1 in 0.1 M PBS pH 7 in 

the presence and absence of 10.0 mM glucose with Fc-bPEI-MWCNT/ GOx (the film 

contains 73 μg Fc-bPEI-MWCNT, 6 μg GOx and 0.173 μg GA) 
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experiments carried out revealed that the optimum weight of Py is 0.25 mg/ mL which gave a 
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could be a result of less –NH2 sites being available for other components to attach to the 

polymer. The optimum Fc loading was found to be 2.0 mg/ mL and 1 mg/ mL of MWCNT 

gave the optimum nanocomposite. A weight of 74 μg of the Fc-Py-bPEI-MWCNT polymer 

nanocomposite was kept constant and the weight of GOx was varied in order to investigate 

the optimum weight of GOx with the polymer nanocomposite. Enzymatic electrodes with 

different GOx weight compositions (3, 6, 12, 18 μg) were then used in cyclic voltammetry at 

a scan rate of 0.01 V s-1 in the presence and absence of 10 mM glucose in PBS pH 7 buffer. 
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The resultant electrocatalytic current obtained at a potential of 0.45 V vs Ag|AgCl(1 M KCl), 

after subtracting the background current measured in the absence of glucose. These 

experimental results revealed that 6 μg is the optimum weight of GOx that the enzymatic 

electrode could accommodate with the polymer nanocomposite. An increase in GOx weight 

leads to overcrowding of the nanocomposite and gives a lower catalytic current since every 

GOx unit cannot communicate efficiently with the Fc centers on the nanocomposite [11].  

Crosslinking of the enzyme onto a Fc-Py-bPEI-MWCNT nanocomposite provided high 

stability and efficient communication between the enzyme and the electrode. Thus, 

crosslinking of the enzyme using GA was carried out before fabrication of Fc-Py-bPEI-

MWCNT/GOx on the GC electrode. Use of smaller amounts of GA will achieve crosslinking 

of GOx. However, will promote leakage of the unbound enzymes and create instability in the 

electrode. On the other hand, a high amount of GA will screen the activity of the enzyme[25]. 

Therefore it is required to use an optimum amount of crosslinker. The optimum GA weight 

was determined to be 0.173 μg.  In summary, the optimised weight % of the film components 

are: Fc-Py-bPEI-MWCNT 92%, GOx 7% and GA 1%. After optimising the composition of 

the Fc-Py-bPEI-MWCNT/GOx modified enzyme electrode, MWCNT was replaced by rGO 

to fabricate Fc-Py-bPEI-rGO/GOx modified electrodes for comparison of activity.  

3.3. Investigation of the effect of pH and composite loading of Fc-Py-bPEI-

MWCNT/GOx on the electrocatalytic glucose oxidation response  

The optimum loading of the Fc-Py-bPEI-MWCNT/GOx was carried out in the presence of 5.0 

mM glucose. A plot of electrocatalytic current as a function of loading was plotted and it was 

found that 80.2 μg of the Fc-Py-bPEI-MWCNT/GOx loading gave the optimum 

electrocatalytic current (Figure 3a) as the amount of mediator communicating between the 

enzyme and the electrode had become saturated. Further increase of the loading does not 

increase the electrocatalytic current.  
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As enzymes activity is dependent on pH. Consequently, experiments were carried out to find 

the optimum pH for the Fc-Py-bPEI-MWCNT/ GOx enzyme electrode in the pH range of 6.5 

to 8.0 The enzyme electrode showed a maximum response at pH 7 (Figure 3b), which was 

consistent with other studies[12, 26]. Thus, the performance of the Fc-Py-bPEI-MWCNT/ 

GOx enzyme electrode was evaluated at pH 7.0 (PBS 0.1 M) throughout the study.  

 

 

 

 

 

 

 

 

 

Figure 3 : Catalytic current obtained with Fc-Py-bPEI-MWCNT/GOx modified GCEs in the 

presence of 5.0 mM glucose as a function of (a) Fc-Py-bPEI-MWCNT/GOx loading and  (b) 

pH (the film contains 74 μg Fc-Py-bPEI- MWCNT, 6 μg GOx and 0.173 μg GA). 
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voltammograms obtained are illustrated in Figure 4. A current output of 21 μA was obtained 

for glucose oxidation after background correction at 0.45 V vs Ag|AgCl(1 M KCl) .  
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Figure 4: Cyclic voltammograms obtained at a scan rate of 0.01 V s-1 in 0.1 M PBS pH 7 in 

the presence and absence of 10.0 mM glucose with Fc-Py-bPEI-MWCNT/GOx (the film 

contains 74 μg Fc-Py-bPEI-MWCNT, 6 μg GOx and 0.173 μg GA) modified GCEs. 
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range 0.01 – 0.25 Vs-1, the oxidation peak currents increased linearly with scan rate which 

implies that Fc-Py-bPEI-rGO material is surface confined (Figure 5b). Using equation (1) the 

surface coverage of Fc was evaluated and found to be 5 nmol cm-2. Thus, the Fc coverage in 

Fc-Py-bPEI-rGO is lower than in Fc-Py-bPEI/MWCNT. This could be due to aggregation of 

Fc-Py-bPEI-rGO material. 

 

 

 

 

 

 

 

 

Figure 5: (a) Cyclic voltammograms obtained at Fc-Py-bPEI-rGO modified GC in 0.1 M 

PBS pH 7 as a function of scan rate and (b) the relationship between the peak current and scan 

rate. 
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Figure 6: Cyclic voltammograms obtained at a scan rate of 0.01 V s-1 in 0.1 M PBS pH 7 in 

the presence and absence of 5.0 mM glucose with Fc-Py-bPEI-rGO/GOx (the film contains 74 

μg Fc-Py-bPEI-rGO, 6 μg GOx and 0.173 μg GA) modified GCEs. 
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obtained from a Fc-Py-bPEI-rGO/GOx modified GC RDE (Figure 7b).  This result implies 

that the process is kinetically rather than mass transport controlled under these conditions. 

Both enzyme electrodes showed high stability and excellent mechanical strength since they 

were capable of surviving under high rotation rates without any loss of activity[29].  

 

  

 

 

 

 

 

 

Figure 7: The relationship between ω1/2 and background corrected steady-state mass transport 

limiting current measured at 0.45 V obtained from (a) Fc-Py-bPEI-MWCNT/GOx and (b) Fc-

Py-bPEI-rGO/GOx modified GCE in a 10 mM Glucose (0.1 M PBS pH7) solution at a scan 

rate of 0.01 V s-1 at different rotation rates. 
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Michaelis Menten equation was used to obtain Km' as the enzymatic reaction is rate 

controlling[32], given from equation (2) below: 

  

 jss = jmax – Km
' (jss / C

* )   (2) 

 

where jss is the steady state current density, jmax is the maximum current density, Km' is the 

apparent Michaelis Menten constant and C* is the bulk solution concentration of glucose[30].  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Iss current obtained at a glassy carbon RDE modified with (a) Fc-Py-bPEI-

MWCNT/GOx and (c) Fc-Py-bPEI-rGO/GOx as a function of glucose concentration (0.1 M 

PBS pH 7) (scan rate = 0.01 V s-1; rotation rate = 2000 rpm). The Eadie- Hofstee plot (b) is 

obtained from the data shown in (a) and (d) using data from (c). 
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The Fc-Py-bPEI-MWCNT/GOx modified GC RDE exhibited a Km' value of 39.5 mM (Figure 

8a and 8b) from the gradient of Eadie Hofstee plot. The Fc-Py-bPEI-rGO/GOx modified GC 

RDE gave a lower Km' value of 23 mM (Figure 8c and 8d) compared to Fc-Py-bPEI-

MWCNT/GOx. Lower the Km' value, higher the enzyme affinity towards substrate. The 

results revealed that the GOx enzyme affinity towards glucose was high in Fc-Py-bPEI-

rGO/GOx than in Fc-Py-bPEI-MWCNT/GOx. 

3.7. Analytical performance  

The Fc-Py-bPEI-MWCNT/GOx modified electrode shows excellent catalytic activity towards 

glucose oxidation in a PBS pH 7 buffer medium. The analytical performance of the modified 

enzymatic electrode for glucose sensing was assessed by cyclic voltammetry under stationary 

electrode conditions. A plot of catalytic current (measured at 0.45 V vs Ag|AgCl(1 M KCl) after 

background subtraction) versus glucose concentration is shown in (Figure 9a). A linear 

response (R2 = 0.992) with a slope of 27 µA mM-1 cm-2 was obtained over the concentration 

range of 5.0 to 40.0 mM. Deviation from linearity was observed above 50.0 mM and a plateau 

was reached at 90.0 mM glucose concentration. The limit of detection (LOD) of 0.3 mM was 

estimated from the standard deviation of ten measurements in an aqueous 0.1 M PBS pH 7 

solution containing 0.50 mM glucose according to a well-documented protocol[33]. The 

modified enzyme electrode showed a maximum current density of 1.4 ± 0.005 mA cm-2. This 

is again attributed to the high efficiency of glucose oxidation achieved with redox hydrogel 

based glucose oxidase electrodes. Electrode-to-electrode reproducibility with five electrodes 

gave a RSD of 2.1 % confirming the suitability of this modified electrode for glucose 

detection. Fc-Py-bPEI-MWCNT/GOx electrode also provides the high current density needed 

for glucose fuel cell applications.  

The performance of Fc-Py-bPEI-rGO/GOx modified electrode was evaluated in a similar 

manner. Compared to the Fc-Py-bPEI-MWCNT/GOx modified electrode it showed 
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interesting performance with a current density of 0.98 ± 0.007 mA cm-2. A plot of catalytic 

current (measured at 0.45 V vs Ag|AgCl(1 M KCl) after background subtraction) versus glucose 

concentration is shown in Figure 9b. A linear response (R2 = 0.988) with a slope of 20 µA 

mM-1 cm-2 is obtained over the concentration range of 5.0 to 30.0 mM. For this electrode, 

deviation from linearity was observed above 40.0 mM, a plateau current was reached at 90.0 

mM glucose concentration, the limit of detection was calculated to be 0.4 mM and the 

electrode-to-electrode reproducibility with five electrodes gave a RSD value of 3.9 %.  

