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1. Introduction

In this chapter, a brief overview of electrochemistry fundamentals
relevant to results presented in the present work will be overviewed. The
main character of the thesis (glucose oxidation) is described by
introducing some of its biological fundamental, chemistry, and
utilization. Glucose electrooxidation will then be discussed starting from
its history, classification and definitions emphasizing the most important

applications involving this topic.

1.1. Scope of electrochemistry [1]

Electrochemistry is the branch of chemistry that deals with the
chemical changes produced by electricity and the reverse. These changes
occur in solutions in a homogeneous or heterogeneous manner on the
electrode surface. The transshipment reaction causes two or more
opposing events in opposite directions to ensure electroneutrality. In the
case of homogeneous oxidation and reduction reactions, they often occur

on electrodes immersed in the cell solution and separated into space. The
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charges are transported between electrodes either ionically in solution or
externally by electric wire. The products can be separated in the two
electrode reactions if the cell configuration permits. For batteries energy,
the sum of the free energy changes at both electrodes need to be negative.
External electrical energy can be provided if the total free energy is
positive, leading to the binding of electrode reactions and the conversion

of chemicals.
1.2. The nature of electrode reactions [1]
1.2.1. Electrode reactions.

Heterogeneous electrode reactions occur in an area where the charge
distribution differs from those phases between the electrode and the
solution. The structure of the interlayer affects the electrode process. In
the following section, the kinetics and thermodynamics of electrode

processes are summarized.
1.2.2. Thermodynamics and Kinetics of electrode reaction

For half-reactions at equilibrium, the potential, E, can be related to the

standard electrode potential through the Nernst equation:

E=E9—EZVL' Inq; (1.1)
nF ' '
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where ai are the activity of species and vi, are the stoichiometric numbers,
positive for products (reduced species) and negative for reagents
(oxidized species). The tendency for the reduction to occur, relative to the

NHE reference, is thus given by;
AG? = —n FE® (1.2)

In term of activity (ai = yc; with %, the activity coefficient of species |

and c is the concentration of this species) The Nernst equation (1.1) is

rewritten as

s RTC .
E=E"— n_FZ Vi Inc; (1.3)
in which E? is the formal potential.

Nernst equation can be applied if the oxidized and reduced species are
in equilibrium at the electrode surface. The electrode reaction is then
known as a reversible reaction. Thus, Nernst equation, and therefore
reversibility is considered in the term of the time allowed for the

electrode reaction to reach equilibrium.

The concentrations of species at the interface depend on the mass
transport of these species from bulk solution, often described by the mass

transfer coefficient kq. A reversible reaction corresponds to the case where
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the kinetics of the electrode reaction is much faster than the transport.

The kinetics is expressed by a standard rate constant, ko, which is the rate

constant when E = E?. So, the criterion for a reversible reaction is ko » kg,

By contrast, an irreversible reaction is one where the electrode reaction
cannot be reversed. A high kinetic barrier has to be overcome, which is
achieved by application of an extra potential (extra energy) called the

overpotentially, 7, and in this case Ko«ka.

Quasi-reversible reactions exhibit behavior intermediate between
reversible and irreversible reactions, the overpotential having a relatively

small value, so that with this overpotential reactions can be reversed.

The potential-dependent expression for the rate constant of an

electrode reaction is, for a reduction,

ke = koexp|—a.nF(E — E®)/RT] (1.4)
and for an oxidation

ko = koexp|agnF (E — E?)/RT] (1.5)

In these equations o« and «a are the cathodic and anodic charge

transfer coefficients and are a measure of the symmetry of the

activation barrier, being close to 0.5 for a metallic electrode and a
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simple electron transfer process. As mentioned above, the standard

rate constant is the rate constant at E= E°?.

An alternative way used to express the rates of electrode reactions
Is through the exchange current, lo. This is the magnitude of the

anodic or cathodic partial current at the equilibrium potential, Eeq.

1.3. Applications of electrochemistry

There are a wide range of applications including: voltammetric,
electroanalysis and potentiometric, electroplating, fuel cells, industrial
electrolysis, electrochemical machining, as well as a lot of related
applications, for example, suppression of corrosion; bioelectrochemistry

and biosensors.

1.3.1. Electrocatalysis:

The electrochemical reaction is carried out in three basic steps as
shown in Figure 1.1(1) the transfer of the reactive material in the
electrolyte interface, (I1) the transfer of the electron between the reactant
and the electrode, and the adsorbent (I11) which results in the formation
of  products. The main reason for the use of a catalyst in an
electrochemical reaction is to either reduce the activation energy to a step

limiting the rate or to look for an alternative reaction pathway [2] as
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shown in Figure 1.2. Electrocatalysis includes either homogeneous or

heterogeneous processes as in conventional chemical catalysis.

React~n*
Electrolyte
phase
Electrode
interface
| Il /]
Figure 1.1. Main steps (I — I11) of an electrochemical reaction with

electron transfer from the electrode to an adsorbed species on its

surface (a reduction reaction).
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pathway

Energy

Reaction Coordinate

Figure 1.2. Schematic representation of catalysed and uncatalysed

reaction pathways [3].

As represented in Fig. 1.2, the reaction activation barrier decreases
and the reaction rate rises because the reaction rate is mainly
controlled by the highest activation along the reaction coordinates.
The reaction mechanism is called Langmuir-Hinshelwood when there
Is a reaction of adsorbed species on the catalyst surface. The
mechanism is known as Eley-Rideal [4] if one of the reactants is

obtained directly from the liquid or gas phase.
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There are many applications of electrocatalysis as shown in Figure
1.3 for heterogeneous catalysts and the basis for development and
research. The use of electrical catalysts has many advantages,
including more efficient conversion of chemistry to electrical energy
(in a fuel cell), more efficient use of energy (in an electrolysis cell), a
more selective way of reacting (i.e., greater productivity than the

desired product), and low cost of materials.

