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Introduction

1.1 Electrochemistry and Electrocatalysis

Electrochemistry is the study of the relationship between electricity, as measured and
quantitative phenomena, and recognizable chemical changes, with electricity regarded a result of
a particular chemical change or vice versa. In these reactions, an electrolyte (or ionic species in a
solution) and electrodes exchange electric charges. The interplay between electrical energy and
chemical change is thus the subject of electrochemistry. An electrochemical reaction occurs
when a chemical reaction is sparked by an external current, as in electrolysis, or when a chemical
reaction spontaneously generates an electric current, as in a battery. Redox reactions or oxidation
reactions are terms used to describe chemical processes in which electrons are moved directly
between molecules or atoms. The word "electrochemistry” refers to the overall processes that
occur when discrete redox reactions are linked together by an intermediate electrolyte and an

external electric circuit.

One of the commonly used electrochemical technique is voltammetry has been developed after
the discovery of polarography. Various forms of voltammetry are currently available, such as
polarography, cyclic voltammetry, linear sweep voltammetry (LSV), chronoamperometry (i-t),
differential pulse voltammetry (DPV), square-wave voltammetry (SWV), anodic stripping
voltammetry, cathodic stripping voltammetry, adsorptive stripping voltammetry, etc. which are
used for different analytical purposes. In all these techniques, the potential is applied and the
current is measured, but a slight difference is the operation with on results into different

information. These differences can also provide various chemical, electrochemical, and physical


mailto:bsathe.chemistry@bamu.ac.in

information, such as highly quantitative analyses, chemical reaction constants, redox reactions,

and solution parameters. .

1.1.1 Cyclic and Linear Sweep Voltammetry (CV and LSV)

A kind of potentiodynamic electrochemical measurement is called cyclic voltammetry
(CV). The working electrode potential is scaled linearly versus time in a cyclic voltammetry
experiment. In contrast to linear sweep voltammetry, the working electrode's potential ramps in
the opposite direction to return to the initial potential when the set potential is attained in a CV
experiment. These potential ramp cycles can be performed as many times as needed. Plotting the
working electrode current vs. the applied voltage (or potential of the working electrode) yields
the cyclic voltammogram trace. To examine the electrochemical properties of an analyte in
solution or a molecule adsorbed on an electrode, cyclic voltammetry is frequently used. The
Figure 1.1 schematic illustration of cyclic voltammetric redox peak (oxidation and reduction)

Figure 1.1: Schematic illustration of cyclic voltammetric redox peak (oxidation and reduction)

The modified and unmodified electrode surface features also affect the electrochemical

parameters based on cyclic voltammetry. Linear sweep voltammetry is also a part of



voltammetry, which relates to the linear potential sweep applied to the working electrode while
observing concurrently the current. LSV having an adventitious during study of electrochemical
reduction and oxidation relations. Above discussion using CV for sensing of biomolecules if
there is oxidation using LSV at an applied potential of -1 to 1 V and if there is reduction applied
potential at 1 to -1 V. In part of electrocatalytical oxygen evolution reaction, hydrazine oxidation
reaction and oxygen reduction reaction using LSV can perform.

The LSV is very much similar to the cyclic voltammetry (CV). The voltage is swept
between two values a fixed point, but the scan is reversed and the voltage swept back toVi now
that the voltage exceeds V2 shown in Figure 1.2.
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Figure 1. 2: Schematic illustration linear sweep voltammetry voltage sweep V: and V..

In linear sweep voltammetry (LSV) a fixed potential range is employed much like
potential step measurements. However in LSV the voltage is scanned from a lower limit to an

upper limit and as shown in Figure 1.3.
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Figure 1.3: Schematic illustration of linear sweep voltammetry with fix potential.

1.1.2. Chronoamperometry (i-t)

Chronoamperometry is an electrochemical approach that includes stepping the voltage of
the working electrode and measuring the current as a function of time that arises from the faradic
processes that occur at the electrode. The functional link between current responsiveness and
time is examined after applying a single or double potential step to the electrochemical system's
working electrode. The peak oxidation current against peak reduction current ratio can provide
some information regarding the identification of the electrolyzed species. Chronoamperometry,
like other pulsed approaches, creates high charging currents that decline exponentially with time,
much like any RC circuit. The Cottrell equation describes how the Faradic current, which is
typically the current component of interest and is brought on by electron transfer events, decays.
With significant exceptions, most electrochemical cells have a decay that is substantially slower
than the charging decay. Three electrode setups are most commonly used. Because the current is
integrated over longer time intervals, chronoamperometry has a higher signal-to-noise ratio than

other amperometric methods.