 

 

 

 

 

 

 

 

 

Figure 9: Calibration curve for the determination of glucose in 0.1 M PBS pH 7. The data 

produced represent the average of results obtained from three crosslinked (a) Fc-Py-bPEI- 

MWCNT /GOx and (b) Fc-Py-bPEI-rGO /GOx modified GCEs. 
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Table 1: Comparison of literature data reported for enzyme electrodes using carbon material 

decorated redox polymer performance and Fc is the mediator 

Electrode Electrolyte  

medium 

Working electrode 

potential/ V 

Max. current density/ 

mA cm-2 

Ref. 

CNTs-Fc/SF-GOx 0.1M PBS pH7 0.5 vs SCE 0.51  [15] 

MWCNT-Fc/ 

chitosan-GOx 

0.1M PBS pH7 0.35 vs Ag/AgCl 0.057 [12] 

SWCNT/PEI-Fc-

GOx 

0.1M PBS pH7 0.35 vs Ag/AgCl 0.3 [16] 

SWCNT/PAA-Fc-

GOx 

0.1M PBS pH7 0.4 vs Ag/AgCl 0.05 [16] 

Fc-PAH-

MWCNT/GOx 

 

0.01M PBS pH7 0.5 vs Ag/AgCl 0.38 [34] 

 

CS–Fc/GO/GOx 0.1 M PBS pH 

6.98 

0.3 vs Ag/AgCl 0.071 [19] 

Fc-C6-LPEI/ 

SWCNT 

0.05 M PBS 

pH7 

0.35 vs SCE 3.0 [17] 

Fc-Py-bPEI-

MWCNT/GOx 

0.1M PBS pH7 0.45 vs Ag/AgCl 1.4 This 

work 

Fc-Py-bPEI-rGO/ 

GOx 

0.1M PBS pH7 0.45 vs Ag/AgCl 0.98 This 

work 

Abbreviations: SF– silk film, PAA- poly(acrylic acid), CS- chitosan, PAH- poly(allylamine) 

 

4. Conclusion 

 

Carbon materials, such as multi wall carbon nanotubes and reduced graphene oxide have been 

non-covalently functionalised by π-π interaction with pyrene tethered to the redox relay of 

ferrocene functionalised branched PEI (bPEI). These materials can be employed for the 

development of enzymatic electrodes for the applications of electrocatalytic glucose 

oxidation. A comparison of the activity of Fc-Py-bPEI-MWCNT/GOx and Fc-Py-bPEI-rGO/ 

GOx fabricated electrodes towards glucose oxidation revealed that Fc-Py-bPEI-

MWCNT/GOx fabricated electrode has a maximum current density of 1.4 mA cm-2 versus 

0.98 mA cm-2 for the Fc-Py-bPEI-rGO/ GOx fabricated electrode. The modified Fc-Py-bPEI-

MWCNT/GOx showed a linear dynamic range of 5- 40 mM with a sensitivity of 27 µA mM-1 
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cm-2 and a limit of detection of 0.3 mM. The results obtained under hydrodynamic conditions 

revealed a Km' value of 39.5 mM. The Fc-Py-bPEI-rGO/GOx modified GCE showed a linear 

dynamic range of 5- 30 mM with a sensitivity of 20 µA mM-1 cm-2 and a limit of detection of 

0.4 mM. The results obtained under hydrodynamic conditions gave a Km' value of 23 mM. 
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1. Introduction 

Nanotechnology has opened the doors to innovative pathways providing novel materials for 

the glucose oxidation [1]. Non-enzymatic electrodes based on catalytic nanocomposites 

provide efficient, reliable approaches for the detection of glucose concentration[2, 3]. 

Nanomaterials which are active towards glucose oxidation were being reported with the 

rising demand in sensor [4] and fuel cell [5] applications.  

The application of two dimensional (2D) materials for electrocatalysis has been widely 

explored since the discovery of graphene due to their intrinsically high activities resulted 

from unique structural and electronic properties[6, 7]. However, the applications of 2D 

catalysts for electrochemical oxidation of glucose remains surprisingly scarce despite the 

commercial significance of this reaction. In this paper, we now introduce 2D cobalt selenide 

(CoSe) as an electrocatalyst for glucose oxidation. 2D CoSe is an excellent electrocatalyst 

for water oxidation displaying enhanced catalytic activity compared to cobalt oxides[8-12]. 

Since the electrochemical oxidation of water and glucose involves adsorption of hydroxyl 

group (OHads) as an important step, CoSe is expected to be a superior glucose oxidation 

catalyst[13, 14]. However, the electrical conductivity of semiconductor CoSe is low. To 

further increase the conductivity of the catalyst layer which is a crucial requirement for 

electrochemical applications, CoSe should be immobilized on a conductive support, such as 

reduced graphene oxide (rGO). To test the hypothesis that CoSe-rGO may be a more 

generally useful catalyst, we now report a one pot synthesis of CoSe decorated reduced 

graphene oxide using a simple hydrothermal procedure, followed by characterisation and 

evaluation of the performance with respect to electrocatalytic oxidation of glucose.  
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In this study, we introduce cobalt selenide (CoSe) as the electrocatalyst for glucose oxidation. 

Studies have been reported that employ different approaches of fabricating Co metal forms, 

its oxides and alloys for non-enzymatic glucose electrodes, which are summarised in Table 

1. Materials with two or more metals or a combination of metal and non-metal as 

electrocatalysts can improve the electrocatalysis [15]. On this basis, we report a one pot 

synthesis of CoSe decorated reduced graphene oxide using a simple hydrothermal procedure, 

followed by characterisation and evaluation of the analytical performance with respect to 

electrocatalytic oxidation of glucose.  

2. Experimental 

2.1. Chemicals 

Cobalt(II) nitrate hexahydrate (Co(NO3)2.6H2O, 98%), sodium selenite (Na2SeO3, 99%), L-

ascorbic acid (C6H8O6, 99.9%), uric acid (C5H4N4O3, 99%), hydrazine (NH2NH2, 98%), D-

(+)-gluconic acid δ-lactone (C6H10O6, 99.9%), formic acid (HCOOH, 98%), chitosan (75%)  

and D-glucose were purchased from Sigma Aldrich. Sodium hydroxide pellets (NaOH, 99%) 

was purchased from Merck. All chemicals were used as received. Deionised water was used 

for preparation of solutions.  

Graphene oxide (GO) was synthesised from natural graphite (crystalline, 300 mesh, Alfa 

Aesar) using the method described by Hummers et al. [16]. 

2.2. Synthesis of CoSe-rGO 

CoSe-rGO was synthesised by modifying a reported method [17]. To synthesise the CoSe-

rGO composite, 32 mg of graphene oxide (GO) was dispersed in 12 mL of deionised water 

and stirred for 4 h. Then 73 mg (0.25 mmol) of Co(NO3)2.6H2O and 43 mg (0.25 mmol) of 

Na2SeO3 were added. After vigorous stirring of this mixture for 10 min, 1 mL of hydrazine 

(98%) was added into the solution. Further stirring for 10 min was carried out before the 
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solution was transferred into a 20 mL Teflon-lined stainless steel autoclave and maintained 

at 140 oC for 24 h. After cooling to room temperature, the final product was collected by 

centrifugation and washed with deionised water and ethanol and oven at 60 oC. 

2.3. Microscopic and spectroscopic characterisation  

High resolution images were obtained with a FEI Tecnai G2 T20 TWIN LaB6 Transmission 

Electron Microscope (TEM) to determine the morphology and size of particles in the CoSe-

rGO composite drop-casted onto a Cu grate. Energy Dispersive X-ray spectroscopy analysis 

was conducted at 10 keV. X-ray diffraction (XRD) data were collected with a Bruker D8 

ADVANCE X-ray diffractometer (Cu Ka radiation) using a scan step of 0.02º and a step 

time of 0.5 s. 1H-NMR spectra were recorded with a  Bruker DRX400 spectrometer at a 

frequency of 400 MHz using D2O as the solvent.  

2.4. Gas chromatography  

Gas chromatography (GC) was employed to characterize gaseous products after bulk 

electrolysis using an Agilent (7820 A) GC instrument equipped with a HP-plot molesieve 

(5Å) column and a thermal conductive detector was used to identify CO2 at a temperature of 

200 ºC. 

2.5. Fabrication of CoSe-rGO/chit electrodes 

A solution of 0.375 mg/mL CoSe-rGO solution containing 0.15 w/v % chitosan was used to 

stabilise and aid dispersion of the nanocomposite. A 3 µL aliquot was drop cast on the glassy 

carbon electrode (GCE, 3mm diameter) and dried prior to undertaking electrochemical 

measurements. In bulk electrolysis experiments, a glassy carbon plate (37 mm × 15 mm) 

was modified with 200 µL of 0.25 mg/ mL CoSe-rGO solution containing 0.1 % chitosan.  
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2.6. Electrochemical measurements 

Voltammetric measurements were carried out at 20 ± 2 ºC using a CH Instrument 760E 

electrochemical workstation with a conventional three-electrode cell using NaOH (0.3 M) 

as the supporting electrolyte. A CoSe-rGO/chit modified GCE or a GC-RDE, Hg|HgO(1 M 

NaOH) and platinum wire were employed as working, reference and auxiliary electrodes 

respectively.  

To obtain the required concentration of glucose, appropriate aliquots of a 1.00 M glucose 

stock solution were added to the 0.3 M NaOH electrolyte solution. The catalytic current 

density was obtained by subtracting the background current density arise from Co3O4 from 

the electrocatalytic current density obtained by glucose oxidation at 0.65 V vs Hg|HgO(1 M 

NaOH). 