Heterogeneous Electrocatalysis

(Research and Products)
- ¥ _ t.
Electrical . N
_ | Energy Research and .
- - Generation  * Development * Chemicals
. (Fuel Cells)
1 '\_\ ‘-"
| VN Electrocatalytic | |
: Fo A . Hydrogenation
Polymer [ E - — ' :
Electrolyte Membrane | | 1 Phosphoric Water -
Fuel Cells - '. \ Acid Electrolysis |
(Hydrogen and | \ | FuelCells |
Direct Alcohol - -
Fuel Cells) [ [ S Electroche.mical
' Alkaline Reduction
' .| | Fuel Cells of Carbon dioxide
Solid Oxide I — . J
Fuel Cells
. 1
Molten
Carbonate

Fuel Cells

Figure 1.3. Various applications, research and development areas

of heterogeneous electrocatalysis [5].
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1.3.2. Potential step and sweep techniques [2]

1.3.2.1. Chronoamperometry

Chronoamperomety is where the current from an electrochemical
procedure is estimated carefully as a function of time [6,7]. The potential
of the working electrode is stepped to a certain potential and the resulting
current from faradaic processes occurring at the electrode (caused by the
potential step) is monitored as a function of time. A single (Figure 1.4) or
double potential step to the working electrode of the electrochemical

system is applied.

+

(a)

E,

ty t; t

(a) Potential stepping waveform in a typical experiment in
which a species of interest is electro inactive at E1, but is reduced at a

diffusion-controlled rate at E2[2].
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(b)

(b) Chronoamperometric response as a result of the waveform

perturbation described in (a) [2].

1.3.2.2. Voltammetry

Voltammetry (volt-amperometry) contains a unique gathering of
chronoamperometric electrochemical techniques in which data about an
electrochemically-active species is gotten from the measurement of
current through a working electrode as a function of time, while the
applied potential to the electrode is controlled as a linear function of time
[8]. The utilization of the three electrodes (working, counter, and

reference), alongside the potentiostat instrument, allows accurate
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application from the electrochemical cell of a perturbation potential
waveform and the measurement of the resultant signal. Usually, a
voltammogram is acquired during the potential sweep by measuring the
current at the working electrode. The primary event is the oxidation or
reduction of a chemical species at a working electrode and the i-E
response measured can be considered as an ‘electrochemical spectrum’ in
particular, information is obtained as if oxidation and reduction occurs [6,

9,10].

The technique can provide thermodynamic information as well as
Kinetic parameters related to electron transfer reactions at an electrode-
solution interface. In addition, voltammetry can provide information
related to the kinetics and mechanisms of chemical reactions subsequent
to an electron transfer step. Some of the main advantages of sweep
voltammetry are based on the fact that a wide potential range can be
scanned rapidly for reducible and oxidizable species. These experiments
can also be performed with variable time scales by applying different

potential scan rates [6, 9,10].

Cyclic voltammetry (CV)

Cyclic voltammetry is a method for investigating the

electrochemical behavior of a system. It was first reported in 1938 and
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described theoretically by Randies [11]. Cyclic voltammetry is the most
widely used technique for acquiring qualitative information about
electrochemical reactions. The power of cyclic voltammetry results from
its ability to rapidly provide considerable information on the
thermodynamics of redox processes, on the kinetics of heterogeneous
electron-transfer reactions, and on coupled chemical reactions or
adsorption processes. Cyclic voltammetry is often the first experimental
approach performed in an electroanalytical study, since it offers rapid
location of redox potentials of the electroactive species and convenient

evaluation of the effect of media upon the redox process [12-14].

Basic principles of Cyclic Voltammetry

A cyclic voltammogram is obtained by applying a linear potential
sweep (that is, a potential that increases or decreases linearly with time)
to the working electrode. As the potential is swept back and forth past the
formal potential, E°, of an analyte, a current flow through the electrode
that either oxidizes or reduces the analyte. The magnitude of this current
Is proportional to the concentration of the analyte in solution, which
allows cyclic voltammetry to be used in an analytical determination of

concentration.
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The equipment required to perform cyclic voltammetry consists of
a conventional three-electrode potentiostat connected to three electrodes
(working, reference and auxiliary) immersed in a test solution. The
potentiostat applies and maintains the potential between the working and
reference electrode while at the same time measuring the current at the

working electrode.

Voltammetry is a collection of electroanalytical techniques in
which the current is measured as a function of applied potential of certain
waveform (Fig. 1.5). The excitation signal for CV is a linear potential
scan with triangular waveform as shown in Fig. 1.5. This triangular
potential excitation signal sweeps the potential of an electrode between
two values, sometimes called the switching potential. It is widely used by
chemists for non-analytical purposes including fundamental studies on
redox processes, adsorption processes on surfaces, electron transfer
mechanisms and electrode Kkinetics. Oxidation potentials, diffusion
coefficients and electron transfer rates are readily obtained using

electroanalytical methods.
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Time

Variation of the applied as a function of time in a cyclic

voltammetry experiment [11].

In CV the electrode potential between potential limits E1 and E2 at
a known sweep rate (also called scan rate) is scanned. On reaching limit
E2 the sweep is reversed to E1 to obtain a cyclic scan. The CV scan is a
plot of current verses potential and indicates the potential at which redox
process occur, and the result is referred to as a cyclic voltammogram. A
peak in the measured current is seen at a potential that is characteristic of
any electrode reaction taking place. The peak width and height for a
particular process may depend on the sweep rate, electrolyte

concentration and the electrode material [15,16].
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The CV is usually initiated at a potential where species are not
electroactive. The important parameters of a cyclic voltammogram are the
magnitudes of anodic peak current (ipa), the cathodic peak current (ipc),
the anodic peak potential (Epa) and cathodic peak potential (Epc). The
basic shape of the current versus potential response for a cyclic

voltammetry experiment is shown below (Fig. 1.6).

