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Abstract

In this study, the simulation and calculation of linear sweep voltammetry (LSV) profiles
for quasi-reversible soluble-soluble systems using the semi-analytical approach are
investigated. A thorough qualitative and quantitative analysis of the shape and position
of linear sweep voltammograms is conducted by varying the adimensional rate constant
(A) and charge transfer coefficient (a). Specifically, by varying both the A and a on
the voltammetric peak characteristics, a series of kinetic diagrams are constructed.
Subsequently, sigmoidal Boltzmann functions and linear equations are presented based
on the interpolation functions of these kinetic curves. The derived equations serve as
user-friendly tools for calculating the electrochemical standard rate constant for quasi-
reversible charge transfer. Theoretical results are validated through the examination of
the electro-oxidation of ferrocyanide, as well as the electrochemical determinations of
dopamine (DA), uric acid (UA), and ascorbic acid (AA) on screen-printed graphite

electrodes.

Keywords: Simulation, Linear sweep voltammetry, Quasi-reversible, Standard rate
constant, Detection, Ferrocyanide, Dopamine, Uric acid, Ascorbic acid, Screen-printed

graphite electrodes.



Résumé

Dans cette étude, la simulation et le calcul des profils de voltampérométrie a balayage linéaire
(LSV) pour les systémes solubles-solubles quasi-réversibles sont étudiés en utilisant une
approche semi-analytique. Une analyse qualitative et quantitative approfondie de la forme et de
la position des voltampérogrammes a balayage linéaire est effectuée en faisant varier le
coefficient de transfert de charge (a) et la constante de vitesse cinétique sans dimension (A).
Particulierement, en faisant varier a la fois le A et le a sur les caractéristiques des pics
voltampérométriques tels que le courant de pic, la largeur de la demi-pic et le potentiel de pic,
une série de courbes cinétiques est construite. Ensuite, des fonctions de Boltzmann sigmoidales
et des équations lin€aires sont présentées sur la base des fonctions d'interpolation de ces courbes
cinétiques. Les équations dérivées servent d'outils facile a utiliser pour calculer la constante de
vitesse cinétique hétérogeéne pour le transfert de charge quasi-réversible. La validation
expérimentale et théorique est réalisée sur I'oxydation du ferrocyanure, ainsi que sur la détection
¢lectrochimique de la dopamine (DA), de l'acide urique (UA) et de 'acide ascorbique (AA) sur

des ¢électrodes sérigraphiées.

Mots-clés : Simulation, Voltampérométrie a balayage linéaire, Quasi-réversible, Constante de
vitesse standard, Détection, Ferrocyanide, Dopamine, Acide urique, Acide ascorbique,

Electrode en graphite sérigraphiées.
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Introduction



Introduction

This thesis focuses on the study of electrochemical systems via potential sweep
voltammetry technique. The reactions of electron transfer are involved in electrochemical
systems, and depending on the nature of the participating redox species, two important kinds of
electrochemical systems are considered: soluble-insoluble and soluble-soluble systems. This
work focuses on the latter, which has been extensively studied in a various application involving

electrochemical sensing [1].

In electrochemical systems investigation, voltammetry stands out as one of the main
sophisticated electro-analytical techniques. It is based on applying of the scanning potential
onto the systems, and measuring the corresponding current. The recorded data can be
represented graphically on coordinate axes, where current is plotted versus potential, resulting
in a plot known as a voltammogram [2]. Among several types of voltammetry, linear scanning
voltammetry and cyclic voltammetry are extensively utilized for characterizing electrochemical
systems owing to their advantages in obtaining easily electrochemical information on kinetic

and thermodynamic data for the systems under study [3-7].

In voltammetric analysis, the position and shape of the peak are helpful tools for
evaluating electrochemical systems. However, obtaining insights into kinetic and
thermodynamic properties of electrochemical process is not always feasible, due to the less
interpretation of voltammteric data. With this regard, simulation computer becomes an
attractive alternative and successful approach for analyzing electrochemical processes, and
getting a qualitative and quantitative interpretation of the experimental voltammetric data. [1,

8-10].

In this context, several theoretical studies of LSV and CV have been reported with
different reversibility degrees (reversible, quasi-reversible or totally irreversible) and for a given

type of solubility of redox couples (soluble-soluble or soluble-insoluble).

Moreover, and in terms of quantifying the kinetics and the reversibility of electron
transfer, the estimation of the standard rate constant k° stands as crucial. Various diagnostic
criteria as well as working curves have been established from LSV and CV data under different

types of reversibility, which make it possible for the experimenter to determine the rate constant.



In this direction, for soluble-insoluble system, Atek et al. [11] presented an in-depth analysis
via linear scanning voltammetry under quasi-reversible condition, in which kinetic diagrams
have been established adding to that a series of useful equations were represented which enables
an easy estimation of k°. For quasi-reversible soluble-soluble system, Matsuda and Ayab [12]
have reported a well-known paper for estimating k°. In their study, different kinetic diagrams
have been introduced. While these diagrams provide a rough estimation of the k’, but they

remain insufficient for quantitative analysis.

Nevertheless, to our knowledge, there are no practical equations in literature that allow

to determine directly the k°, for soluble redox couples using LSV method.

The main objectives of this thesis are:
- Calculation of theoretical LS voltammograms for soluble-soluble quasi-reversible systems via
semi-analytical simulation.
- Development of practical equations from linear sweep data to use in direct calculation of

standard rate constant of soluble-soluble systems whatever the degree of the reversibility.

Essential to our objectives is the validation of theoretical results, demonstrating the
utility and the precision of our developed equations with experimental studies. First, an
electrochemical oxidation of ferrocyanide was tested on screen-printed graphite electrodes.
Next, an electrochemical detection application for three biomolecules (dopamine, uric acid, and

ascorbic acid) was conducted.