Bulk electrolysis was carried out using a gas tight ‘H-shaped’ two compartment cell with a 

porous glass frit employed to separates the compartments. CH Instrument 760E workstation 

was used as in voltametric experiments. In this case a glassy carbon plate (37 mm × 15 mm) 

was used as the working electrode and placed in one compartment. The Hg|HgO(1 M NaOH) 

reference electrode was located in the same compartment with the working electrode. A Pt 

mesh wire acts as the auxiliary electrode and located in the other compartment. NaOH (0.3 

M) again was used as the supporting electrolyte. Glucose or gluconolactone concentrations 

were 20 mM and both compartments were filled with 15.0 mL of solution. Controlled 

potential electrolysis was performed at 0.7 V vs Hg|HgO(1 M NaOH) for about 1 h under 

continuous stirring.  
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3. Results and Discussion 

3.1. Microscopic and spectroscopic characterisation of CoSe-rGO  

A simple one-pot hydrothermal synthesis procedure was carried out to synthesise the CoSe 

decorated rGO. The Co2+ and Se2+ were reduced to Co(0) and Se(0) respectively by 

hydrazine. At high temperature (140° C) Co reacts with Se to form Co0.85Se [17] (symbolised 

hereafter as CoSe for simplicity). Simultaneously graphene oxide was reduced by hydrazine 

to give CoSe decorated rGO. The reactions that took place during the formation of this 

material are as follows [17]: 

Co(NO3)2 + 2NH2NH2                              Co + 2NH4NO3 + N2   (1) 

Na2SeO3 + NH2NH2                               Se + 2NaOH + N2 + H2O  (2) 

0.85Co + Se                            Co0.85Se                  (at 140° C)  (3) 

TEM images were used to obtain the size distribution of CoSe-rGO and information on the 

crystallinity. The image in Figure 1(a) reveals the presence of nanoflakes grown on rGO, a 

uniform distribution of CoSe nanoflakes (darker spots) on rGO sheets (transparent gray 

portion) is evident. The EDX spectrum (Figure 1(b)) contains the characteristic Co and Se 

signals detected from CoSe, C mainly from the rGO and Cu signal is due to the grid that was 

used to fabricate the material for EDX measurement. Therefore, the results reveal that the 

material is pure. 
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Figure 1: Electron microscopic and elemental characterisation of CoSe-rGO. (a) TEM 

image (b) EDX spectrum 

XRD analysis demonstrated that CoSe is a mixture of Co: Se in ~1:1 stoichiometric ratio. 

As shown in Figure 2, the CoSe-rGO composite (JCPDS 89-2004) develops a similar 

diffraction pattern to that of pure CoSe, in agreement with other literature [18]. The broad 

peak around 2θ = 25º is attributed to the rGO (002) facet in the material [19-22], which is a 

result of the formation of graphene layers during sample preparation [20]. The spectrum 

manifest peaks at 2θ = 33.22º, 44.78º, 50.47º, 60.09º and 61.77º which can be indexed as (1  

0  1), (1  0  2), (1  1  0), (1  0  3) and (2  0  1) facets of the CoSe-rGO composite (JCPDS 89-

2004), respectively. The (1  0  1), (1  0  2) and (1  1  0) facets can be attributed to presence 

of the hexagonal closed packed (hcp) structure of CoSe [17]. 
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Figure 2: XRD spectrum obtained from CoSe-rGO. 

3.2. Electrochemical characterisation of the CoSe-rGO/chit modified electrode 

A GCE modified with CoSe-rGO/chit was used for electrochemical assessment. Chitosan 

acts as the binder and enables the CoSe-rGO nanocomposite to disperse well in water. The 

electrochemical behaviour of the redox active CoSe-rGO/chit modified GC electrode was 

investigated in an aqueous 0.3 M NaOH electrolyte medium using cyclic voltammetry by 

cycling the potential between of 0 V to 0.68 V vs Hg|HgO(1 M NaOH) at a scan rate of 0.02 V 

s-1. The cyclic voltammogram illustrated in Figure 3 shows two reversible processes and one 

irreversible process noted as I/I', II/II' and III accordingly. For the redox couple I/I', a well 

defined mid-potential (Em) of 0.188 V with a peak to peak separation of 32 mV was obtained 

implying that process I/I' in CoSe-rGO/chit modified GCE is close to reversible. The redox 

couple II/II' with a Em of about 0.57 V displays much broader peaks but notably smaller 
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peak-to-peak separation, implying faster kinetics[23]. The process III is associated with 

electrocatalytic water oxidation [23, 24]. 

 

Figure 3: DC Cyclic voltammogram obtained at a scan rate of 0.02 V s-1 with CoSe-rGO/chit 

modified GCE in 0.3 M NaOH. 

In the alkaline medium the hydrolysis of CoSe was confirmed by XRD analysis carried out 

after incubating the CoSe-rGO material in 0.3 M NaOH solution for 3 h at room temperature 

(Figure 4) revealing that CoSe spontaneously forms Co(OH)2 which is shown by equation 

(4). Considering the results obtained from XRD and considering other reported literature 

[23], the reaction equations can be listed as follows: 

CoSe + 2OH−  → Co(OH)2 + SeO3
2-      (4) 

Process I/I’   : 3Co(OH)2 + 2OH− → Co3O4 + 4H2O +2 e-   (5) 

 

Process II/II’: Co3O4 + OH− + H2O
  → 3CoOOH + e-   (6) 
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Figure 4: XRD spectra obtained (―) after incubating the CoSe-rGO material in 0.3 M 

NaOH solution for 3 h at RT with, (―) Co(OH)2 standard, and (―) Co(SeO3)(H2O)2 

standard spectra. 

 

As shown in Figure 5 the oxidation and reduction peak current densities increased linearly 

with the increased scan rate over the range of 0.02 – 0.75 V s-1 indicating surface confined 

electron transfer for processes I/I' and II/II'.  
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Figure 5 : (a) Cyclic voltammograms obtained with CoSe-rGO/chit modified GCE in 0.3 M 

NaOH as a function of scan rate and the relationship between the peak current density (Jp) 

versus scan rate for processes (b) I/I' and (c) II/II'. 

3.3. Electrocatalytic oxidation of glucose  

The electrocatalytic oxidation of glucose was investigated using the CoSe-rGO/chit 

modified GCE. Cyclic voltammograms were obtained in the presence and absence of 5.0 

mM glucose in 0.3 M NaOH at a scan rate of 0.02 V s-1 between the potential range of 0 – 

0.68 V vs Hg|HgO(1 M NaOH). The results were illustrated in Figure 6. The redox process 
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occurring around 0.18 V does not have any influence in the presence of glucose, and 

electrocatalytic oxidation of glucose commence from 0.5 V vs Hg|HgO(1 M NaOH). Apparently, 

process II/ II’ (equation (6)) is shown to be directly involved in the glucose electrocatalytic 

oxidation. Therefore, the mechanism responsible for the aforementioned electrocatalytic 

oxidation of glucose can be summarised by equation (7): 

6CoOOH + C6H12O6 (glucose) → 2Co3O4 + C6H10O6 (gluconolactone) + 4H2O        (7) 

 

Figure 6: Cyclic voltammograms obtained in 0.3 M NaOH at a scan rate of 0.02 V s-1 over 

the potential range of 0 to 0.68 V using a CoSe-rGO/chit modified GC electrode in the 

absence (―) and presence (―) of 5.0 mM glucose.  

No oxidation process was detected in this potential range at a bare GC electrode or rGO 

modified electrode confirming that Co is the active component of the catalyst. Based on 

-0.1 0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7

0.0

0.5

1.0

1.5

2.0

 

 

C
u

rr
en

t 
d

en
si

ty
/ 

m
A

 c
m

-2

Potential/ V vs Hg|HgO(1 M NaOH)

 5 mM glucose

 0 mM glucose



127 | P a g e  
 

previous reports [25], the oxidation process taking place at around 0.5 V can be assigned to 

oxidation of glucose by electrogenerated CoOOH to form gluconolactone as one of the 

products (equation(7)). Similar experiments using a CoSe-rGO/chit modified GCE in the 

phosphate buffered saline (PBS) pH 7 solution containing 10.0 mM glucose did not yield 

electrocatalytic oxidation of glucose (results not shown). This revealed the critical role of 

OH- in the formation of catalytically active cobalt species, as expressed in equations 4- 6.  

3.4. Optimisation of conditions 

To optimise the performance of the modified electrode the effects of electrolyte 

concentration was evaluated. Experiments were carried out to investigate the optimum 

supporting electrolyte concentration over the range of 0.1 – 0.5 M NaOH. The 

electrocatalytic current density was determined at 0.65 V vs Hg|HgO(1 M NaOH) after 

subtracting the background current density obtained in the absence of glucose and plotted as 

a function of electrolyte concentration. The results revealed 0.3 M NaOH concentration to 

be the optimum concentration of the electrolyte as shown in Figure 7. Similar cyclic 

voltammetry experiments were carried out to investigate the effects on the electrocatalytic 

current density with the loading weight of the catalyst CoSe-rGO. The results revealed the 

increment of the loading catalyst was directly proportional to the increase of electrocatalytic 

current density up to 0.75 µg and reached the plateau after 1.25 µg (Figure 8). Therefore, the 

loading weight of the CoSe-rGO catalyst was kept at 4 µL from the prepared nanocomposite 

solution, which corresponds to 1.5 µg of loading weight.  
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Figure 7: Electrocatalytic current density obtained from CoSe-rGO/chit modified GCE in 

the presence of 5.0 mM glucose as a function of the NaOH concentration. 

 

Figure 8: Electrocatalytic current density obtained from CoSe-rGO/chit modified GCE in 

the presence of 5.0 mM glucose as a function of the CoSe-rGO loading weight. 

0.1 0.2 0.3 0.4 0.5

1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8

 

 

C
u

rr
en

t 
d

en
si

ty
/ 

m
A

 c
m

-2

Concentration of NaOH/ M

0.0 0.5 1.0 1.5 2.0 2.5 3.0
1.0

1.1

1.2

1.3

1.4

1.5

1.6

1.7

1.8
 

 

C
u

rr
en

t 
d

en
si

ty
/ 

m
A

 c
m

-2

Loading weight of CoSe-rGO/ g



129 | P a g e  
 

3.5. Measurements under hydrodynamic conditions using CoSe-rGO/chit modified   

Rotating disc Electrode 

The experiments were carried out under hydrodynamic conditions using CoSe-rGO/chit 

modified GCE (scan rate 0.02 V s-1) in the presence of 5.0 mM glucose at different rotation 

rates. According to Figure 9, the results revealed that the electrocatalytic current density was 

independent of rotation rate in the electrode rotation rate range of 500 - 1500 rpm suggesting 

that the process was kinetically controlled. 