-100 O 200 400 600
Potential (mV)

A typical cyclic voltammogram of current potential [11].
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At the start of the experiment, the bulk solution contains only the
reduced form of the redox couple (R) so that at potentials lower than the
redox potential, i.e. the initial potential, there is no net conversion of R
into O, the oxidized form (point A). As the redox potential is approached,
there is a net anodic current which increases exponentially with potential.
As R is converted into O, concentration gradients are set up for both R
and O, and diffusion occurs down these concentration gradients. At the
anodic peak (point B), the redox potential is sufficiently positive that any
R that reaches the electrode surface is instantaneously oxidised to O.
Therefore, the current now depends upon the rate of mass transfer to the
electrode surface. Upon reversal of the scan (point C), the current
continues to decay and a peak shaped response (point D). If a redox
system remains in equilibrium throughout the potential scan, the
electrochemical reaction is said to be reversible. In other words,
equilibrium requires that the surface concentrations of O and R are

maintained at the values required by the Nernst Equation.

The transfer of electrons to or from the substrate is an activated

process. The electron transfer process can be

I.  Reversible process
Ii. lrreversible process and

ii.  Quasi-reversible process
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Reversible Electron Transfer Process
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Figure 1.7. Typical voltammogram for a reversible process.

For a reversible process, oxidation and reduction peak is observed
as shown in Fig. 1.7 in which Epa and Epc are potentials of anodic and
cathodic peaks, respectively, and ipa and ipc are the corresponding
currents. Reversibility can be defined as chemical or electrochemical. In
an electrochemically reversible process the electron transfer is not rate
limiting. For a chemically reversible process, both forms of redox couple

(O for oxidized form and R for reduced form) are stable in the time scale
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of measurement. The rate of electron transfer is fast compared to the rate
of mass transport and does not control the overall rate. In this process the
rate of the reaction is fast enough to maintain equal concentration of the
oxidized and reduced species at the surface of electrode. The
concentration Cox and Cred Of oxidized and reduced forms of the redox

couple respectively follow the Nernst equation

E=E+ il L Cox
B nF n Cred

(1.6)

where, n= number of electrons transferred, F= Faraday constant, R= gas
constant and T= temperature. If the system is diffusion controlled then
the Fick's law of diffusion holds for both oxidation and reduction. Under

these conditions, peak current is given by Randies Sevcik equation;
i, = (2.69 x 10532 AD,? C,v¥/2  (1.7)

where n is the stoichiometric number of electrons involved in the
electrode reaction, A is the area of electrode in cm2. Do is the diffusion
coefficient of the species O in cm?s~1, Co is the concentration of the

species O in mol/cm3and v is the scan rate in Vs 1,
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Irreversible Electron Transfer Process

=

-0.5 -0.6 -0.7 -0.8 -0.9 -1.0 -1.1
Potential(mV)

Typical voltammogram for an irreversible process [11].

For an irreversible process, only forward oxidation or reduction
peak is observed (Fig. 1.8). This process is usually due to slow electron
exchange or slow chemical reactions at the electrode surface [17]. In an
irreversible electrode process, the mass transfer step is very fast as

compared to the charge transfer step.
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For an Irreversible reaction, the peak current is given by [18]
i, = (2.99 x 10%)n (an)2AD,/?v¥/2c;  (1.8)

47.7

(C(Tla) = m (19)

The value of Ep, the difference between the cathodic and anodic peak is
given by equation 1.9. The peak separation Ep is a factor determining the

reversibility or irreversibility of an electrode reaction.

Quasi Reversible Electron Transfer process

Quasi-reversible process is intermediate between reversible and
irreversible systems (Fig. 1.9). The current due to quasi-reversible
processes is controlled by both mass transport and charge transfer kinetics
[19]. The process occurs when the relative rate of electron transfer with
respect to that of mass transport is insufficient to maintain Nernst
equilibrium at the electrode surface. In the quasi-reversible region both
forward and backward reactions contribute to the observed current. The
equation by Nicholson is normally used to calculate electron transfer rate

constants [20].
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[ua

600 400 200 0 —200
Potential (mV)

Typical voltammogram for a quasi-reversible process [11].
1.4. Electrocatalysis at nanomaterials

Nanomaterials are solid materials that have dimensions at the
nanoscale. In general, nanomaterials are fabricated either by size
reduction of bulk materials, the so called top-down, or, starting from the
atomic level and build up the nanomaterials, the so-called bottom-up
approach. The former one is based on physical processes like crushing or
grinding, and usually adopted by Engineers. Bulk material is ventured

into the nanometer range via miniaturization. Using this approach, it is
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difficult to prepare nanomaterials of uniform shapes. In addition,
nanomaterials prepared by this approach suffers from imperfections and
significant damage of the crystallographic orientation of the surface [21].
Synthesis of nanomaterials considering the route can be subdivided into
top-down and bottom up, and in view of routes, it can be subdivided into
physical and chemical methods. It can also be subdivided in terms of
phase of medium for preparation into gas phase/ liquid phase/ aerosol
phase and Solid phase. Selection of the route, of course, depends on the

purpose of preparing the nanomaterials.