Within this thesis, background information on basic theories in electrochemistry, as well
as the principles of electrochemical techniques are presented in the first chapter. The second
chapter provides an overview to the electrochemical sensor, focusing on the application of
screen-printed electrodes for electrochemical detection of biomolecules via voltammetry
techniques. The third chapter describes the basics of simulation and experimental procedures
used in the subsequently chapters. In the fourth chapter, a theoretical study of LSV for soluble
redox reactions with Butler-Volmer kinetics using a semi-analytical simulation was presented.
In particular, new equations for calculation the rate constant k° using peaks characteristics of
linear sweep voltammetry data are developed. Testing and validation of the developed equations
are also introduced. The fifth chapter comprises two parts, in the first part an investigation of
the cyclic voltammetry for an electrochemical detection of three interesting biomolecules

including, dopamine, uric acid and ascorbic acid was presented and discussed. The second part



focuses on the use of the developed equations introduced in chapter 4 to determine of the
standard rate constant for the electro-oxidation of dopamine, uric acid and ascorbic acid.
Finally, a simulation of linear sweep voltammetry responses of these three biomolecules was

established and discussed.
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CHAPTER I

Background and literature
review on electrochemistry
and voltammetry



Chapter 1

I.1. Introduction

This chapter outlines some basic concepts and insights into electrochemical
fundamentals. Electrode process, mass transport, steps of electrode process, Faradaic and non-
Faradaic processes, kinetics of the electrode and the electrochemical cell configuration are
presented. Following this, voltammetric techniques used in this thesis are described. Then, the

literature review about voltammetry simulation for electrochemical systems is introduced.

1.2. Electrochemical fundamentals

1.2.1. Electrode process

Electrochemical system is the study of charge transfer across the interface between an
electrode and an electrolyte [1]. An electrode is a material considered as an electronic conductor
in which charged particles (electrons) can move due the influence of an electric field. Common
electrode materials comprise solid metals (e.g., Pt, Au), liquid metals (Hg, amalgams), carbon
(graphite), and semiconductors (such as indium-tin oxide, Si). An electrolyte is a material
considered to be an ionic conductor in which the mobile species are ions. Ionic conductors
include molten salts, dissociated salts in solution, and some ionic solids [2].

Typically, an electrochemical system comprises two electrodes connected to an external
electronic circuit and separated by an electrolyte. Ions cross from one electrode to the next

through the electrolyte, and electrons flowing through the electrodes complete the circuit [2].

1.2.2. Electrical Double Layer (EDL)

When the electrode acquires charged particles on its surface, comes into contact with an
electrolyte containing ions. An attractive interaction occurs between the charged surface and
the ions in the electrolyte under an electric field gradient, leading to formulation of an electrical
double layer between the electrode and electrolyte [3]. Multiple models have been proposed to
elucidate the structure of the EDL.

The initial model was suggested by Helmholtz, who described the electrical double layer
structure as a basic parallel plate capacitor. According to this model, the ions within electrolyte
are necessary to equilibrium the charge on the electrode with an opposing layer of oppositely
charged and solvated ions. The separation between the electrode surface and solvated ions is
commonly referred to as the "Outer Helmholtz Plane" (OHP). In this distance, a linear potential

drop occurs [4].



Chapter 1

The Helmholtz model was further improved through the contributions of Gouy and
Chapman by considering the distribution of ions. They introduced the concept of a diffuse layer,
wherein ions exhibit random thermal motion and interact with the electrode surface.
Subsequently, Stern proposed a new model of the double-layer structure based on the
Helmholtz and Gouy-Chapman models. The Stern model integrated the inner compact layer
referred to as the Helmholtz layer and a diffuse layer as presented in the model of Gouy and

Chapman [4]. Figure 1.1 shows the distribution of potential in Helmholtz, Gouy-Chapman and
Stern models of EDL.
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Figure I 1. Schematic illustration of the potential distribution in the electrical double layer
based on different models: (a) Helmholtz, (b) Gouy-Chapman and (c) Stern [5].

In the Grahame model (Fig. 1.2), which proposed a further refinement of the Stern
model, the compact plane is subdivided into two distinct planes: the inner Helmholtz plane
(IHP) and the outer Helmholtz plane (OHP). The inner Helmholtz plane (IHP) consists of
specifically adsorbed anions and solvent molecules on the surface of the electrode. In contrast,

the outer Helmholtz plane (OHP) comprises of solvated ions and nonspecifically adsorbed ions

[6].
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Figure 1 2. lllustration of the Grahame model of the electrical double layer [6].

1.2.3. Steps of electrode process

At the electrode/electrolyte interface, an electrochemical reaction takes place, in which
different steps of processes and phenomena that characterize the mechanism of an
electrochemical electrode reaction. A simplified representation of the electrode reaction
mechanism is presented in Fig. 1.3. The first step is mass transport i.e. the displacement of the
electroactive species from the bulk solution towards the electrode surface. The second one is
the electrons transfer at the electrode surface. Additionally, chemical reactions and other
surface reactions such as adsorption or desorption preceding or following the electron transfer

can also occur [7].
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Figure 1.3. Schematic mechanism of essential steps for electrode reactions [8].
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1.2.4. Mass transport

The mass transfer of electro-active species from the bulk solution to the electrode-
solution interface is considered as an interesting phenomenon influencing the performance of
an electrochemical reaction. Mass transport and electrons transfer determine the rate of
electrochemical reaction at the electrode surface. The three main modes of mass transport that

have an influence on a reaction are: diffusion, migration, and convection [9, 10].

1.2.4.1. Diffusion

Diffusion is the spontaneous movement or transport of electroactive species driven by
a concentration gradient between the electrode surface and solution. The diffusion process can
be quantified by Fick’s first and second laws, which describe the dependence between the rate

of diffusion and the changes in concentration gradient [11, 12].