 

 

 

 

 

 

 

 

 

 

Figure 9: (a) RDE voltammograms obtained at a CoSe-rGO/chit modified GC RDE in a 5.0 

mM Glucose (0.3 M NaOH) solution at a scan rate of 0.02 V s-1 at different rotation rates 

and (b) the relationship between ω1/2 and background corrected current density measured at 

0.65 V. 
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3.6. Further oxidation of Gluconolactone by CoSe-rGO/chit modified GC electrode 

In literature, for most of the catalysts, the common final product of glucose oxidation is 

gluconolactone, where glucose is oxidised to gluconolactone giving 2 electrons [26, 27]. 

CoSe-rGO is a novel catalyst in electrocatalytic glucose oxidation. Therefore, it is essential 

to investigate the final products of electrocatalytic glucose oxidation for this new catalyst. 

As a control experiment cyclic voltammetric measurements were carried out with 5.0 mM 

D-(+)-gluconic acid δ-lactone (gluconolactone) in 0.3 M NaOH. The cyclic voltammogram 

(Figure 10) showed that CoSe-rGO catalyst has the ability to further oxidise gluconolactone. 

This suggests that gluconolactone is not the final product of the catalytic glucose oxidation 

reaction.  

 

Figure 10: Cyclic voltammograms obtained in 0.3 M NaOH at a scan rate of 0.02 V s-1 over 

the potential range of 0 to 0.68 V on a CoSe-rGO/chit modified GC electrode in the absence 

(―) and presence (―) of 5.0 mM gluconolactone.  
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3.7. Bulk electrolysis and product characterisation 

Bulk electrolysis method was employed to investigate all possible products of glucose 

electrocatalytic oxidation using CoSe-rGO/chit modified GC electrode (37mm x 15 mm) in 

alkaline medium followed by 1H-NMR spectra analysis. Bulk electrolysis was carried out 

using 20.0 mM glucose in 0.3 M NaOH medium with controlled potential at 0.7 V vs 

Hg|HgO(1 M NaOH). As a control, this experiment was repeated with the exact conditions to 

find out possible products of gluconolactone (20.0 mM) electrocatalytic oxidation. The 1H-

NMR spectrum obtained after electrolysis of glucose (Figure 11a) using the electrolysis 

medium together with D2O solvent, and similarly 1H-NMR spectrum obtained after 

electrolysis of gluconolactone (Figure 11b). The complex spectra between 2.8 – 5.2 ppm 

were attributed to six-membered carbon derivatives which make it difficult to investigate 

due to the complexity[28]. The high alkaline concentration of the electrolysis medium 

restricted further product characterisation by mass spectrometry. The peak observed at 8.2 

ppm was observed after the bulk electrolysis experiments of both glucose and 

gluconolactone which can be attributed to the presence of formate (HCOO-) in accordance 

with the previous literature[29]. This was further confirmed by adding an aliquot of standard 

formic acid to the same NMR tube containing bulk electrocatalysis medium of glucose and 

the enhanced peak implies that the peak observed at 8.2 ppm reconfirmed the presence of 

formate. The formation of formate revealed the complete cleavage of the C-C bond during 

electrolysis[28, 30]. However, the yield of formate was very low since it can be further 

oxidised to form CO2 as the final product.  
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Figure 11: 1H-NMR spectra were obtained at a frequency of 400 MHz using D2O as the 

solvent after bulk electrolysis of (a) glucose and (b) gluconolactone at 300 K. 
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The results obtained above (Figure 11) suggest that gluconolactone is not the final product. 

The possibility to produce CO2 by oxidation of formate was further confirmed by cyclic 

voltammetry employing CoSe-rGO/chit modified GCE in the absence and presence of 60.0 

mM formic acid in 0.3 M NaOH. The results with the increase electrocatalytic current 

density conveyed (Figure 12) the further oxidation of formate to CO2 is possible with CoSe-

rGO/chit modified GCE. According to previous literature [31, 32], a mechanism can be 

attributed as follows for the product formation: 

C6H12O6 + 6OH-    →   6HCOO- + 12H+ + 12e-      (8) 

HCOO- → CO2 + H+ + 2e-        (9) 

 

Figure 12: Cyclic voltammograms obtained in 0.3 M NaOH at a scan rate of 0.02 V s-1 over 

the potential range of 0 to 0.68 V at a CoSe-rGO/chit modified GC electrode in the absence 

(―) and presence (―) of 60.0 mM formic acid.  

The results obtained from formic acid oxidation (Figure 12) suggest the possibility of 

formation of CO2 from glucose bulk electrolysis. Therefore, closed cell bulk electrolysis was 
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carried out to confirm the presence of CO2 in the head space of the electrolysis cell after bulk 

electrolysis for 1 h. The gas sample (0.2 mL) collected in the closed cell was subjected to 

GC analysis at 200 ºC. Pure CO2 (0.2 mL) was used to investigate the retention time in GC. 

A control experiment using an air sample (0.2 mL) was carried out at 200 ºC in GC under 

same conditions, the resulted chromatogram does not show a peak for CO2 at 4 min retention 

time implying that the amount of CO2 in air is not sensitive for GC analysis. Therefore, the 

detected CO2 peak from the sample is due to the electrocatalytic oxidation of glucose. The 

chromatogram revealed the presence of CO2 (Figure 13) in the gas sample collected after 

electrolysis with a similar retention time of ~ 4 min as the pure CO2. This suggests that CoSe-

rGO catalyst has the ability to electrocatalytically oxidise glucose to CO2. However, the 

Faraday efficiency of this process is low implying low yield of CO2. The mechanism can be 

assigned as in equation (10):  

C6H12O6 + 6H2O  →  6CO2 + 24e- + 24H+                    (10)            

 

Figure 13: Gas chromatogram obtained at 200 ºC from the gas sample collected from the 

head space of the closed cell after electrolysis. 
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3.8. Stability of CoSe-rGO/chit modified GC 

The stability of the catalyst during bulk electrolysis was investigated through comparison of 

cyclic voltammograms of CoSe-rGO/chit modified GC electrode (3 mm diameter) before 

and after holding the potential at 0.7 V for 1 h in 0.3 M NaOH in the presence of 20.0 mM 

glucose. The results revealed that even after 1 h, catalyst activity remained the same (Figure 

14). Furthermore, plot of current vs time (not shown) showed constant current throughout 

the time frame of the experiment. In conclusion, these results confirm the stability of the 

CoSe-rGO catalyst during bulk electrolysis.  

 

Figure 14: Cyclic voltammograms obtained before and after 1 h of electrolysis of 20 mM 

glucose in 0.3 M NaOH. 
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3.9. Analytical performance of a CoSe-rGO/chit modified electrode for glucose 

determination 

The results demonstrated earlier revealed the ability of electrocatalytic oxidation of glucose 

by the CoSe-rGO/chit modified GC electrodes in alkaline medium. The cyclic 

voltammograms (Figure 15a) and the plot of electrocatalytic current density versus glucose 

concentration are shown in Figure 15b and illustrate an excellent linearity (R2 = 0.986) 

relationship with a slope of 480 µA mM-1 cm-2 obtained in the concentration range of 0 to 

10 mM glucose. Above 10 mM, deviation from linearity is detected due to the kinetic 

limitation. A limit of detection (LOD) of 2.5 µM (S/N = 3) was estimated from the standard 

deviation of ten measurements in an aqueous 0.3 M NaOH solution containing 1 mM glucose 

according to the well documented protocol [33]. The modified electrode showed a maximum 

current density of 5.41 ± 0.03 mA cm-2. This can be attributed to the high efficiency of 

glucose oxidation achieved at CoSe-rGO/chit modified GC electrodes. The electrode to 

electrode reproducibility was investigated using five CoSe-rGO/chit modified GC electrodes 

in the presence of 5.0 mM glucose in 0.3 M NaOH and a RSD of 2.3 % was achieved. In 

addition, five measurements of 5.0 mM glucose using the same electrode yielded a RSD of 

1.1 %. These results revealed excellent intra-electrode and inter-electrode reproducibility. 
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Figure 15: (a) Plot of cyclic voltammogramms obtained at different glucose concentration 

and the (b) calibration curve for the determination of glucose concentration in 0.3 M NaOH 

based on average results obtained from three CoSe-rGO/chit modified GCEs.   
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There are many non-enzymatic electrodes fabricated using Co as the active metal catalysts 

for electrocatalytic glucose oxidation carrying their own advantages and limitations. The 

performance of these modified electrodes have been summarised in Table 1. 

Table 1: Performance of modified electrodes with Co based nanocomposites for glucose 

electro-oxidation  

Electrode  Working 

potential/ 

V 

Medium  Sensitivity/ 

µA 

cm−2mM−1   

Max. 

current 

density/ 

µA 

cm−2  

LOD/ 

µM 

Linear 

dynamic 

range/ 

mM 

Ref. 

CoO nanorods/FTO 0.5 vs. 

Ag/AgCl 

1 M 

NaOH 

571.8 2500 0.058 0- 3.5  [34] 

Co3O4 NFs-

Nafion/GCE 

0.59 vs. 

Ag/AgCl 

0.1 M 

NaOH 

36.25 - 0.97 0-2.04 [25] 

CoOOH nanosheets 0.40  vs. 

Ag/AgCl 

0.1 M 

NaOH 

967 790 10.9  0.03- 0.7 [35] 

CoOxNPs/ ERGO/ 

GCE 

0.60 vs 

SCE 

0.05 M 

NaOH 

79.3 - 2 0.01–

0.55 
[36] 

3D graphene/Co3O4 

nanowire composite 

0.58 vs. 

Ag/AgCl 

0.1 M 

NaOH 

3390 600 0.025 0- 0.080 [37] 

CoOx·nH2O–

MWCNTs 

0.55 vs. 

Ag/AgCl 

0.2 M 

NaOH 

162.8 1555 2 0-4.5 [38] 

Co3O4 UNS-

Ni(OH)2 

0.35 vs. 