The potential step, which is one of the simplest potential wave shapes, is shared by
chronoamperometry (CA) and chronocoulometry (CC). As shown below Figure 1.4, the
potential is changed instantaneously from the initial potential to the first step potential, and it is
held at this value for the first step time. This experiment only has one possible outcome. In a
double potential step experiment, the potential is retained at the second step potential for the
duration of the second step time after being changed to the second step potential during the first
step time. CC monitors the charge as a function of time, whereas CA monitors the current as a
function of time. It is crucial to remember that the fundamental potential step experiment on the
epsilon is a CA, meaning that the current is recorded as a function of time throughout the
experiment. The data can alternatively be shown as charge as a function of time following the
experiment, which is done by integrating the current. Data from chronocoulometry can be

acquired as a result. CA is a widely used method on the epsilon.

The time scale of CA is shorter (milliseconds and seconds) than that of CPE and DCA
(seconds and minutes), setting it apart from other constant potential methods like constant

potential electrolysis (CPE) and DC potential amperometry (DCA).
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Figure 1.4: Potential wave form for chronoamperomtric and chronocoulometry.
1.1.3 Electrochemical Impedance Spectroscopy (EIS)
Electrochemical impedance spectroscopy (EIS) is an important technique to describe Kkinetics

and changes at electrified interface of electrode/electrolyte. It is also use to determine the

dielectric and transport properties, passive surfaces of material. EIS includes the application of a



small or alternating current (AC) or voltage to the over range of frequencies with sample
undergoing investigation in electrochemical cell. Basically, it is dependent on the Ohm’s law as
the electrical resistance is inversely proportional to the passage of electrical current in the

electrical cell or circuit.

By comparing the voltage's and current's amplitudes, one may determine a system's
impedance. Consider the three forms of resistances in electrochemical reactions: electrode
interface resistance, electrolyte resistance, and instrument resistance. Resistance increases with
the size of the semicircle in the polarization plot, and vice versa for the low- and high-frequency
regions. If there were two semicircles on the graph, the first one would represent the electrode
interface and the second would represent the electrolyte resistance. Additionally, a smaller
semicircle is seen at higher cathodic potentials than at lower potentials for the same frequency,

indicating that the electron is more feasible at higher cathodic potentials.
1.2. Electrocatalysis

Electrocatalysis is a process that involves oxidation and/or reduction by direct electron transfer
reactions at electrode electrolyte interface. The electrochemical mechanical processes of
electrocatalytic are a popular area of research in different fields of chemistry and related science
For example; half the water oxidation reaction is the reduction of protons to hydrogen, the

subsequent half reaction.

The electrolytic cell is the device used to perform electrolysis. It comprises of a jar that
holds electrolytes in either a molten or aqueous solution. It is filled with two metal rods that are
dipped in it and linked to two terminals of a power source. These rods are called electrodes; the
one connected to negative pole of the battery is called cathode and other connected to the

positive pole is called anode shows in Figure 1.5.



Figure 1.5: Schematic representation of electrochemical cell involving oxidation and reduction processes
reactions at anode and cathode interface respectively.

1.2.1. Mechanism and parameters

Positive ions are drawn to the cathode (negative electrode) during electrolysis, where they take
an electron and lose their charge. While migrating towards the anode (positive electrode),
negative ions lose one electron and becoming neutral. The fundamental alteration is the
transformation of ions into neutral species at each electrode. The product created by primary
change may be preserved in its original form or it may go through secondary change to create the

finished product.