Fick’s Laws

Fick's laws describe the change in the diffusive flux of an electroactive species and its
concentration as functions of time and position. In the case of one dimension (linear diffusion),
Fick's first law quantifies the diffusional flux of the electroactive species that is proportional to
concentration gradient with the diffusion coefficient D and it is given by the following equation:

ac
j= —p M

. . . . . ac . .
Where J is the diffusional flux of the electroactive species, xS the concentration gradient of

the electroactive species at diffusion distance X, D is the diffusion coefficient of the

electroactive species. Fick’s second law describes the change in concentration of the
electroactive species over time and position in a single spatial dimension by the equation as

follows:

aC a%c
- Doxe )

1.2.4.2. Migration

Migration represents the movement of charged species due to the influence of an electric

field. And it is given by equation [13]:
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J is the migration flux, z is the charge of the species, A¢ is the electrical filed gradient.

Thus, an electrical field arises owing to the potential drop across the electrode-solution
interface, which can be generated due to the migration of charged species. Hence, the migration
of charged species can be neglected during the electrochemical experiment, by addition of a
large quantity/concentration of supporting electrolyte. This adding of supporting electrolytes

decreases the potential drop at the electrode-solution interface [14].

1.2.4.3. Convection

Convection is the movement of species in solution due to different internal and external
forces. It can be generally classified as “natural” or “forced”. Natural convection can arise
usually from the gradient of density in the bulk solution due to a change at the electrode surface,
or thermal differences. The electrochemical experiments are often restricted for short time
periods, in which the effect of naturel convection is minimized. Forced convection takes place
in which an external force is applied to the solution such as stirring solution, which can be

achieved by using a rotating disc electrode [9, 15].

1.2.5. Faradaic and non-Faradaic processes

There are two types of processes that can take place at the electrode-solution interface
known as Faradaic and non-Faradaic. In a Faradaic process, charges are transferred across the
electrode-solution interface which leads in an oxidation or reduction to occur. This processes

is described by the law of Faraday:
N=2 (4)

Where N is the amount in moles of reactants, Q is the charge that is transferred across the
electrode-solution interface and z is the number of electrons passed per ion and F is the Faraday
constant. On the other hand, a non-faradaic processes occur due to adsorption and desorption
processes at the electrode-solution interface as well as changes in the potential of the electrode

or the composition of the solution [10].

1.2.6. The Nernst equation

Let us consider the generalized electrode reaction of a one-electron transfer:

9
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Ox + e~ 2 Red ®)

Where Ox is the oxidized species in a bulk solution, which gains an electron from the electrode

to form Red, the reduced species.

In an electrochemical reaction, the electrical potential of the electrode is related to the
changes of the electroactives species in the solution, which introduced the electrochemical
potential of the electroactives species j (Ox, Red), and it can be expressed by the following
equation [8]:

Where Zj is the charge of species j and ¢ is the electrical potential in solution, y; is the chemical

potential rewritten as,

an
aNj

Uy = (7

Which is the gradient between its Gibbs energy (Gj) and molar quantity (N;). Thus, the chemical

potential of species in solution would be:
i = u°+RT ln% (8)

n jO is the standard chemical potential, a; is the activity of species j, and y; corresponds to the

activity coefficient. C° is the standard concentration, which equals to one Molar (1 mol L ™).
When the reaction system reaches the state of equilibrium, the Gibbs energy change is zero

which leads to the balancing of the electrochemical potentials:

Hox + He = Hrea (10)
Hence, according to the electrochemical potential equation eq. (6), given as:
(Mox + ZoxFds) + (He — ZeFde) = (Mpea + ZreaFds) (11)

Then,

a

(1ox® + RTINZE + 75, Fpy) + (1e” = Fpe) = ((hgea® + RTINZEEL 4 7o, Fop ) (12)

10



Chapter 1

Where ¢, and ¢, are the electric potential at the solution and the electrode, respectively. Thus,

the interfacial potential difference is [16]:

1 RT x
e = s =3 (Hox® + He® — Hrea®) + o In (222) (13)

QRed

By replacing Ap® = oy + He® — Hreq® in eq. (13), it can be written as:

e — s = 7 AP + - In (£22) (14)

QRed

As a result, the recorded potential difference between the working electrode (WE) and the

reference electrode (RE) is. [16]:

E = (¢e—ds)- (e — ) (15)
Which is:
E = 2800+ 50 (22) - (9F — ¢f) (16)

Using the activity definition of species Ox and Red, the following is given:

_1 0o, RT YoxCox \ r _ I
E N FAIJ' + F ln (YRedCRed) ((I)e (I)S) (17)
Thus:

= IA0 L BT (Yox ) _ ir — ) 4 By, (Lox
E = FAIJ + F In (YRed) ((I)e d)S ) + F In (CRed) (18)

The standard electrode potential E® is expressed as follows:

E® = Z00° = (¢F — &) (19)

The formal potential E}) is:

RT <
EY = E® +°Cn (YYRLd) (20)

Hence, the equation (18) becomes:

E =Ef +in (22 1)

Cred

This equation is the well-known form of the Nernst equation.

11
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1.2.7. The Butler-Volmer relationship

In electrode kinetics, the Butler-Volmer equation is a fundamental equation that
describes the relationship between the rate of electron transfer reactions at the electrode-
solution interface and the potential (voltage) applied to the electrode. It plays a crucial role in
understanding and modeling electrochemical processes [17].

According the following simple electrochemical equilibrium reaction simple:

Ox + ne”™ 2" Red (22)

kreq and Koy are the reduction and oxidation heterogeneous rate constants respectively.