Ag/AgCl 

0.1 M 

NaOH 

1089 2000 1.08 0.005–

0.040  
[39] 

CoSe/rGO/chit/GCE 0.65 vs 

Hg/HgO 

0.3 M 

NaOH 
480 5414 2.5 0- 10 This 

work 

Abbreviations: FTO - Fluorine doped Tin Oxide, NFs - nanoflakes, ERGO - 

electrochemically reduced graphene oxide, UNS - ultra-nanosheets. 
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3.10. Interferences 

The selectivity of CoSe-rGO/chit modified GCE was investigated which will be an important 

factor in glucose sensing. In glucose sensing, the main species interfering with the glucose 

measurement in biological samples are ascorbic acid (AA) and uric acid (UA). However, 

trace amounts of metabolites of drugs also can act as interferents [27]. The interference study 

was carried out in the presence of physiological amounts of AA and UA in aqueous 0.3 M 

NaOH solution using the CoSe-rGO/chit modified GCE [27]. In the presence of 0.50 mM 

UA, the voltammetric response from 5.0 mM glucose remains unaffected (Figure 16).  

 

Figure 16: Cyclic voltammograms obtained with 5.0 mM glucose in 0.3 M NaOH at a scan 

rate of 0.02 V s-1 in the absence and presence of 0.5 mM UA. The response obtained with 

0.5 mM UA alone is also provided for comparison. 
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Similarly, the presence of 2.5 mM AA, the voltammetric response from 5.0 mM glucose 

(Figure 17) was not affected, even though AA acid can be oxidised by CoSe-rGO/chit 

modified GCE. This is advantageous in sensor application as many of the non-enzymatic 

electrodes suffer from UA and AA interference in glucose oxidation. 

 

Figure 17: Cyclic voltammograms obtained with 5.0 mM glucose in 0.3 M NaOH at a scan 

rate of 0.02 V s-1 in the absence and presence of 2.5 mM AA. The response obtained with 

2.5 mM AA alone is also provided for comparison. 

4. Conclusion 

The reduced graphene oxide decorated with CoSe nano flakes were successfully synthesised 

using a simple hydrothermal procedure. A range of electrochemical, spectroscopic and 

microscopic techniques were employed to characterise this novel glucose oxidising catalyst. 

The ability to electro-oxidise glucose in alkaline medium was investigated using CoSe-
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rGO/chit modified GCE with excellent performance. A sensitivity of 480 µA mM-1 cm-2, a 

linear range of 0 to 10 mM and a LOD of 2.5 µM was achieved. A high current density of 

5.4 ± 0.03 mA cm-2 was illustrated with excellent intra-electrode and inter-electrode 

reproducibility. Bulk electrolysis measurements carried out on CoSe-rGO/chit modified 

GCE revealed that the oxidation of glucose can proceed beyond the formation of 

gluconolactone by confirming the formate production from 1H-NMR and CO2 by GC, 

showing the ability for complete oxidation of glucose to CO2. Finally, interference caused 

by AA and UA in biological samples was found to be negligible.  
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6.1. Use of Conducting Polymer Nanocomposite for Three Dimensional 

Enzyme Electrode 

6.1.1. Introduction  

In the year 2000 Hideki Shirakawa (along with Alan Heeger and Alan MacDiarmid) was 

honoured with the Nobel Prize for his groundbreaking discovery of the properties of 

polyacetylene (PA) doped with iodine [1]. This non-metallic material displayed high electrical 

conductivity and other metallic properties which triggered the discovery, development and 

application of novel materials in the conducting polymer (CP) field [2, 3]. As a result, various 

modified CPs were developed to resist oxidative degradation, to provide a distinct advantage 

over PA. More versatile CPs were developed using polyanilines [4], polypyrroles [5], 

polythiophenes [6], and poly(p-phenylene vinylenes) [7]. Polyanilines surpass other CPs via 

their capability of producing high conductivity, cost-effectively in bulk amounts. However, the 

toxic benzidine products produced upon degradation have limited the applicability of these CPs 

[6]. 

Another interesting CP developed at the Bayer AG Research Laboratories is a polythiophene 

derivative, poly(3,4-ethylenedioxythiophene) abbreviated as PEDT or PEDOT. PEDOT 

displays properties such as insolubility in water, transparency, oxidised films and very high 

stability in the oxidised state. Its insolubility was overcome by doping with poly(styrene 

sulfonic acid) during polymerisation, which resulted in PEDOT/PSS. This hybrid generated 

good film properties, high conductivity, high visible light transmissivity and excellent stability 

making it widely recognised as one of the best CPs in the world [6].  
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Figure 1: Different types of conducting polymers 

PEDOT has also found application in the fabrication of enzymatic electrodes [8-10]. Covalent 

functionalisation of the conducting polymer to ensure biocompatibility could be achieved by 

subsequent polymerisation of thiophene functionalised monomers [11]. However, designing a 

single compound having the functional groups needed to tune the properties of the material, is 

quite challenging. Consequently, the concept of using composites for electrode fabrication was 

introduced [12] with the nanostructured architecture allowing the physical properties of 

electrodes to be altered. This concept has been most widely adopted in the area of glucose 

sensing [13-15]. Carbon nanotubes, inorganic nanoparticles, graphene, ternary systems and 

special dopants have been used with conducting polymers to develop composites in 

amperometric sensing [12]. Metallic nanoparticles stabilised with different polymers offer 

significant advantages for enhancing the performance of such sensors.  

 As mentioned above, the polymer may influence the properties of nanomaterials due to the 

presence of functional groups [16]. Thus, polymer architecture can be tuned to give properties 

desired by incorporating the functional groups onto one well-organised matrix [17].  In this 

study, a new thiophene monomer was synthesised to fabricate an enzyme electrode for use in 

glucose sensing.   



149 | P a g e  
 

6.1.2. Experimental 

6.1.2.1. Chemicals  

Sodium hydride (NaH, 60 % dispersion in mineral oil), sodium bicarbonate (NaHCO3, 99.7%), 

triethyl phosphonoacetate (C8H17O5P, 98%), ferrocene carboxaldehyde (C11H10FeO, 98%), 

ammonium chloride (NH4Cl, 99.7%), magnesium sulfate (MgSO4, 99.5%), palladium on 

charcoal (Pd/C, 10 wt. % loading), potassium hydroxide (KOH, 85%), potassium iodide (KI, 

99.5%),  sodium hydroxide (NaOH, 98%), boric acid (H3BO3, 99.5%), p-toluenesulfonic acid 

monohydrate (CH3C6H4SO3H·H2O, 98%), 2-[2-(2-chloroethoxy)-ethoxy]ethanol [EG, 

Cl(CH2CH2O)2CH2CH2OH, 96%], 3,4-dihydro-2H-pyran (C5H8O, 97%), poly(sodium 4-

styrenesulfonate) (PSS, (C8H7NaO3S)n, average Mw ~1,000,000, powder), lithium 

tetrafluoroborate (LiBF4, 98%), triethylamine (Et3N, 99%), N,N'-dicyclohexylcarbodiimide 

(DCC, C6H11N=C=NC6H11, 99%) , 4-dimethylaminopyridine (C7H10N2, 99%), tetrahydrofuran 

(THF) Celite, hydroxymethyl EDOT (EDOT-OH ,C7H8O3S, 95%) were purchased from Sigma 

Aldrich. Hydrochloric acid (HCl, 36.5%) were purchased from Thermo Fisher Scientific 

Australia. n-Hexane, methanol (MeOH), ethanol (EtOH), N,N-dimethylformamide (DMF) were 

purchased from Merck Pty Ltd. Dichloromethane (DCM), ethyl acetate (EA), diethyl ether 

((C2H5)2O) were purchased from Chem Supply Pty Ltd. All materials and solvents were used 

without further purification. 

TLC was performed on Silica gel 60 F254 TLC aluminium sheets. 1H-NMR and 13C-NMR 

spectra were recorded on a Bruker DRX400 spectrometer at a frequency of 400 MHz for 1H 

and 75 MHz for 13C. Abbreviations used are: s (singlet), d (doublet), t (triplet), q (quadruplet), 

m (multiplet) and br (broad). Mass spectra were recorded using high-resolution electrospray 
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ionisation mass spectrometry by Agilent 6220 Accurate Mass LC-TOF system with Agilent 

1200 Series HPLC, usually in the positive ion mode. 

6.1.2.2. Synthesis of  ferrocene propionoic acid  

This compound was synthesised according to a literature reported procedure and analysis was 

in agreement with literature [18]. 

 

Scheme 1: Synthesis of ferrocene propionoic acid 

Ethyl ferrocenylacrylate (2) 

Sodium hydride (0.232 g, 9.6 mmol) was dissolved in dry THF (10 mL). The mixture was 

stirred at 0C and triethyl phosphonoacetate was added (1.10 mL) to the mixture to give a white 

foam under N2. This mixture was allowed to warm to room temperature for 1 h. Again it was 

cooled in an ice bath and ferrocene carboxaldehyde 1 (1.1 g, 4.6 mmol) was added as a solution 

in THF (10 mL). After 20 min, the mixture was allowed to warm to RT and stirred for 1 h. A 

saturated aqueous ammonium chloride solution (50 mL) was added to the mixture. Diethyl ether 

was then added and the combined layers were washed with deionised water and dried with 

MgSO4. The solvent was removed under reduced pressure followed by purification by column 

chromatography (flash silica, DCM) to yield (2) (1.36 g, 4.7 mmol, 94%) as a dark orange 

solution. 1H NMR (300 MHz, CDCl3) 7.56 (d, 1H, CH), 6.03 (d, 1H, CH), 4.48 (m, 2H, HFc), 

4.40 (m, 2H, HFc), 4.22 (q, 2H, CH2), 4.15 (s, 5H, HFc), 1.32 (t, 3H, CH3). ESIMS: m/z 

=284.1011 
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Ferrocenepropionic acid (4) 

A solution of ethyl ferrocenylacrylate (2) (1.36 g, 4.7 mmol) and Pd/C (0.250 g, 2.5 mmol) in 

ethanol (70 mL) was degassed with N2. Then the reaction mixture was stirred vigorously under 

H2 for 24 hours at room temperature. The reaction mixture was filtered through celite and the 

solvent removed under reduced pressure. Purification was done using column chromatography 

(DCM) to afford a yellow syrup corresponding to ethyl 3-ferrecenylpropanoate 3 (1.15 g, 86%). 