1.3. Electrochemical Biosensing

In 1962 the biosensor era began with the invention of Clark and Lyon’s first glucose meter and
progressed uncontrollable levels . At present, it covers fields such as genetics, biotelemedicine,

ecology, drug discovery, food safety regulations, etc. ' biosensor ' refers to the electronic
analytical system with a biological sensor and physiochemical transducer 2. Transforming

advanced engineering equipment into small hand-held instruments became the biggest



achievement of bio-sensors. In particular, the main interests are the electrochemical biosensors,
with improved sensitivity and selectivity, LODs and quantification cap (LOQ's) have been
accomplished through the implementation of biological factors in electronic devices. These are
user-friendly as well as open to large audiences including non-specialists and patients with
miniaturization, simplification and portability. A variety of electrochemical instruments,
including amperometric sensors, electrical impedance sensors, electrical luminescence sensors
and photo-electrochemical, provides wide-range of applications for the electrochemical

modification of electrode interfaces in the identification of chemical and biological targets 3.
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Figure 1.6: Schematic representation of electrochemical biosensors including different components.

Nanomaterials electrical signal amplifiers have a tremendous potential to increase the
efficiency and selectivity in the area of electrochemical sensors and bio-sensors with their
outstanding achievements in nanotechnology and nano-science 4. The development of several
research concepts for high-level electrochemical sensing frameworks for the identification of
target molecules is widely known to have been significantly aided by the electrode materials,
which are also well recognised for this.>®. Functional nanomaterials not only produce a
synergistic effect between catalytic processes, conductivity, and biocompatibility to facilitate the
transduction of a signal, but also to enhance bio recognition events by means of different signal
tags leading to high-sensitivity biosensing 2. In addition to various electrochemical approaches
extensive research is advancing the broad application of electrochemical tools in the design of

the practical electrode materials. For instance, Walcarius et al. also referred to recent advances in



the logical design of bifunctional electrodes as well as related biometric sensing systems with
nano-engineered and/or nanostructure materials °. The attraction of such nanomaterials is based
on their ability to operate as efficient immobilisation matrices as well as their inherent and
unique properties. Such properties together with biomolecular processing leading to improve the
performance of bio electrodes with respect to sensitivity and specificity 1°-8, Figure 1.6 shows
the schematic representation of electrochemical biosensors.

1.3.1. General mechanisms of electrochemical biosensing

In general, an electrochemical biosensor is based on an enzymatic catalytic process that
consumes or creates electrons. These enzymes are known as redox enzymes. This biosensor's

substrate typically has three electrodes: a counter, a reference, and a working electrode.®.
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Figure 1.7: Schematic representation of mechanistic path for electrochemical biosensor

The analyte is involved in the response that occurs on the surface of an active electrode,
and this reaction may also generate electron-transfer across the dual layer potential. The current

may be estimated at a given potential.

1.4. Water Spitting Reactions

The fields of science and engineering have been trying in the past couple of decades to develop
new and improved types of energy technologies capable of improving life worldwide.
Accordingly scientists and engineers have been developing nanotechnology based energy
resources to make the next step forward from current technological generation. New fields in
research, nanotechnology, are any development that contains components smaller than a hundred

nanometer. A single part of the virus has a diameter of about 100 nanometers. Nanofabrication is



a significant energy-related subfield of nanotechnology. Nano-manufacturing is the design and
development phase on the nanoscale of products. Making devices smaller than 100 nanometers
opens up several possibilities for developing new methods of energy capture, storage and
transition. The level of control that nanoscience and engineers would obtain from
nanofabrication would be crucial to the capacity to deal with many of the world's problems today
related to energy technologies currently being developed. Scientists and engineers have already
started developing strategies to use nanotechnology for producing consumer products. The
advantages of the construction of these goods include improved lighting and heating
performance, enhanced power storage capacity and decreased emissions as a consequence of
energy consumption. Such benefits make capital spending a top priority in nanotechnology
research and development. The constantly rising energy demand and through emissions require
tremendous efforts to find sustainable and economically beneficial clean and renewable energy

resources. In Figure 1.8 show schematic representation of water splitting reaction.
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Figure 1.8: Schematic representation of water splitting reaction involving oxygen evolution reactions
(OER) and hydrogen evolution reactions (HER) respectively at anode and cathodes respectively.

A hydrogen economy might be supported by the efficient and affordable splitting of

photochemical water, which would represent a technical advance. Water splitting using pure



water hasn't been shown in an industrially useful way, but the two component processes (H2 and
02 creation) are widely known. However, seawater and other salt water splitting is used
industrially to manufacture chlorine, and the waste hydrogen recovered makes up approximately
5% of the world's supply. While photosynthesis involves a water splitting variation, hydrogen is
not produced. The reversal of how water splits is the foundation of the hydrogen fuel cell. A
potentially useful method for the large-scale, extremely pure hydrogen synthesis is water
electrolysis. Extensive study has been conducted on the electrocatalytic splitting of water
accomplished by graphene-based hybrids, in which graphene serves several functions as an

electroactive component and/or functional support.