At the electrode-solution interface, the electron transfers due to electron flux (J) between
the electrode and the species in solution leads to the generation of a faradic current through the

electrode [13, 18], which can be given by equation:

I = nFA,] (23)

Where Ae is the electrode area, J is the heterogeneous reaction flux at the electrode-solution
interface. / is the faradic current recorded, which is a combination of the cathodic current I,
(the negative contribution from the reduction of Ox) and the anodic current I, (the positive

contribution from the oxidation of Red) expressed as [13]:

[=1,+ 1 (24)

The net heterogeneous reaction flux J is:

] = kRed[oX ]x=0 - kOX[RGd ]x=0 (25)

Where [0x Jy—pand [Red ]y—pare the surface concentrations of the electroactive species at
surface electrode. The heterogeneous rate constant for a redox reaction at an electrode-solution
interface is influenced by various conditions, including temperature, potential, transition state,

and pressure [9, 10].

The transition state theory states that an electrochemical reaction proceed by passing
through a well-defined transition state or activated complex [19]. Figure 1.4 shows the standard
Gibbs energy profiles for an electrochemical reaction. The change in the standard Gibbs energy

is related to the electrode potential, and it can be expressed by the following expression [18]:

12
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AG = —nFAE = —nF(E — E) (26)

The standard Gibbs energy can be described for the forward (anodic) reaction by the following
equation [13, 18]:

AG;{ted = AG'(th,Red - O(F(E - E?) (27)
For reverse (cathodic) reaction is:
AGg, = AGjox — BF(E — Ef) (28)

Where AGLeq and AGH, are the standard Gibbs energies of activation for the respective
oxidation and reduction reactions. a and f are the anodic and cathodic transfer coefficients,

respectively.

According to the Arrhenius equation, which describes the temperature dependence of

rate constants for oxidation and reduction reactions Kgoq and Kqy. It is given as follows:

—AG* ge
Kped = Apeq exp (—222) (29)

—AG* oy
Kox = Aox exp (—2-%) (30)

Areq and Agy are the pre-exponential factors for the oxidation and reduction reactions

respectively.

Using relations of (AGEeq) and (AGEeq) in egs. (29, 30) yields:

—aF(E - E?
Kped = Apeq exp (——2) (31)
BF(E — E¢
Kox = Aox exp (F0) (32)

When the system is at equilibrium, the concentration of active species are equal:

] = kRed[oX ]x=0 - kOx[Red ]x=0 =0 (33)
Thus,
kRed[OX]xzo = kOX[RGd ]x=0 (34)

13
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—aF(E - E?) BF(E — E{)
k® = kreda = Kkox = Aged €Xp (%) = Aox exp (Tf) (35)

Where, k° is the standard rate constant, and the rate constants kgq and Koy can be written in

term of k¥ as:

—aF(E — E?

kRed = kO exp (%) (36)
F(E - E?

kox = kCexp () (37)

Substituting Equations eq. (36) and eq. (37) into Eq. (33) yields:

—aF(E - E? F(E - E?
J = KO [0% Jy=o exp (—o2) — K°[Red Jy—q exp (=2) (38)

By replacing Eq. (38) in Eq. (23), the equation becomes as follows :

I = nFAK® [[Ox Jxoexp (“EEE0) — [Red ],-exp (EEZE0)] (39)

It represents the potential-current relationship, which corresponds to the well-known Butler-

Volmer equation [17].

E : Applied electrode potential

AG(T[ / AGJa : Cathodic/medic activation
energy af E=0

AG: I AG; : Cathodic/anodic activation
energy of E<E

Standard free energy

@. Charge transfer coefficient

F: Faraday constant

v

Reaction coordinale

Figure 1.4. Standard Gibbs energy profiles for electron transfer reaction [20].

1.2.8. The Tafel equation

According to the Butler-Volmer equation, the electrode current depends on the

overpotential (01 =E — E?) and the transfer coefficients (a and ). Furthermore, when the

14
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overpotential is higher and positive, the oxidation term is predominant and the reduction term
becomes negligible [14]. The Butler-Volmer equation can be written as:

lnea = NFAK? [[0x J—gexp (“EEED)| (40)

Similarly, when the overpotential is higher and negative, the reduction term dominants and the
oxidation term is neglected yields:

lox = NFACK® [[Red J,—o exp (BF(ER—;E?))] (41)

By considering that the concentration of species are constant. It follows that the above equations
are given by:

—aF(E — ED)

In(lgeq) =04y (42)

)

In(loy) =EEED 4 ¢ (43)
RT

These equations (42, 43) are called the Tafel equations [21].

1.3. Electrochemical Cell

An electrochemical cell is the basic of experimental setup in the electrochemistry
measurements, which consists of an electrolyte and 3 electrodes [10]: the working electrode
(WE), the reference electrode (RE) and the counter electrode (CE) as the scheme shown in Fig.
I.5. The electrolyte in electrochemical cell containing electro-inactive species, which are not
interfered with electrochemical reaction of interest. Higher concentration of electrolyte

increases the conductivity of the solution and prevents the migration effect [10, 22].

In electrochemical experiments, the three electrodes are controlled by a potentiostat,
which used to impose a fixed potential E between the working electrode and the reference
electrode, and followed by measuring the current between working electrode and counter
electrode. The working electrode is where the redox reaction of interest occurs. The reference
electrode plays important role in electrochemical equilibrium, it serves to provide a stable
potential throughout the measurement at the working electrode. The commonly used reference
electrodes are the standard hydrogen electrode (SHE), the saturated calomel electrode (SCE)
and the silver/silver chloride electrode (Ag/AgCl). The counter electrode, also called as the

auxiliary electrode, has the purpose of completing the electrical circuit in the electrochemical

15
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system. It is made of conductive but inert material. Common materials for counter electrodes

include platinum, carbon electrodes [10, 23-24].

Potentiostat

Waorking electrode | Counter electrode

Reference electrode

Figure 1.5. Schematic representation of typical electrochemical cell controlled by a
potentiostat [3].

I.4. Voltammetry techniques

The linear sweep voltammetry (LSV) and cyclic voltammetry (CV) methods are the
most powerful and extensively employed electroanalytical methods for studying
electrochemical processes, understanding reaction mechanisms and quantifying the kinetics [9,
25-27]. Their principle is measuring the current at the (WE) as function of an applied potential
[9, 15]. In this section, both linear sweep voltammetry (LSV) and cyclic voltammetry (CV)

were introduced, and utilized throughout this thesis.