In the other hand, bottom —up approach includes the build-up of a
material from the bottom: atom-by-atom, molecule-by-molecule or
cluster-by-cluster. It utilizes the chemical and/or physical forces in
assembling basic units into larger structures in the nano range. This
approach avoids most of the problems encountered by the previous
approach. In addition, it provides several alternative ways to control onto
scale dimension. Thus, it is often used for fabricating nano-scale
materials characterized by a uniform size, shape and distribution. This
route is approached by chemical synthesis by which a tailored

nanomaterial can be assembled.
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1.5. Nanomaterials for the direct oxidation of glucose

Detection of glucose oxidation directly at an electrode is one of the
most important research in non-enzymatic glucose sensors. However,
there are several limitations in it such as the need for a large applied
potential and slow reaction kinetics, which decreases specificity [22].
Nanomaterials have helped to overcome these limitations and thereby
have allowed the development of direct-oxidation glucose sensors as

replacements for biological recognition sensors.

1.6. Glucose

It is a simple sugar with the molecular formula CgH;,0¢. Glucose is

the most abundant monosaccharide, a subcategory of carbohydrates.
Glucose is mainly made by plants and most algae during photosynthesis
from water and carbon dioxide, using energy from sunlight. In energy
metabolism, glucose is the most important source of energy in all
organisms. Glucose for metabolism is partially stored as a polymer, in
plants mainly as starch and amylopectin and in animals as glycogen.
Glucose circulates in the blood of animals as blood sugar. The naturally
occurring form of glucose is D-glucose, while L- glucose is produced
synthetically in comparatively small amounts and is of lesser importance.

Glucose is a monosaccharide containing six carbon atoms and an
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aldehyde group and is therefore referred to as an aldohexose. The glucose
molecule can exist in an open-chain (acyclic) and ring (cyclic) form, the
latter being the result of an intramolecular interaction between the

aldehyde C atom and the C-5 hydroxyl group to form an intramolecular

hemiacetal [23],

1.6.1. Chemical properties

With six carbon atoms, it is classed as a hexose, a subcategory of
the monosaccharides. D-Glucose is one of the sixteen aldohexose
stereoisomers. The D-isomer, D-glucose, also known as dextrose, occurs
widely in nature, but the L-isomer, L- glucose, does not. Glucose can be
obtained by hydrolysis of carbohydrates such as milk sugar (lactose),
cane sugar (sucrose), maltose, cellulose, glycogen, etc. All forms of
glucose are colorless and easily soluble in water, acetic acid, and several

other solvents. They are only sparingly soluble in methanol and ethanol.

1.6.2. Practical applications

Electrochemical oxidation of glucose has generated much interest
over the years. It has been extensively studied for applications in glucose
sensors, [23] whose optimization (in terms of response time, lifetime,
sensitivity and selectivity) is required to improve the treatment of

Diabetes Mellitus, a chronic disease affecting millions of people around
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the world [24]. Most studies on this subject have involved the use of the
enzymes to catalyze the oxidation of glucose to d-gluconolactone [23].
Although enzymatic detection usually shows good selectivity and high
sensitivity, the enzyme is easily denatured during its immobilization
process. The most serious problem of such sensors is the inherent lack of
stability due to the sensitive nature of enzymes, especially in implantable
devices that represent the new frontier in diabetes management. Non-
enzymatic glucose sensors have been studied in order to develop effective
enzyme-free sensors. Much attention has also been paid to the
electrocatalytic oxidation of glucose for the construction of glucose-air
biofuel cells and abiotically catalyzed fuel cells. In comparison with other
fuel cells, this new type is powered with glucose derived from degradable
biomass. Moreover, the direct glucose fuel cell is of high energy-density.
Theoretically, glucose can be completely oxidized to CO2 and H20,

releasing 24 electrons per glucose molecule [25].

1.7.  Mechanism of glucose oxidation on electrode surface

The glucose oxidation rate and its detection are mainly influenced
by the electrochemical factors on the surface of the electrode. The
glucose oxidation mechanism on the surface of the electrode is unclear,

but two main models have been proposed to explain them [26-28].
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The first model, discovered by the researcher Pletecher [29]. This
model is known as chemisorption activator. The mechanism occurs by
forming a part of the glucose bond with the surface of the electrode
through the process of adsorption with the help of electric balls. At the
same time, the hydrogen atom is extracted in the part of the glucose (see

Figure 1.10), which is attached to hemiacetal carbon [26,27,30].
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Figure 1.10. An example of the concentric adsorption theory with
adjacent adsorption sites proposed by Pletcher. C1: hemiacetalic carbon

atom. R: the other parts of the glucose molecule [31]
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After extraction the hydrogen atom is associated with the electrode
surface and the link is near the selected glucose. There is a change in the
interaction of the glucose with the metal because of the change in the case
of oxidation of the part of the glucose at the metal electrode. So, the
effect of the strength of the link between the glucose and the metal
occurs, which leads to the adsorption of the part of the glucose on the
surface of the electrode. A strong intermediate bond is needed in the
electro-catalytic process to form and break the bonds on the surface of the
electrode and on the glucose molecules. Therefore, a strong, intermediate
bonding force must be available in this method, and this association helps
to adsorption (Formation of the bonds) and operations of desorption

(break the bonds).

The second model, discovered by the researcher Burke and
named “incipient hydrous oxide adatom mediator” (IHOAM) [28,32].
This model was originally suggested based on the observation that there
are active metallic atoms on the electrode surface that have low lattice
stability and improved interaction [26,32,33]. Where the metal atoms are
subjected to premonolayer oxidation step through which the formation of
the primary water oxide, OHads is formed. This layer is believed to
mediate the oxidation of glucose on the electrode surface [33]. Figure

1.11 shows a schematic illustration of the IHOAM model.