In this thesis, we summarizes the recent important progress in developing biomolecules
based graphene hybrid electrocatalyst for water slitting, in particular highlighting amino acids
functionalized graphene hybrids design strategies and graphene's function in electrocatalyst
and/or support. Ultimately, we are addressing remaining problems and future prospects in the
design of water splitting by using hybrid graphic electrocatalyst.

1.4.1. General mechanisms of electrochemical water splitting (HER, OER)

Longest studied catalytic method of oxidizing water preceding, including the introduction of a
principle of chemical catalysis: electrolysis, the electrocatalysis of liquid water into hydrogen,
and oxygen using electricity 2>-?4. The overall reaction catalyzed at the three-phase anode and

cathode interface of the electrified solid - liquid - gas, is given by

H20 () — Hz(g) + %2 O2(g) (I)

The electrochemical water splitting is divided into two half-cell redox reactions. The
process of reduction of the cathode (hydrogen evolution reaction, HER) proceeds on the basis of
2H" —>2e +H, (1)

While the oxidation process (oxygen evolution reaction, OER) at the anode of
electrolyze. In the total process, two electrons are transferred per formula or a total charge of 192
928 C (=2 F) crosses the electrocatalytic interface per mole of water converted.

H20— Y% O+ 2H'+ 2e” (111)

Electrochemical water splitting involves two concurrent catalytic half-cell reactions

according to equation (11) (HER) and equation (111) (OER).



1.5. Electrocatalytic Fuel Cell Reactions

A fuel cell is an electrochemical cell that transforms the chemical energy of a fuel (typically
hydrogen) and an oxidising agent (commonly oxygen) into electricity via a pair of redox
reactions. With the exception of flow batteries, fuel cells differ from other batteries in that they
require a constant supply of fuel and oxygen (typically from air) to support the chemical
reaction, whereas a battery's chemical energy is typically derived from metals and their ions or
oxides, which are typically already present in the battery.*>% In Figure 1.9 shown by schematic
representation of fuel cell reactions.

Figure 1.9: Schematic representation of fuel cell reactions.

1.5.1. ORR Reactions and Mechanistic path

The most prevalent element in the earth's crust is oxygen (O2). Perhaps the most important
reaction in life activities like biological respiration and energy storage technologies like fuel cells
is the oxygen reduction reaction (ORR).%%. ORR in aqueous solutions is primarily mediated by
two pathways: the direct 4-electron reduction pathway from O2 to H.O and the 2-electron
reduction pathway from Oz to hydrogen peroxide (H202). The 1-electron reduction process from
O, to superoxide (O2) can also occur in non-aqueous aprotic solvents and/or alkaline solutions.?’.
In proton exchange membrane (PEM) fuel cells, including direct methanol fuel cells (DMFCs),
ORR is the reaction occurring at the cathode. ORR kinetics is typically quite sluggish. A cathode

ORR catalyst is necessary to accelerate the ORR Kkinetics to a reasonable level in fuel cells. %8,



Figure 1.10: Schematic representation of mechanistic path for oxygen reduction reaction (ORR).

The ORR requires a various important steps. To date, the literature has suggested two
possible mechanisms Figure 1.10. The direct reduction of O2 to H20 (route A) is the result of
parallel O2 adsorption to the catalytic surface layer, according to Acre et al. This requires the
presence of two active sites next to each other. Path B continues perpendicular to the electrode
surface after an initial adsorption of O2 (by a single atom). However, the second phase (H202

reduction) has a large activation energy, which raises the overpotential.%.
1.5.2. HOR Reactions and Mechanistic path

Electro oxidation of hydrazine depends upon the electrode materials generally four electron
transfer reaction.®® The electrocatalytical potential mechanistic route of the hydrazine oxidation
reaction (HOR) is shown in Figure 1.11; the first step is the rate-determining slow step, in which
one electron transfer is involved, and the second step is the fast phase, in which three electron
transfer processes are involved. Thus, the blue circle represents the entire hydrazine oxidation

process.
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Figure 1.11: Schematic representation of hydrazine oxidation reaction mechanism.
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