1.4.1. Linear Sweep Voltammetry

LSV is performed by scanning the potential in one direction linearly from a starting
potential E; to a second potential Er as function of time, at a scan rate (v).The potential

waveform is given as (Fig. 1.6 (a)) [26, 27]:
E=E + vt (44)

The interval potential between E; and Er is chosen to cover the oxidation or reduction process
of interest. The resulting current is recorded through the working electrode as function of the
applied potential and a plot of current versus potential is known as a voltammogram. A typical

linear sweep voltammogram is illustrated in Fig. 1.6 (b).

16
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Figure L 6. (a) The potential waveform in linear sweep voltammetry. (b) Linear sweep

voltammogram.

1.4.2. Cyclic Voltammetry

CV is similar to LSV, but it involves both forward and reverse direction scans in a cyclic
manner. In CV, the potential is applied linearly on the (WE) from an initial potential, E; to a
second potential, Ex, and then, at time ta swept back in the reversed direction to Ei.

The triangular potential waveform is illustrated in Fig. 1.7 (a) and is given by the

following equations [28, 29]:
E=E;, + vt,te|[0,]] (45)
E=E,—vt=E;, + 2vA—vt,t > A (46)

Where the positive or negative (+) signs indicate oxidation or reduction sweeps. The current is

measured against the potential in both scan direction, resulting in a cyclic voltammogram (Fig.
1.7 (b)).

17
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Figure I.7. (a) The triangular potential waveform used in cyclic voltammogram. (b) Cyclic

voltammogram profile.

For the quantitative analysis through cyclic and linear sweep voltammetry, important
parameters that can be used to distinguish the reversibility of electron transfer reactions are the
current peak, the potential peak, the half width peak, peak to peak potential separation and peak
to peak current ratio [15, 26].

L.5. Mathematical modeling methods of voltammetry simulation.

Voltammetric experiments can give estimable information on both the kinetics and
thermodynamics of electrochemical systems, based on the analysis of the shape and position of
LSV and CV voltammograms. In addition to enhance voltammetric analysis, simulation is an
insightful tool that helps better understanding the experiments, and by concordance between

simulation and experimental results, evidence for a reaction mechanism may be fully achieved

[9-10, 29-30].

In the context of voltammetry, the simulation is based on solving the partial differential
equations (PDEs) defining diffusion mass transport of the electrochemical system with respect
to initial and boundary conditions. The solution of the system is a concentration profile of
electroactive species, then the system is given as the current-potential-time response. Three
types of simulation method can be used to solve PDEs: analytical, semi-analytical and
numerical methods [31].

- The analytical method is an approach that yields exact mathematical solutions for
voltammetric responses prediction. It involves direct analysis between the experimental

variables and certain conditions. Unfortunately, the analytical solution is not applicable in all

18
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cases due to the complexity of the electrochemical problems. In contrast, numerical method is
the preferred approach over analytical ones due to their greater effectiveness [9, 32-33].

- The numerical method provides an approximate solution to solve PDEs in order to predict
current-potential relationship. It requires the discretization of the governing equations in both
time and space. Therefore, numerical analysis is processed by a computer or computational
model to solve problems (PDEs) [7, 33-34].

- The Semi-analytical method is a combination of both analytical and numerical methods used
to solve the fully voltammetric problem. In which the analytical method can be used firstly to
solve the partial differential equations (PDEs) to obtain an integral equation using an integral
transform approach as the Laplace transform, next, the numerical method is required for the
discretization the time variable [35, 36]. In the present work, the semi-analytical method is

used.

I.6. Literature survey of voltammetric simulation results for soluble-soluble

reaction

1.6.1. Some important studies for LSV and CV theories for soluble-soluble system

Electrochemical systems including soluble-soluble, soluble-insoluble systems have
been theoretically analyzed via LSV and CV techniques. Subsequently, this section will
summarize the important studied on the theoretical linear sweep and cyclic voltammetry related

to the electrochemical soluble-soluble systems.

In 1954, Randles and Sev¢ik were the pioneers who studied theoretically the linear
sweep voltammetry for reversible reaction [37, 38]. In their study, which is considered as one
of the most mentioned publication in electrochemical studies, they developed a well-known
relationship describing the voltammetric peak current. Matsuda and Ayab (1950) have
reported the theory of LSV in the case of quasi-reversible reaction [39]. They have proposed a
series of diagrams that analyzed the dependence of the kinetic parameters on the voltammetric
peaks, which allows the estimation of heterogeneous rate constants of electrochemical reaction.
The results of Matsuda’s work will be discussed in the following section. In 1964, Nicholson
and Shain [40] presented an extensive theoretical study of CV in various coupled reaction
types for reversible and irreversible charge transfer. Following Nicholson’s paper (1965), the
theory of CV has been extended for quasi-reversible reaction [41]. In which, their theoretical

analysis is based on the relationship between the peak-to-peak potential and the non-
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dimensional kinetic rate. Another investigation which has recently studied cyclic voltammetry

with the effect of the adsorption was presented by Samin [42].

Additionally, the multi-steps systems including electrochemical reaction associated
with chemical or adsorption—desorption processes have been studied theoretically through

cyclic voltammetry technique [43, 44].