Page | 28



INTRODUCTION AND LITERATURE SURVEY
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Figurel.11. A schematic illustration of the IHOAM model [31].
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1.8. Literature survey
Glucose electro-oxidation is of potential importance in many fields
including for example the diagnosis of diabetes mellitus, food preparation
and for the development of a category of fuel cells [34-38]. Glucose
electrooxidation is realized by catalysis either enzymatically (enzyme-
based) or non-enzymatically (enzymeless-based) methods. In the
enzymatically based methods, the used enzyme can be utilized in a free
state or in an immobilized one.
Enzyme-based electrooxidation is characterized by;
I. High selectivity
I, It is the widely accepted approach since 1967 [39].
Ii.  Most of enzymatic sensing electrodes need electron shuttle,
I.e., mediators or catalysts [40,41].
In this case, the enzyme converts analyte into electroactive species.
However, enzymatic detection of glucose suffers from some restrictions;
I. The prerequisite of a biocompatible matrix as support
i, Limited stability.
iii.  Oxygen deficit under low oxygen pressure.
Iv.  The difficult immobilization of the enzyme [42,43].
Glucose oxidase (GOD)-based sensor depends on reaction

conversion of glucose to gluconic acid, liberating hydrogen peroxide
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(H202). Thus, the glucose was sensed either by measuring the

consumption of oxygen or the liberated H202 [43].

GOD
Glucose + 0, + H,0 — gluconicacid + H,0, (1.10)

Enzyme-based electrodes have been fabricated by several
approaches including reversible and irreversible immobilization (Fig.1.

12)

Enzyme immobilization
Irreversible Reversible

I l

e

=

Covalent bonding Entrapment Cross linkage Adsorption
1. Cynogen bromide activation 1. Gel technology 1. Static process
2. Peptide bond formation 2. Microencapsulation 2. Dynamic process
3. Diazotation 3. Reactor loading

4. Activation by bi/poly

functional reagents ? »Q &

Support material Enzyme Surface modifier

Figurel.12. Classification and representation of different enzyme

iImmobilization techniques.
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Reversible immobilization occurs via adsorption which includes
the enzyme molecule bounding to the carrier matrix either by hydrogen
bonding, van der Waals forces, electrostatic and hydrophobic
interactions. This strategy of adsorption fulfills several advantages as for
instance simplicity, cost effective and is generally non-destructive toward
enzyme activity. However, it suffers several drawbacks as the bound of
the enzyme to the carrier matrix is loose. Changes in temperature, pH or
ionic strength may result in enzyme desorption. Enzyme leaching from
the carrier can be prevented by compounds such as silicone [44].

Irreversible immobilization includes covalent bonding, entrapment
and cross- inking. In immobilization via covalent bonding, stable
complexes between functional groups on enzyme molecules and a
support matrix are formed, taking in consideration that the included
functional group of the enzyme in the covalent bond is not essential for
enzymatic activity. The enzyme functional groups that could be utilized
in covalent coupling include: amino group, carboxylic group, phenolic
group, sulfhydryl group, thiol group, imidazole group, indole group and

hydroxyl group [45].

In entrapment immobilization, enzyme is entrapped within a
polymeric network. Entrapment immobilization process is conducted via

mixing the enzyme with a monomer solution, and the subsequent
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polymerization of monomer solution either chemically or
electrochemically. This method improves enzyme stability and minimize
enzyme leaching and denaturation. However, a limitation of the method is
the mass transfer resistance occurred as polymerization extension tends to

increase the gel matrix thickness [46].

In cross linking immobilization, a bifunctional chemical cross-
linker is used. This had several drawbacks such as low activity retention,
low mechanical stability, poor reproducibility, and difficulties in handling
the gelatinous cross-linked enzymes [47].

Immobilized enzymes, compared with free enzymes, can be
operated in a continuous manner and present good stability and wider
working concentration range of analytes [48-50], but the lifetime of the
enzyme-based sensors is limited [51,52]. Immobilization of the enzymes
onto metallic substrates through a thin film of self-assembled monolayer
and conducting polymers [53-57] were introduced to increase the life
time of enzyme- based sensors. Also, nanostructured materials have been
used as an underlying platform for enzymes immobilization because of
their large surface-to-volume ratio and high catalytic and surface reaction
activity. Using nanomaterials as substrates require some strategies to

prevent enzyme leaching from electrode surface [58].
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1.8.1. Enzymeless glucose sensors

Enzymeless glucose sensors can overcome the above-mentioned
problems, and thus have been uses as a promising alternative for enzyme-
based analysis [59]. Electrocatalysts designed for sensing or
electrocatalysis of glucose oxidation usually use a single or binary
catalyst of metal and/or metal oxides. Noble metals have been
extensively used for the purpose of enzymeless electroanalysis of glucose
owing to their biocompatibility, good electrocatalytic activity and strong

stability [60,61].