ESIMS: m/z =286.0651 

A solution of potassium hydroxide (1.96 g, 35 mmol) in deionised water (5 mL) was added to 

a solution of ethyl-3-ferrocenylpropionoate 3 (1.0 g, 3.5 mmol) in ethanol (30 mL) under N2 

while stirring. The solution was then refluxed for 6 h under N2, The reaction mixture was 

concentrated under vacuum, diluted with deionised water and washed with diethyl ether. The 

aqueous phase was acidified with 1 M HCl and extracted with diethyl ether. The diethyl ether 

layers were combined, dried over MgSO4 and concentrated under vacuum to obtain 

ferrocenepropionic acid 4 as yellow crystals (0.44g, 48%). 1Η ΝΜR (400 ΜΗz, D2- 

DCM):11.03 (s br, 1Η), 4.18 – 4.11 (m, 9Η, ΗFc), 2.7 – 2.6 (m, 4H,CΗ2), ESIMS: m/z = 

258.0335. 
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6.1.2.3. Synthesis of 2-(2-(2-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methoxy)ethoxy) 

ethoxy)ethyl-3-ferrocenepropanoate  

 

Scheme 2: Synthesis pathway of monomer (Fc-EG-EDOT) 

2-2-(2-Chloroethoxy)ethoxy/tetrahydropyranyl-ethanol (5) 

p-Toluenesulfonic acid (50 mg, 0.29 mmol) was added to a stirred ice cold solution of 2-[2-(2-

chloroethoxy)-ethoxy]ethanol (2.0 g, 11.86 mmol) and dihydropyran (1.6 mL, 17.79 mmol) in 

dry DCM (20 mL). The reaction mixture was allowed to warm to room temperature and further 

stirred for 1 h before being neutralised with Et3N, concentrated, and the crude product purified 
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by flash chromatography (n-hexane/EtOAc, 4:1). The title compound was afforded (2.2 g, 75%) 

as a colorless syrup; Rf = 0.3 (4:1 hexane/EtOAc); 1H NMR (400 MHz, CDCl3):  4.6 (m, 1H, 

OCHO), 3.87-3.74 (m, 6H. CΗ2Cl, 2ΟCΗ2), 3.69-3.62 (m, 6Η, 3ΟCΗ2) 3.61-3.60 (m, 2Η, ring-

ΟCΗ2), 1.71-1.49 (m, 6Η, 3CΗ2); ESIMS: m/z = 275.1019 [Μ+Νa]+ observed for C11Η21Ο4Cl 

(252.11). This compound was synthesised according to a literature reported procedure and 

analysis is in agreement with literature [19]. 

2-(2-(2-(2-iodoethoxy)ethoxy)ethoxy)tetrahydro-2H-pyran (6) 

A suspension of potassium iodide (1.5 g, 9.0 mmol) and 2-[2-(2-chloroethoxy)-

ethoxy]tetrahydropyranylethanol ( 2.2 g, 8.7 mmol)  in acetone (25 mL) was refluxed for 18 h. 

The mixture was allowed to cool down to room temperature. The solid residue was filtered off 

and filtrate concentrated under reduced pressure. The resultant compound was taken to the next 

step without any further purification.  

2-((2-(2-((tetrahydro-2H-pyran-2-yl)oxy)ethoxy)ethoxy)ethoxy)methyl)-2,3-

dihydrothieno[3,4-b][1,4]dioxine (7)  

A solution of hydroxymethyl EDOT (1 g, 5.8 mmol) and NaH (400 mg, 16.6 mmol) in dry 

DMF (20 mL) was added to a solution of  2-(2-(2-(2-iodoethoxy)ethoxy)ethoxy)tetrahydro-2H-

pyran (2.2 g, 6.39 mmol)  in dry DMF(10 mL) under N2 and was heated to 120 ºC overnight. 

The reaction mixture was neutralised by adding deionised water and then extracted with ethyl 

acetate, washed thrice with deionised water and dried with MgSO4. Finally, the solvent was 

removed under reduced pressure. Flash chromatography (hexane: ethyl acetate, 1:1) was carried 

out to separate the compound of interest giving 7 as a colorless syrup (0.5 g, 23%). 1H NMR 

(D6-DMSO): 6.5 (m, 2H, CHS), 4.58 (m, 1H, OCHO),4.32- 4.24 (m, 3H, OCH), 4.07-3.96 

(m, 2H, OCH2,EDOT), 3.75-3.3 (m, 16H, OCH2), 1.49-1.44 (m, 6H, ring-CH2) , 
13C NMR (jmod, 
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D6-DMSO): 141.3, 99.6, 99.5, 98.0, 72.4, 70.3, 69.8, 69.7, 68.8, 66.0, 65.4,  61.2, 59.7,  30.1, 

24.9, 20.7, 19.0, 14.0, ESIMS:  m/z = 411.1449 [M+Na]+ observed for C18H28O7S (388.47). 

2-(2-(2-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methoxy)ethoxy)ethoxy)ethan-1-ol (8) 

Compound 7 (51 mg, 0.14 mmol) in MeOH (0.5 mL) was treated with HCl (10% HCl in MeOH, 

0.25 mL) and stirred for 1 hour at 0 0C. Then, a saturated NaHCO3 solution was used to quench 

the acid and mixture was concentrated under reduced pressure[19]. Flash chromatography was 

carried out to purify (1% MeOH in DCM) giving the deprotected product 8 as a colourless 

syrup (32.7 mg, 0.107 mmol, 77%). 1H NMR:  6.37 (m, 2H, CHS), 5.37 (m, 1H, OH), 4.38-

4.27 (m, 1H, CH ), 4.11-4.07 (m, 2H, CH2),3.79-3.5 (m, 14H, OCH2), 
13C NMR (CD2Cl2): 

142.1, 99.8, 74.0,73.1, 72.8, 71.9, 71.5, 71.0, 70.8, 70.6, 69.9, 66.5, 62.0, ESIMS= 327.0871 

[M+Na]+ observed for C13H20O6S (304.1) 

2-(2-(2-((2,3-dihydrothieno[3,4-b][1,4]dioxin-2-yl)methoxy)ethoxy)ethoxy)ethyl-3-

ferrocenepropanoate (EDOT-EG-Fc)(9)  

A mixture of compound 8 (30 mg, 0.1 mmol), compound 4 (26 mg, 0.1 mmol),  N,N'-

dicyclohexylcarbodiimide (DCC) (25 mg, 0.12 mmol) and 4-dimethylaminopyridine (DMAP) 

(1.2 mg, 0.01 mmol) in dry DCM (20 mL) was stirred at room temperature for 16 h under N2. 

The reaction mixture was filtered to remove solid precipitate and the filtrate was collected and 

evapourated under reduced pressure[20]. The residue was purified using flash chromatography 

(hexane: ethyl acetate, 3:2) to obtained compound 9 (47 mg, 86%) as a yellow coloured syrup. 

1H NMR:  7.28 (s, 9H, HFc), 6.34 (s, 2H, CHS), 4.33-3.68 (m, 12H, OCH2), 2.5-0.5 (br, 

analysis is complex) 13C NMR (CDCl3): 173.3, 142.1, 142.0, 99.8, 88.0, 73.1, 71.5, 70.9, 70.8, 

69.9, 69.5,69.0, 68.4, 67.8, 66.5, 63.9,  35.8, 30.0, 25.0, ESIMS:  m/z= 567.1114 [M+Na]+ 

observed for C26H32O7SFe (544.12). 
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6.1.2.4. Synthesis of EDOT-EG-Fc capped gold nanoparticle 

Gold nanoparticles (AuNPs) were synthesised using a mixture of monomers of EDOT-EG-Fc 

(3.1 mg, 5.8 umol), hydroxymethyl EDOT (EDOT-OH) (1 mg, 5.8 mol) and poly(sodium 4-

styrenesulfonate) (PSS) (1 mg, 4.8 mol). To prepare Au NPs, 10.0 µl of 0.2 M HAuCl4∙3H2O 

(2 µmol) was mixed with 1950 µL of deionised water and PSS was dissolved in the gold(III) 

solution. The mixture was then stirred using a magnetic stirrer. EDOT-EG-Fc and EDOT-OH 

were dissolved in 50.00 µL acetonitrile to make a homogeneous solution. Upon addition of this 

organic solution, the gold(III) solution turns bright purple color indicating the formation of the 

Au NPs. This solution mixture was stirred for 30 min allowing the reaction to complete. Au 

NPs formed were then isolated using centrifugation at 6000 rpm (Eppendorf, mini spin plus) 

for 20 min. Finally, NPs were re-dissolved in 1.5 mL deionised water and isolated using 

centrifugation to remove any impurities. The separated Au NPs were dispersed in 0.1 mL 

deionised water and was stored in a refrigerator to be used in further studies.  

6.1.2.5. Electropolymerisation and electrochemical measurements 

Electrochemical polymerisation was carried out with EDOT-EG-Fc/ EDOT-OH at 21 ± 2 ºC 

using a CH Instrument 760E electrochemical workstation with a conventional three-electrode 

cell in acetonitrile medium, utilising LiBF4 as the supporting electrolyte. Other voltammetric 

measurements in aqueous media were carried out in phosphate buffered saline (PBS 0.1 M, pH 

7). The glassy carbon electrode (GCE, 3mm diameter, CH Instruments Inc, Texas, USA) and 

gold disc electrode (AuE, 1.6 mm diameter, CH Instruments Inc, Texas, USA) were employed 

as working electrodes (WE), platinum wire (in organic medium) and Ag|AgCl(1 M KCl) (in 

aqueous medium) were employed as reference electrode and Pt wire as the auxiliary electrode. 

Initially, the GC and Au electrodes were polished with 0.3 µm alumina slurry followed by 
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rinsing with deionised water, sonication and rinsing again with deionised water before finally 

drying under a nitrogen gas prior to electrochemical measurements.  