1.6.2. Survey of important theoretical results of LSV and CV for soluble-soluble systems

In what follows, via the application of the theory of LSV and CV for soluble-soluble
reaction in three cases of reversibility: reversible, irreversible and quasi-reversible, the
reversibility reflects the rate of electrochemical reaction relative to the rate of mass transport.
Several criteria are deduced based on the full analysis of the voltammetric peaks of
voltammograms with their dependences on scan rates. In reversible process, the electron
transfer kinetics is rapid relative to mass transport. The peak current and half peak potential are
described in forward oxidation direction (LSV) [37, 38] by the following expression:

1/2
Ip = 04463 n F ACeq(Drea)/? (5)  v/2 (47)

RT
Ep —Ep2 = 2.205 (48)
The peak potential is given by [10]:

RT
Ep =Eq) — 1.1095 (49)

In forward and reversed direction of CV, the peak to peak potential separation AE,, defined as

the potential difference between the forward and reverse peak potential and it can be calculated

by:

RT

AE,, = 23— (50)

It is close to the value AE,p=57 mV at 298 K for reversible process as Nicholson’s criteria [41].

The shape of reversible voltammetric curve is presented in Fig. L.8.
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Figure I.8. Nllustration of theoretical voltammogram for reversible system, where m'/%x(ot) is the

dimensionless current and nF/RT(E-E) is the dimensionless potential.

In irreversible process, the quantification of the linear sweep voltammogram reveals
slow electron transfer kinetics compared to mass transport. The current peak, the half peak

width and the potential peak are given by the following expressions [10, 40]:

1/2
Ip = 04958 nF A Cieq(Drea) /202 () 01/ (51)
RT
Ep —Ep/, = 1.857 — (52)
Ep = E° — ——(0.780 + In\/Dgeqb — Ink°) (53)
b = anFv/RT

According to cyclic voltammograms for irreversible system, the peak to peak potential

separation AE,,, is expressed by the expression:

RT
AE,, = 23— In(v) +C (54)

Where: a is the charge transfer coefficient, v is the scan rate and C is a constant.

Figure 1.9 illustrates cyclic voltammograms for irreversible systems.
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Figure L 9. Tllustration of theoretical cyclic voltammogram for irreversible system.

Quasi-reversible process is a system that has intermediate features between both systems
reversible and irreversible. In this process, Matsuda and Ayabe [39] have introduced a

dimensionless kinetic parameter to evaluate the reversibility of electrochemical reaction.

kO
4= JDFv/RT (55)

According to Matsuda’s approach in LSV analysis for quasi-reversible process, the current
peak, potential peak and half peak potential are dependent on kinetic parameters. In contrast of
CV analysis for quasi-reversible process, Nicholson and shain study have demonstrated that the
peak to peak potential separation is also dependent on dimensionless kinetic parameters [41].in
Fig. 1.10, cyclic voltammetric responses for quasi-reversible system at different values of

kinetic parameter (A) are shown.

0.6

T T T

-40 -2l|] 0 20 40
nF/RT (E-E")

Figure I 10. Theoretical cyclic voltammograms for quasi-reversible system at different values

of A (10, 1, 10°Y).
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1.6.3. Survey of theoretical results for determination of standard rate constant by LSV

and CV for soluble-soluble systems

The evaluation of kinetic standard rate constant is a critical step in quantifying the
reversibility of electrochemical reaction kinetics. From linear sweep and cyclic voltammetry
data, several approaches have been reported for the estimation of k%in electrochemical reaction

involving soluble species. In this section, the important approaches were discussed.

Matsuda and Ayabe have established three reversibility diagrams for quasi-reversible
soluble-soluble systems based on LSV analysis [39]. These diagrams presented the dependence
of the voltammetric peaks characteristics: peak current, half peak width and peak potential on
the adimensionl kinetic parameter A and charge transfer coefficient a as illustrated in Fig. .11,
in which the three diagrams allow an easy estimation of the standard rate constant whatever the

degree of the reversibility.
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Figure I.11. Matsuda and ayab’ diagrams: Variation of adimensionless voltammetric peaks
with A for different values of a [39].

Matsuda and Ayabe also suggested the limits of three different classification of
reversibility based on the kinetic parameter A,

For reversible system: A>15

For quasi-reversible system: 102("®<A<15

For irreversible system: A<10-2(*
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Another approach has been presented by Gonzalez for electrochemical totally
irreversible system using linear sweep voltammetry. In their approach, a new equation based

on the half peak potential has been developed and is given as [45]:

F -1/2
K® = 2.415exp [-0.02 | DY3(E, — Epy5) " vi/? (56)

This equation enables direct determination of k°.

Laviron [46] also introduced an approach through linear sweep voltammetry analysis in
the case of diffusionless systems. He developed practical expressions specifically for
irreversible systems to determine the rate constant k°. One expression based on the peak

potential is provided as:

RTKO
anF

E=E+-"n(
anF

RT
) + - Inv (57)

Additionally, he presented another expression based on the peak-to-peak separation potential

for AE;>200 mV as follows:

nF
AE,
2.3RT

logk =alog(l—a)+ (1 —a)loga—iog(%) —a(l-a) (58)

From cyclic voltammetry analysis, Nicholson developed an approach for determination
of standard rate constant in quasi-reversible soluble-soluble systems [41]. In this method,
Nicholson established kinetic curves that displayed the peak to peak separation (AE;,) as
function of dimensionless kinetic parameter only for the value of charge transfer coefficient
(a=0.5). Consequently, the determination of standard rate constant is based on the peak
potential separation with different scan rates and k° can calculated from the following

expression:

[1t Doy v (nF/RT)]1/2

k=w
(DOX/DRed)O‘/2

(39)

(DOX/DRed)O(/2 ko
[t Doy v (nF/RT)]1/2"

Where w is the dimensionless kinetic parameter, w =

The theoretical measured values of AE;;, to the corresponding value of w for quasi-reversible

systems with constant value of a=0.5, are shown in Table I.1.
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Table I 1. Variation of the peak to peak potential separation AEp, with dimensionless kinetic

parameter w at 25 °C.

w AEpp
20 61
7 63
6 64
5 65
4 66
3 68
2 72
1 84

0.75 92
0.5 105
0.35 121
0.25 141
0.1 212

Klingler reported the determination of the heterogeneous rate constants by cyclic-
voltammetry (CV) method for totally irreversible system [47]. In their study, an empirical
equation as function of alpha for AE,, >150 mV is developed, which is available to the

determination of k°.