Platinum was the first discovered material that demonstrated
electrocatalytic activity for glucose oxidation [62]. However, Pt electrode
suffer from required large polarization as well as the poisoning by
adsorbed intermediates and interfering species. As a result, the sensitivity
Is low and selectivity is very poor [63-67]. To solve these problems,
researchers used another metal as a co-catalyst with Pt with the aim to
decrease poisoning. It has been reported that using a sacrificial metal with
Pt increase the life time of Pt [68,69]. Pt-based electrocatalysts, PtM (M =
Ru, Pd, Au, Ni, Ag, Bi, Pb) received much attention regarding glucose
oxidation. They provide rapid response, good stability, and high catalytic

efficiency [70-88].
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Gold electrode is characterized by oxidizing glucose at relatively
low anodic potential, both in neutral and alkaline media, and so shows
high selectivity as well as sensitivity towards glucose oxidation.
However, the electro-oxidation of glucose at Au electrodes has been
faced with two main problems. First is the interference from ascorbic acid
(AA), and the other one is the deactivation of the electrode activity by Cl-
ions [89,90]. Chlorides, getting adsorbed at gold active sites inhibit the
glucose oxidative-adsorption, which is the first and key step of the failure
of the oxidation mechanism [91]. Toghill and Compton reported this
problem earlier in 2010 [59]. After that, a number of approaches have
been reported including that of gold-modified electrodes [92-96]. Au
electrode surfaces with porous structures have been successfully used to
eliminate interference from AA [97-102]. Several strategies have been
explored for the preparation of nanostructured Au-modified electrodes in
recent years. Nanoporous gold electrodes have been prepared mainly by
de-alloying [102,103] and anodization [104-107]. Pd coated nanoporous
gold films [108] enhanced the catalytic activity and stability of gold
electrode for glucose oxidation [109,110]. Pd nanoparticles have been
dispersed on a variety of substrates such as indium tin oxide, carbon
nanotubes [111,112], epoxy-silver [113], graphene nanohybrids [114],
boron-doped diamond [115], and polymers [116-118]. In this

correspondence, Au-based bimetallic catalysts, AuM (M = Pt, Pd, Ag)
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have been reported [119,120]. Other bimetallic catalysts have been
reported albeit not extensively as those of the combination of either Pt or

Au with other metals [121].

Cu-modified electrodes, characterized by their low cost and ease of
fabrication, have received considerable attention due to their
electrocatalytic activity for glucose oxidation [122]. The effect of the
underlying substrate on the electrocatalytic properties of copper-modified
electrodes has also been reported [123,124]. Recently, combining copper-
based materials with carbon nanotubes for glucose detection has been
widely investigated. This has been achieved by sputtering cupric oxide on
multi-walled carbon nanotubes (MWCNTS) [125,126], electrodepositing
copper nanocubes onto vertically-well-aligned MWCNTs [127],
electrochemical deposition of copper oxide nanoparticles on horizontally-
aligned single-walled carbon nanotubes (SWCNTSs) [128], seed-mediated
growth synthesis of copper nanoparticles on carbon nanotubes (CNTS)
[129], copper oxide nanoleaves decorated CNTs [130] and nanospindle-

like cuprous oxide/straight CNT nanohybrids [131].

1.8.2. Metal oxides
Recently, large numbers of transition metal oxides replaced costly

noble metals as non-enzymatic electrocatalysts for glucose
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electrooxidation [132-142]. Among these oxides, NiOx and CuOx
received substantial attention because of their low cost and environmental

safety [143-158].

Copper oxides (CuO, Cu20), as an important class of p-type
semiconductor metal oxides, have attracted considerable attention for use
in enzyme free glucose sensors due to their high electrocatalytic activity
resulting from the multi-electron oxidation mediated by surface metal
oxide layers [159-160]. Since the catalytic activities of the nanoscale
materials are shapes dependent, the electrochemical behavior of glucose
at nanostructured copper oxides with various morphologies have been

studied [161-167].

Electrocatalytic materials containing nickel redox couple
Ni(I)/Ni(1ll) received much interest devoted to investigations of the
electrochemistry of a nickel hydroxide/oxyhydroxide couple [168-171].
Nickel oxyhydroxide has high affinity for the adsorption of some organic
substances and electrocatalyze their oxidation via mediation electron-
transfer processes in alkaline solutions. The electrocatalytic activity of
Ni-based nanomaterials originating from the redox couple of
Ni(I)/Ni(111) formed on the electrode surface in alkaline medium [172-

176].
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1.8.3. Details regarding nickel
e Electrocatalytic oxidation of glucose at Nicke.

Nickel-modified glassy carbon electrode prepared by galvanostatic
deposition has been used for the electrocatalytic oxidation of glucose
in alkaline solutions utilized several electrochemical techniques. In
cyclic voltammetry studies, in the presence of glucose an increase in
the peak current of the oxidation of nickel hydroxide is followed by a
decrease in the corresponding cathodic current. The oxidation of
glucose has been reported to follow mediated electron transfer in
which the nickel hydroxide layer comprising nickel ions of various
valence states play the role of a mediator. The reaction followed a
Cottrellian behavior and the diffusion coefficient of glucose was found
to be 8 x 107®cm?s™! and was in consistency with the value

determined hydrodynamic voltammetry [177].

Also, Nickel based materials such as nickel, its oxides, hydroxides
as well as oxyhydroxides exhibited excellent -electrocatalysis
performances toward many small molecules. Electrocatalyis by these
modifiers are proposed from three aspects such as Ni(OH)2/NiOOH
mediated electrolysis, direct electrocatalysis of Ni(OH)2 or NiOOH.
The transformation from nickel or its oxides to hydroxides or

oxyhydroxides enhanced in the strong alkaline solution under the
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cyclic scanning at relatively high positive potential. The redox
transition between Ni(OH). and NiOOH is also contributed to the
electrocatalytic oxidation of Ni and its oxides toward small molecules

in alkaline media [178].

Nickel based modified electrodes have been utilized for highly
sensitive and selective non-enzymatic detection of glucose. A novel
disposable electrochemical sensor based on three-dimensional (3D)
porous nickel nanostructures. The enzyme-free sensor was fabricated
through in situ growing porous nickel networks on a homemade
screen-printed carbon electrode substrate via electrochemically
reducing the Ni*2 precursor, along with continuously liberating
hydrogen bubbles. The resulting nickel-modified electrode was
morphologically and electrochemically characterized Under optimized
condition. The enzymeless sensor exhibited excellent performance for
glucose analysis selectively, offering a much wider linear range (from
0.5 uM to 4 mM), an extremely low detection limit (0.07 uM, signal-
to-noise ratio (S/N) of 3), and an ultrahigh sensitivity of 2.9
mA/(cm? mM). Application of the proposed sensor in monitoring

blood glucose was also demonstrated [179].