6.1.2.6. Microscopic characterisation Au-EDOT-FcNPs 

Scanning Electron Microscopy (SEM) measurements using a FEI Nova NanoSEM 450 FEG 

SEM instrument were undertaken to determine the surface morphology and the size of Au-

EDOT-FcNPs. 

6.1.3. Results and Discussion 

6.1.3.1. EDOT-EG-Fc monomer 

Three precursors were combined covalently to form the compound EDOT-EG-Fc. EDOT is a 

well- known thiophene which gives rise to the polymer backbone when polymerised. Due to 

the conjugated structure of polythiophene, electron transition takes place along the polymer 

backbone [21]. Ethylene glycol (EG) acts as the spacer between the polymer backbone and the 

Fc mediator. The length of the spacer plays a critical role in communication between the 

enzyme and the electrode [22]. Schuhmann et al. reported that the spacer length should be long 

enough (> 10 bonds) for the mediator to approach the enzyme redox centre [23]. Taking this 

into account, the new monomer contains 15 bond chains. Ferrocene acts as the redox mediator 

[11] and was covalently attached to the spacer via the EG to prevent leakage. The intention is 

that the EDOT-EG-Fc polymeric redox system will act as an “electrical wire” facilitating the 

electron transfer between the enzyme and the electrode [24]. The compound is predicted to be 

relatively water soluble, as it contains water soluble moieties such as EDOT and EG. However, 

the final compound showed water solubility of ~ 0.1 mM. However, in organic solutions the 

solubility was high.  
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6.1.3.2. Electrochemical co-polymerisation  

Cyclic voltammetry was employed to electrochemically induce polymerisation of the EDOT-

EG-Fc monomer. This is an in situ polymerisation method, which forms a film on the electrode 

surface while avoiding the difficulties of polymer purification [25]. To optimise the 

electrochemical polymerisation a variety of conditions were studied. Direct electrochemical 

polymerisation of EDOT-EG-Fc was not successful. This could be due to steric constraints of 

the bulky (pendant) mediating group, or complexation of the redox active groups in the 

polymerisation process. Therefore, EDOT-OH was introduced in order to reduce the steric 

constraints and to form a co-polymer containing both thiophene units, but lowering the 

concentration of the Fc mediator. This technique is an efficient approach to obtain polymers 

having the combined properties of the individual homopolymers [26]. Electrochemical 

polymerisation of EDOT-EG-Fc monomer (2mM) and EDOT-OH (5mM) was carried out in 

acetonitrile medium containing 0.1 M LiBF4 as the electrolyte on a bare GCE by cycling the 

potential between -0.2 V to +1.2 V vs Pt(wire).  The cyclic voltammogram (CV) associated with 

electrochemical polymerisation (Figure 2(a)) contains a reversible process at 0.1 V vs Pt(wire) 

due to Fc/Fc+ redox process followed by irreversible oxidation of the electrochemically 

polymerised PEDOT. The gradual increase of capacitance implies the successful 

electrochemical polymerisation of the monomers. Electrochemical characterisation of the 

electropolymerised polymer film on GCE was carried out in 0.1 M PBS pH 7 medium at a scan 

rate of 0.1 V s-1. The cyclic voltammogram (Figure 2(b)) illustrates high capacitance and the 

presence of surface confined Fc/Fc+ redox process around 0.32 V vs Ag|AgCl(1 M KCl). 
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Figure 2: (a) Electrochemical polymerisation of EDOT-EG-Fc (2mM), EDOT-OH (5mM) in 

MeCN medium at a scan rate of 0.1 V s-1 and (b) Electrochemical characterisation of the 

electropolymerised polymer film on GCE in an aqueous PBS (0.1 M, pH 7) medium at a scan 

rate of 0.1 V s-1 

The film thickness can be controlled by changing the number of cycles (3, 5, 6 cycles) used for 

electropolymerisation. Experiments were carried out by modifying electrodes with use of a 

different number of cycles for electropolymerisation followed by enzyme modification through 

adsorption. Cyclic voltammograms were obtained with these modified electrodes, in the 

presence and absence of 10 mM glucose at a scan rate on 0.05 V s-1 in 0.1 M PBS pH 7. Results 

revealed no significant increase in elctrocatalytic current from glucose oxidation (results not 

shown). Therefore, number of cycles was selected to be 3 for the remaining experiments, as a 

higher number of cycles produce a polymer composite that is too rigid.  The newly formed 

electrochemically polymerisied electrode was used to immobilise GOx via adsorption using 

electrostatic interactions of positively charged PEDOT polymer backbone[27] and negatively 

charged enzyme[28]. Since the isoelectric point of native GOx in water is 4.05[29], the enzyme 

is negatively charged at neutral pH. Electrostatic adsorption was carried out by dipping the 

modified GCE in a GOx solution (10 mg/ mL in pH7 PBS)[30] for time durations of 15 min, 

0.0 0.2 0.4 0.6 0.8

-10

-8

-6

-4

-2

0

2

4

6

8

10

C
u

rr
en

t/
 

A

Potential/ V vs Ag|AgCl(1 M KCl)

(b) 

-0.2 0.0 0.2 0.4 0.6 0.8 1.0 1.2
-10

0

10

20

30

40

C
u

rr
en

t/
 

A

Potential/ V vs Pt(wire)



159 | P a g e  
 

30 min, 1 h and overnight prior to electrochemical measurements. The electrode was gently 

washed using deionised water to remove any unbound enzyme. However, their electrochemical 

measurements revealed the absence of electrocatalytic oxidation process of glucose in 0.1 M 

PBS pH 7 via mediated electron transfer instead, showing a decrease in the Fc/Fc+ process with 

increasing glucose concentration as illustrated in Figure 3. This could be a result of surface 

blocking by glucose as the current can be restored close to its initial value by rinsing the 

electrode with deionised water and carrying out cyclic voltammetry in PBS pH 7 solution in the 

absence of glucose.  

 

Figure 3: Cyclic voltammograms obtained as a function of glucose concentrations (0.1 M PBS) 

at a scan rate of 0.05 V s-1 over the potential range of 0 to 0.8 V using an enzyme immobilised 

electropolymerise EDOT-EG-Fc modified GC electrode.  

The feasibility of electrochemical polymerisation in aqueous medium was explored using 

EDOT-EG-Fc (0.1 mM), EDOT-OH (1 mM) and LiClO4 (0.1 M) as the supporting electrolyte 
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at a GCE. The CV revealed successful electrochemical polymerisation by the gradual increase 

of the capacitance. Immobilisation of GOx was carried out as before and followed with 

electrochemical characterisation in the absence and presence of glucose. CVs revealed no 

electrocatalytic oxidation of glucose. This could be due to two reasons  

1. Unsuccessful immobilisation of GOx on electrode  

2. A lack of communication between the enzyme and mediator (Fc) as it acts as a 2D enzymatic 

electrode.   

In 2D enzymatic electrodes, the orientation and position of the enzyme on the electrode plays 

a significant role in the electrocatalytic processes. To confirm the influence of hypothesis 1, a 

control experiment was performed. Fc derivatives have been used as mediators in H2O2 

detection[31]. Glucose oxidation in the presence of O2 by GOx produces gluconolactone and 

H2O2. This H2O2 will oxidised to O2 giving 2 electrons. The Fc/ Fc+ will act as the mediator for 

mediated electron transfer [32].  

 

Glucose + O2                                      Gluconolactone + H2O2 

H2O2                                         O2 + 2e-  +  2H+ 

2Fc                                            2Fc+   + 2e- 

As a consequence, a modified GCE was used for electrochemical polymerisation (3 cycles) of 

EDOT-EG-Fc and EDOT-OH to give a similar composition as in previous experiments in 

MeCN followed by immobilisation of enzyme. The modified electrode was then gently rinsed 

with water to remove any unbound enzyme followed by electrochemical characterisation in 0.1 

M PBS pH 7 in the presence of O2 and 10 mM glucose. The CV does not show any difference 

GOx 
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between the presence and absence of glucose, implying the absence of GOx on the electrode 

and hence the adsorption of GOx was unsuccessful. Attempts to construct a catalytically active 

electrode by polymerisation of EDOT-EG-Fc and EDOT-OH in the presence of GOx were also 

unsuccessful. This lack of success prompted a change in direction of the study to chemical 

polymerisation.  

Before carrying out chemical polymerisation, the feasibility of mediating electron transfer 

process between the monomer and enzyme during electrocatalysis was verified. A CV was 

obtained with a scan rate of 0.05 V s-1   from a solution which contains EDOT-EG-Fc (0.1 mM) 

and glucose (50 mM) in 0.1 M PBS pH 7 in the presence and absence of GOx under N2. The 

CVs (Figure 4) contained catalytic current in the presence of 0.05 mg/ mL GOx and an increase 

in GOx resulted in enhanced catalytic current. This implies that mediation of the electron 

transfer process occurs between the Fc derived EDOT monomer and the enzyme[25].  

 

Figure 4: Cyclic voltammograms obtained in 0.1 M PBS pH 7 solution which contains EDOT-

EG-Fc (0.1 mM) and glucose (50 mM) at a scan rate of 5 mV s-1   in the presence and absence 

of GOx under N2. 
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6.1.3.3. Characterisation of Au-EDOT-FcNPs 

Au-EDOT-FcNPs were synthesised as previously described, which is advantageous as it 

enables us to employ a large amount of EDOT-EG-Fc in an aqueous medium.  Furthermore, 

other studies have employed Fc containing nanoparticles in biosensor assemblies to improve 

the electron transfer properties of Fc [33]. Therefore, poly(EDOT-EG-Fc-co-EDOT-OH) was 

fused with gold (AuCl4
-) solution to synthesis Au-EDOT-FcNPs for the fabrication of glucose 

oxidase electrodes. The reduction of AuCl4
- to metallic AuNPs by EDOT and their stabilisation 

by copolymer, poly(EDOT-EG-Fc-co-EDOT-OH)/PSS simultaneously formed during the 

reaction, presumably introducing a coating layer for the nanoparticles. 