k0 = 2.18 [ oxp (- (%) AE,, ) (60)

Gileadi [48] presented a method for the calculation of the heterogeneous rate constants
for reversible, quasi-reversible to irreversible electrochemical process , which is based on the
the graphical approximation of the critical scan rate v. from a plot presenting the variation of
the peak potential E, as function of the logarithm of scan rate. The value of v. is estimated from
intersection of the extrapolated lines. Furthermore, a developed equation is introduced that

allows the calculation of k® and which given as:

0 _ nFov.D
logk® = —0.48a + 0.52 + log /—2_303RT (61)

Recently, Lavagnini introduced a further approach based on the Nicholson’s procedure
for quasi-reversible systems. They developed an empirical equation that described the

dependence of the peak-to-peak potential separations (AEpp) on the dimensionless kinetic

25



Chapter 1

parameter w = k°[mrDnvF /RT]*/? when the peak separation ranges between 140 to 200 mV.

Hence, the k° can be determined easily from this equation [49]:

w = 2.18[pm]*/? exp[—(B?F/RT)nAE,, | (62)

I.7. Conclusion

This chapter has presented a brief overview on the fundamental electrochemistry and
techniques necessary to support the discussions in this thesis. The following chapter provides
an introduction to the electrochemical detection based on screen-printed electrodes sensor,

particularly, their importance in detection of biological molecules.
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Chapter I1

I1.1. Introduction

The present chapter offers a general introduction of the sensor basics, specifically
electrochemical sensors, then gives information on using the screen-printed electrodes in sensor
application. Following this, a literature review will be introduced about the electrochemical
determination of dopamine, uric acid and ascorbic acid molecule. Finally, application of

voltammetry simulation in electrochemical sensor analysis will be discussed.

I1.2. Sensor and Biosensor

The research of sensor and biosensors is an extensive, multidisciplinary field that
encompasses several disciplines, including biology, chemistry, and physics. Owing to their
numerous application in vital areas such as environmental science, nutrition science, medicine,
and agriculture, sensors and biosensor have critical role in academic and industry researchers

which offers a better stability and sensitivity compared to the classical methods [1, 2].

A sensor is defined as an analytical device, which can measure and detect different types
of analytes (chemical, biologic, physical.......) and converts them into measurable analytical
signals (current, potential) [3]. A typical sensor contains two main elements: receptor and
transducer. The first element can measure and detect the analyte of interest with high degree of
selectivity, and the second element serves as a detector which converts the information of

analyte detection into a quantifiable signal [4, 5].

Classification of sensors is based on their receptor elements and transduction
mechanism, as well as dependent on the kind of the analyte to be monitored. Sensors can be
divided into three important categories [6, 7]:

- Physical sensor is a device that detects and measures a physical quantity, then transforms this
measurement into a signal that is recognized by the user, which can be identified by the user.
This sensor is capable of detecting and monitoring changes in physical parameters including
force, mass, volume, density, acceleration, flow rate, and pressure.

- Chemical sensor is a sensor used to measure and detect chemical information of analyte such
as composition of practical component, concentration, pressure... and transforms it into an
analytically measurable signal.

- Biological sensor is a specialized device that monitors and measures biological molecules,
and converts the biological responses into a measurable signal, which is often referred to as

biosensors.
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One significant class of sensors is biosensors. The latter contains bio-receptor and bio-
transducer elements for sensing biological analytes such as nucleic acid (DNA, RNA),
bacterium, protein. The bio-receptors types serve in several types of biosensors, including DNA
biosensors, enzymatic biosensors, immunosensors (which use antibodies as their receptors),
genosensors (which use nucleic acids as their receptors), and whole-cell biosensors [8].
According to transduction method, biosensors come in a variety types such electrochemical,

optical [9-10], thermal biosensor [11].

For developing highly effective sensors, spesific characteristics or parameters are
necessary in optimizing and monitored defining their performance. Some of the most important
sensor characteristics include [1, 12]:

- Selectivity is the capability of the biosensor to detect or respond only to the target analyte
within the presence of other compounds in a sample. It is a crucial feature for biosensor
selection.

- Sensitivity is the ratio between the change in the concentration of the analyte and the signal
created by the transducer. This paramater is related to the capability of the sensor to generate a
signal in response to the minor variations in the concentration of analyte.

- Limit of detection (LOD) represents the minimum concentration that can be relative to a
blank sample.

- Linearity is an important parameter that determines the accuracy of the measured responses
for a series of measurements with varying the analyte concentrations.

- Response time is the required time of the output signal of a sensor to stabilize following a
change in the analyte concentration.

- Reproducibility refers to the capability of sensor to produce similar responses when
measuring the same sample multiple times.

- Stability relates to the capability of the sensor to maintain its performance over a period of

time.

In this context, electrochemical sensors have attracted the interest of researchers owing
to their advantages including simplicity, low cost and significant detection limits. Here, we are

focused on electrochemical sensors in the following section.
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I1.3. Electrochemical sensor

In electrochemical sensing, an electrochemical reaction generates an electrochemical
signal in the form of potential, current. In this type of sensor, an electrode is used for
electrochemical transduction. Depending on the operating principle for signal measurement,
electrochemical sensors can be further categorized as potentiometric, amperometric, and

voltammetric [13-16].

I1.3.1. Potentiometric sensor

Potentiometric sensor is typically utilized in a two-electrode configuration, which
contains a sensing electrode and a reference electrode. These sensors are applied to measure the
potential signal due to electrochemical reaction that occurs between the working electrode and

the reference electrode, wherein no current flows [17].

I1.3.2. Amperometric sensor

Amperometric sensor typically requires three electrode system, which are used for
current measurement during the electrochemical reaction of electroactive species occurring at
electrode surface, over a fixed voltage applied to the working electrode. In quantitative analysis,

the generated current is proportional with the concentration of the electroactive species [18,

19].