Modification of nickel in the form of foam by low-cost methods

has been also reported and applied for non-enzymatic glucose sensing.
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The Ni nanofoam was converted to the catalytic Ni(OH)2/NiOOH —
necessary for non-enzymatic glucose oxidation — by cyclic
voltammetry (CV) in NaOH electrolyte. The electrode fabricated on

conducting glass substrate showed a glucose sensitivity of 2.37

mA/cm2 mM, a linear range of 0.01-0.7 mM, a limit of detection
(LOD) of 5 uM, a fast response time (1 s), and resistance to chloride
poisoning. The glucose sensor also exhibited an excellent long-term
stability (4% decrease in sensitivity after 64 days) and selectivity in
the presence of common interfering species. The versatility of the

preparation method was demonstrated in the fabrication of a flexible

(plastic substrate) sensor with a sensitivity of 1.43 mA/cm2 mM. The
ease of fabrication and the excellent properties of Ni nanofoam in
glucose sensing make it promising for low-cost and wearable sensing

applications [180].

Nickel nanoparticles (NPs) modified glassy carbon electrode,
characterized morphologically and electrochemically, prepared by
potentiostatic electrodeposition has been also reported and applied for
glucose electro-oxidation in alkaline medium. Amperometric response
of the electrocatalytic oxidation to glucose at the potential of 500 mV
presents a linear dependence in the glucose concentration range of 5

uM-1.155 mM, with a 1 uM detection limit. The biologic compounds
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probably existed in human serum sample, such as ascorbic acid, uric
acid, and dopamine, do not disturb the determination of glucose. The
relative standard deviation (RSD) of the determination of practical
serum samples is less than 7 % compared with the results obtained
from clinical examination. The proposed sensor exhibits excellent
electrocatalytic activity toward the oxidation of glucose, which is a

good candidate for glucose quantification [181].

e Electrocatalytic oxidation of glucose at Nickel oxide

The electrochemical pretreatment of the glassy carbon prior to the
electrodeposition of nickel largely affected the response of the
modified electrode as has been reported. Different shape and size of
NiOx nanoparticles were reported when NiOx is deposited on
anodically oxidized GC electrode. Glucose electrooxidation is
conducted in alkaline medium at GC/NiOx (GC is untreated) and
GCox/NiOx (GC is treated) electrodes. The GCox/NiOx shows an
excellent electrocatalytic activity toward glucose oxidation compared
to GC/NiOx. The enhancement of the electrocatalytic activity obtained

at the GCox/NiOx is discussed in the light of the obtained differences
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in characteristics of GCox /NiOx and increase in the surface

concentration of C—O functional groups [182].

Preparation method has been reported to largely affect the
electrocatalytic activity. Nickel oxide nanoparticles (nano-NiOx) of
peculiar shape were prepared by sole gel technique and its
electrocatalytic activity was evaluated at different conditions. The
prepared nanoparticles were annealed at three different temperatures,
I.e., 200, 400 and 600 C and anchored on glassy carbon (GC)
electrode. Nano-NiOx modified GG (nano-NiOx/GC) electrodes are
subjected to surface analysis techniques such as field emission
scanning electron microscopy (FE-SEM) high resolution transmission
electron micrograph (TEM) and X-ray diffraction (XRD).
Electrochemical characterizations were performed using cyclic
voltammetry and chronoamperometric techniques. The effects of
annealing temperature on the morphological structure, surface
concentration and subsequently on the electrochemical properties of
nano-NiOx/GC were examined. Experimental results indicated that
the grain size and electrochemical characteristics of the nano-
NiOx/GC are significantly affected by the annealing temperature. The

electrocatalytic oxidation of glucose at nano-NiOx/GC electrode is
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significantly enhanced especially with nano-NiOx annealed at 200 C
compared to those annealed at 400 and 600 C. Nano-NiOx is applied

for the electrocatalytic oxidation of glucose [183].

Impacts of the synthesis route on the structural and electrochemical
properties of NiOx nanoparticles modified glassy carbon electrode
(nano-NiOx/GC) have been reported. Nanoparticles of nickel oxide
(nano-NiOx) have been synthesized using electrochemical and sol-gel
routes. Cyclic voltammetry (CV), field emission scanning electron
microscopy (FE-SEM), X-ray diffraction and transmission electron
microscopy (TEM) were used for the characterization of nano-
NiOx/GC. The size of the particles using the sol-gel technique (NiOx-
SG) is uniform and have smaller particle size (~20 nm) than that
obtained using the electrochemical route (NiOx-El, ~80 nm). The
specific activity (given in mA per mg of the NiOx) of the
Ni(OH)2/NiOOH redox couple of the NiOx-SG is higher with higher
reversibility compared with the NiOx-EL. Impacts of the synthesis
route on the electrocatalytic properties of the NiOx-SG and NiOx-El
are tested by the glucose oxidation in alkaline solution as a probing

reaction for the electrocatalytic activity [184].
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Assembled NiO nanosheets have been successfully prepared using

graphene oxide (GO) film as template, where the Ni2* ion was firstly
adsorbed in GO film, followed by calcination in N2 to form NiO-based
materials and calcination in air to remove carbon-based template. The
morphology, structure, and electrochemical activities of these NiO
nanosheets were characterized by X-ray diffraction (XRD),
transmission electron microscope (TEM) and electrochemical
techniques, respectively. It has been found that the NiO nanosheets
thus obtained electrochemically catalyzed glucose oxidation in 0.1 M
NaOH, leading to fabrication of non-enzymatic glucose sensor. The
glucose sensor based on NiO nanosheets exhibits detection limit of

0.18 uM, and linear range from 1 uM to 0.4 mM with the sensitivity

of 1138 uA mM-2 cm-2. Furthermore, such glucose sensor also shows
excellent selectivity for detection of glucose, compared to the
commonly interfering species, such as ascorbic acid, dopamine, and

uric acid [185].