Scanning electron microscopic (SEM) images were used to obtain the size distribution and 

uniformity of the Au-EDOT-FcNPs. The SEM image obtained from the Au-EDOT-FcNPs 

drop-cast on an indium tin oxide (ITO) glass slide (Figure 5) reveals a variety of sizes and 

shapes of the Au-EDOT-FcNPs. Use of a variety of compositions and conditions in an attempt 

to obtain uniform nanoparticles were unsuccessful.  

 

Figure 5: Scanning electron micrograph of Au-EDOT-FcNPs synthesised in this study. 
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6.1.3.4. Electrochemical characterisation 

Synthesised Au-EDOT-FcNPs were drop cast (3 L) on a polished GCE. This modified 

electrode was characterised in 0.1 M PBS pH 7 using Ag|AgCl(1 M KCl) as the reference electrode 

and Pt wire as the auxiliary electrode. The CV used for electrochemical characterisation 

illustrates a reversible process at the potential of 0.29 V associated with oxidation and reduction 

of the ferrocene moiety (Figure 6), verifying that Fc has not lost its activity during chemical 

polymerisation. Thus, Au-EDOT-FcNPs were used in experiments on the use of mediator and 

glucose oxidase base electrocatalytic glucose oxidation.  

 

Figure 6: Cyclic voltammogram obtained from chemically synthesised Au-EDOT-FcNPs drop 

cast on a GCE at 0.1 V s-1 in PBS pH 7 buffer medium. 
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electrostatic interactions are too weak. Therefore, a third component, chitosan was introduced 

to the system, which will act as a hydrogel. At pH 7, the hydrogel will be positively charged 

and the enzyme negatively charged. Hence the chitosan will hold enzymes and AuNPs together 

on the surface to give a 3D enzyme electrode which allows electrons to diffuse freely to the 

electrode. In this study, 0.1% w/w chitosan was used as the hydrogel. GCEs were fabricated 

with 3 L of the mixtures of chitosan:Au-EDOT-FcNPs:GOx. The compositions of each 

component of the mixture and pH were varied to obtain optimum electrocatalytic current.   To 

investigate the influence of pH, 0.04 M Britton Robinson Buffer [34] (BRB), universal buffer, 

was employed instead of PBS. Electrochemical measurements were obtained in 0.04 M BRB 

electrolyte solution at a scan rate of 0.02 V s-1. Appropriate aliquots of 1 M glucose stock 

solution were added to the BRB solution in the cell, to obtain the required concentration of 

glucose. All solutions were degassed with high purity nitrogen for at least 10 min prior to the 

electrochemical measurements in order to remove oxygen. Promising results were obtained 

from the GCEs fabricated with 3L of the solution having the composition mixture, 

chitosan:Au-EDOT-FcNPs:GOx (1:1:1, mg/mL).  In the absence of 1 mM glucose, the Fc+ 

process was prominent in the cyclic voltammogram than the Fc process. Upon addition of 

glucose, electrocatalytic characteristics appeared as the oxidation current magnitude increased 

(Figure 7). However, the current output was less than predicted. This revealed the enzyme-

dependent catalytic oxidation of glucose, originated from GOx and mediated by the Au-EDOT-

FcNPs. This result implies, that the Fc moieties on the nanoparticle can effectively shuttle 

electrons from the electrode through the hydrogel to the redox center of GOx.  
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Figure 7: Cyclic voltammograms obtained in 0.04 M BRB at a scan rate of 0.02 V s-1 for 

chitosan:Au-EDOT-FcNPs:GOx (1:1:1, mg/mL) modified electrode in the absence () and 

presence () of 5 mM glucose  () of 10 mM glucose. 

6.1.4. Conclusion 

A novel thiophene derivative monomer was successfully synthesised and characterised. This 

monomer was polymerised electrochemically and chemically to give poly(EDOT-EG-Fc-co-

EDOT-OH). The enzyme electrode modified with the electropolymerisation method did not 

facilitate the mediated electron transfer process due to its rigidity and unsuccessful enzyme 

immobilisation. In contrast, electrodes modified with a mixture of chitosan, Au-EDOT-FcNPs 

and GOx allowed electrocatalytic oxidation of glucose. However, these preliminary results have 

not led to a composite material with competitive performance to other electrodes. To achieve 

the goal redesigning of the monomer by cooperating hydrophilic moieties is required to increase 

the hydrogel property of the CP. Thus, could increase the mobility of the mediator to achieve 

good electron transfer between the electrode and the enzyme.  
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6.2. Future perspectives 

6.2.1. Advanced materials for enzymatic electrodes using conducting polymer 

nanocomposites 

With the use of a single monomer, it is difficult to achieve a variety of properties needed in a 

conducting polymer. Therefore, it would be fascinating to incorporate a selection of monomers 

which provide a combination of properties needed for the synthesis of an ideal conducting 

copolymer. As PEDOT chemistry becomes more advanced, it may be possible to combine this 

with an EDOT monomer in the fabrication of a CP. The EDOT monomer would contribute to 

the polymer backbone and facilitate electron transfer. Due to relatively harsh conditions often 

required for in the synthesis of conducting polymers, enzymes are commonly loaded into the 

conducting polymer matrix after synthesis of the conducting polymers [35]. However, there are 

some disadvantages to this approach, such as leakage of enzymes. These problems may be 

overcome if enzymes are encapsulated with a conducting polymer like PEDOT, which has 

excellent biocompatibility. Enzymes can potentially be loaded onto the electrode via an 

encapsulation mechanism if they are firstly mixed uniformly with the polymer gel. As an 

example, a polymer gel prepared from a monomer which contains a base moiety at pH ~ 4.5 

used to opens up the polymer matrix due to electrostatic interactions. However, good electrical 

communication and hence facile electron transfer between the polymer gel and the enzymes 

should be possible at pH~ 7, when the gel closes. The compact structure of the gel under this 

pH condition will also prevent the leakage of enzymes into the solution. In cases where PEDOT 

polymers are pH insensitive or encapsulation mechanisms are insufficient to prevent enzyme 

leakage, the monomers or polymers could be functionalised with a primary amine or carboxyl 

groups, which allow further bioconjugation with enzymes [36]. In this situation, enzymes could 

be immobilised on the electrode using covalent bonding. A ferrocene derivative wired EDOT 

monomer could act as the electron mediator to enhance electron transfer between the enzyme 
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and the electrode. Figure 8 illustrates a plausible CP, which could be employed for future 

studies of enzymatic electrode fabrication.  

 

 

 

 

 

 

 

Figure 8: Copolymer of EDOT-EG-NH2 and EDOT-EG-Fc monomers 

6.2.2. Development of improved electron transfer to obtain higher current densities  

Different electron transfer pathways are engaged by different electrocatalytic electrodes. In 

enzymatic electrodes, the electron transfer efficiency plays a critical role in the electrocatalytic 

current output. The hydrophilicity and the ease of mobility in redox polymer hydrogels enable 

the enzyme active sites to communicate efficiently with the electrode via mediators by giving 

a superior electrical contact between enzyme active site and the mediator [37-40]. Mano et al. 

[41] have introduced deglycosylation of glucose oxidase to improve the electrical 

communication between the enzyme and the electrode in enzyme electrodes [42]. Achieving 

high current density in a modified electrocatalytic electrode is essential in fuel cells. 
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6.2.3. Requirements of reliable sensors with high quality analytical performance  

Glucose sensors are clinically important electronic devices for diabetic patients. It is crucial for 

Type 1 diabetes patients to continuously monitor their glucose level so that other health issues 

such as neuropathy, nephropathy, and cardiac disease [43] can be controlled. A review by 

Witkowska-Nery et al. [44] discussed the present need for more accurate and reliable 

commercialised glucose sensors since commercialised sensors and test strips do not maintain 

ISO 2003 standards after initially gaining approval. A glucose sensor should have high 

sensitivity, selectivity, a wide linear glucose detection range and a fast response [45].  

Therefore, the design and development of new materials for the fabrication of high performance 

sensors are still in need. Literature reports are available that introduce high performance 

materials that could be employed in disposable test strips. However, studies have not usually 

moved from the laboratory level to actual used in biological samples [44].  

6.2.4. Overcoming interferences on electrocatalytic electrodes 

The enzymatic and non-enzymatic electrodes for electrocatalytic oxidation of glucose have the 

potential drawback, which is interference of other species in electrocatalytic glucose oxidation. 

This mainly affects in the sensor applications as biological samples contain a range of other 

oxidisable species. To overcome the interferences molecular selective membranes [43, 46] or 

selective polymers [47] in nanocomposites can be used. Enzymes are highly selective to their 

substrates. However, interferences sometimes arise upon incorporation of metal nanoparticles. 

Therefore, better materials to avoid interferences occurring from readily oxidised species 

present in biological fluids such as ascorbic acid, uric acid and drug metabolites [48] are still 

needed. 
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Four nanocomposite materials that have potential for glucose electrocatalytic applications have 

been presented. Chapters 2 and 3 are based on enzymatic nanocomposites and chapters 4 and 5 

are based on nonenzymatic materials. Synthesis of these nanocomposites and their analytical 

performance have been discussed in detail. The nanocomposites that have the capacity to be 

integrated into the design of glucose sensors and anodes for use in fuel cells. The development 

of glucose sensors that are accurate and reliable in monitoring glucose levels in human body 

fluids has had a major impact in managing the health of the drastically rising diabetes 

population. Glucose fuel cells have also attracted attention as a method for powering medical 

implants in human body.  

Enzymatic electrodes require complex fabrication procedures while nonenzymatic electrode 

fabrication is simple. To obtain high performance, it is necessary to achieve a three dimensional 

electrode design for enzymatic electrodes as the active site of the enzyme glucose oxidase is 

occluded by a thick protein layer hindering the electron transfer process. Thus, remodelling the 

structure of the enzyme and exposing its active site to achieve more efficient glucose oxidation, 

can enhanced its activity in the sensing context.  

To conclude, it is noted that all of the synthesised nanocomposites have been characterised by 

using a range of electrochemical, spectroscopic and microscopic techniques. All differ in their 

capacity to electrocatalytically oxidise glucose, but score equally for their employment in future 

development of advanced sensors or anodes for fuel cells.   

 