Substitution of carbon substrate reflected on the electrocatalytic
activity of deposited nickel. Nickel oxide (NiO) nanofilm
electrodeposited on a bare Cu electrode for glucose oxidation has been

reported. Electrochemical deposition was assisted with cetyl
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trimethylammonium bromide (CTAB) as a template. Scanning
electron microscopy (SEM) was applied to observe the surface
morphology of the modified electrode. Cyclic voltammetry (CV) and
amperometry techniques were used to study the electrocatalytic
behavior of NiO porous film in glucose and methanol detection. The
electrode showed a linear relationship in the concentration range of
0.01-2.14 mM with a low limit of detection (LOD) 1.7 uM. Moreover,
high sensitivities of 4.02 mA mM~! cm™2 and 0.38 mMA mM~1 cm™2
respectively in glucose and methanol monitoring suggested the
modified electrode as an excellent sensor. The NiO-Cu modified
electrode was relatively insensitive to common biological interferers.
The sensor possessed good poison resistance towards chloride ions,
and long-term stability and significant selectivity towards glucose and
methanol. The proposed sensor was successfully applied for

determination of glucose in human blood serum samples [186].

The aqueous NiOOH nanosheets were also synthesized using a
hydrothermal method via a surfactant template under mild reaction
conditions. The as-prepared products were characterized by atomic
force microscopy (AFM), X-ray diffraction (XRD) and scanning
electron microscopy (SEM), the results of which indicated that

ultrathin and porous NiOOH nanosheets with a thickness of only
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several nanometers have been obtained. The obtained NiOOH
nanosheets were subsequently assembled on electrochemically
pretreated glassy carbon (EPGC) electrode through a simple physical
bath deposition method to form NIOOH/EPGC electrode. SEM,
energy dispersive X-ray spectroscopy (EDX) and electrochemical
iImpedance spectroscopy (EIS) proved the successful assembly of
NiOOH on EPGC surface. They explained the effective deposition of
NIOOH electrocatalyst based the higher surface area and higher
surface concentration of C-O functional groups existing on EPGC
surface. The modified electrode was applied for glucose and methanol

oxidation [187].

e Electrocatalytic oxidation of glucose at Nickel composite

A non-enzymatic potentiometric glucose sensor was developed by
modifying a glass carbon electrode with Ni/NiO decorated nitrogen
doped carbon spheres (Ni/NiO/NCSs). The Ni/NiO/NCSs were
prepared with in situ growth of Ni/NiO on the nitrogen doped carbon
spheres. The amperometric measurement revealed that the sensor had

wide linear regions of 2 mM-600 mM and 800 mM-2500 mM with a

sensitivity of 219.19 mA mM~'cmZ2 and 87.88 mA mM'cm2

respectively. Moreover, the Ni/NiO/NCS composites also exhibited
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good selectivity by adding certain amount of urea, NaCl, L-proline, L-
valine, L-Leucine and ascorbic acid into 0.1 M NaOH solution. The
excellent electro- catalytic performance was attributed to the
synergistic effect of nitrogen doping and Ni loading, which may result
In the increase of electron density and the enhancement of surface

conductivity of the composite electrode materials [188].

e Electrocatalytic oxidation of glucose by nickel oxides composite

A novel binary electrocatalyst fabricated from manganese and
nickel oxides nanoparticles (MnOx and NiOx), prepared by
electrodeposition, has neen proposed as an anode for an amplified
electrochemical oxidation of glucose in NaOH solutions. Cyclic
voltammetry and scanning electron microscopy images were used to
characterize these electrocatalysts. It has been found that the
electrocatalytic activity critically depends on the order of the
deposition of the two oxides. The NiOx/MnOx/GC electrode (MnOx
deposited first) showed a superior electrocatalytic activity towards
glucose oxidation compared to NiOx/GC, MnOx/GC or
MnOx/NiOx/GC electrodes (NiOx deposited first). The extraordinary
activity obtained at the NiOx/MnOx/ GC electrode is attributed to the

compilation of the better adsorption of glucose molecules on the
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MnOx sites and the increase of conductivity of the NiOx due to the

increase of Ni3+ content. A synergism between the two oxides towards
the electrooxidation of glucose was proposed for explaining the

extraordinary electroactivity [189].

Modification of glassy carbon electrode (GCE) with graphene
oxide (GO), NiO nanofibers (NiONFs) and Nafion (NA) were also
reported for the oxidation of glucose. NiONFs were prepared by the
facile electrospinning technique followed by calcination.
The modified electrode was pretreated by the electrochemical
reduction. The sensor was characterized by scanning electron
microscopy (SEM), energy dispersive X-ray spectroscopy (EDX), X-
ray photoelectron spectroscopy (XPS) and electrochemical impedance
spectroscopy (EIS). The sensor exhibited high sensitivity (1100 p A
mM~1 cm™2), fast response time (less than 5 s), low detection limit of
0.77 uM (S/N =3), long term stability, and excellent anti-fouling
ability for glucose determination. The sensor was further applied to
detection of glucose in human blood serum sample, and the results

accorded with those of commercial test [190].
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