I1.3.3. Voltammetric sensor

Voltammetric sensor operates by measuring the current in response to the applied
voltage. During the variation of the applied voltage to the working electrode, the resulting
current is measured. The voltammetric measurement also requires a three electrode system.
Several voltammetric techniques are used in electrochemical sensing including: the linear
sweep voltammetry, cyclic voltammetry, differential pulse voltammetry, square-wave
voltammetry [19, 20].

In particular, electrode materials have a pivotal role for improving the analytical
performance of electrochemical sensors. Among these, platinum, gold, and carbon-based
electrodes are commonly employed for several electrochemical applications owing to their

properties [12]. In the following, the carbon based electrodes will be discussed.
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I1.4. Screen-printed electrodes based sensor

Carbon-based electrodes have attracted significant interest and are extensively used for
sensing applications research owing to their excellent sensing characteristics. They are
characterized by their low cost, high surface area, chemically inertness, and high electrical
conductivity [21-23]. Carbon electrodes include graphite [24], carbon paste electrode (CPE)
[25], glassy carbon electrode (GCE) [26] and carbon nanotube [27].

On the development of carbon electrodes based sensor, for providing a high-quality and
inexpensive device. Screen printed electrodes (SPEs) are a promising technology device in the
electrochemical sensors, presenting excellent advantages in terms of easy fabrication, low cost
high conductivity, portable and disposable electrodes [28, 29]. They are extensively used and
applicable to the development of analytical detection in various research area including

environment, pharmaceutical, clinical and microbiology analysis [29-31].

SPEs are fabricated from different types of inks using the screen printing technique on
hard and resistive substrates such as plastic or ceramic [32]. The composition of different inks
including carbon [33], graphene [34], gold and platinum [35, 36], for SPEs fabrication
determines its selectivity and its sensitivity in different electrochemical analysis. SPEs

generally contains three electrodes which are printed as shown in the Fig. II.1.

Counter Electrode Working Electrode

CE connection

[ Reterence Electrode

\>(WE connection

RE connection

Figure II.1. A representation of screen-printed electrodes scheme [32].

In addition, to enhance their performance, the surface of SPEs has been modified by

different material such as carbon materials, metal and metal oxides, enzymes, polymers and
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others [32]. These modifications on SPEs surface are achieved through various methods, with

electrodeposition serving as the main method in the context of electrochemical sensor [37, 38].

Diverse applications of SPEs, both with and without modification cover various fields
including biomedical sensing, environmental and industrial process monitoring [39]. In
environment monitoring, sensors based on screen-printed electrodes have been developed for
the detection of heavy metals, pollutants, pesticides and used in water quality tests and organic
compound analyses [31, 40]. SPEs also have been used in biomedical sensors for detection of
biomarkers, drugs, and metabolites in biological samples including blood, urine. SPE-based
sensors are employed in industrial process monitoring to detect and quantify various chemicals

and compounds in manufacturing processes [29, 39].

I1. 5. Dopamine, Uric Acid and Ascorbic Acid compounds: Properties and

their functions

I1.5.1. Dopamine

Dopamine (DA) is a primary monoamine neurotransmitter in human body, belonging to
the catecholamine family. In two step process, Dopamine is synthesized from the amino acid
tyrosine occurring in dopaminergic neurons, which are located in specific regions of the brain.
Dopamine has a specific chemical structure that includes two hydroxyl (catechol) groups and a
monoamine group attached to a benzene ring (Fig. I1.2). The chemical formula for dopamine

is CsH11NO2, and its systematic name is 3, 4-dihydroxyphenylethylamine [41, 42].

HO

HO NH,
Dopamine

Figure I1.2. Chemical structure of Dopamine molecule [41].

Dopamine has several crucial functions that are involved in the central nervous system,
cardiovascular, memory, and hormonal systems, including mood regulation, motor control,

and the reward system [43]. DA imbalance level results to several disorders, such as Parkinson's
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disease, Schizophrenia [44, 45]. In this regard, it is necessary to detect dopamine levels in

human body for diagnosis and treatment of associated disorders.

A variety of methods have been applied for the detection of dopamine, involving the
high-performance liquid chromatography [46], fluorescence [47], capillary electrophoresis and
electrochemical sensors [48, 49]. With the demand for a method that is selective, sensitive,
simple operation, and low cost for DA detection, electrochemical sensors are the most effective

alternatives.

The electrochemical oxidation of dopamine is a complex multi-step process involving
several intermediates steps and reaction pathways, which depend on different conditions (pH).
Therefore, the dopamine is oxidized, releasing two electrons and two protons which resulting
in the formulation of dopamine-o-quinone [50]. The typical oxidation of dopamine is presented

in Fig. I1.3.

NH

+2e +2H

dopamine dopamine quinone (DQ)

Figure I1.3. Oxidation of dopamine in a 2-electron oxidation [50].

I1.5.2. Uric acid

Uric acid, a heterocyclic derivative of purine (Fig. I1.4), represents the end-product of
purine nucleotide metabolism in human body. Its chemical structure is represented as 2, 6, 8-

trioxypurine (CsHaN4O3) [51].
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H
N
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H
Figure I1.4. Structural representation of uric Acid [52].

Uric acid, a major antioxidant exist in urine or serum, playing significant role in human
body function [52, 53]. Abnormal levels of UA in the body are also associated with various
disorders, such as Lesch-Nyan disease [54], gout [55], hyperuricaemia and heart disease, kidney
diseases, and cardiovascular diseases [56, 57]. Therefore, the determination of UA
concentration in biological system is very important and occupies a very prominent place in the

clinical diagnosis of various diseases [58].

As already mentioned, many analytical techniques have been frequently used for
determining UA levels. These include HPLC [59], spectrophotometry [60], chemiluminescence
analysis [61] and electrochemical biosensors [62]. Among them, electrochemical biosensors
have garnered much interest due to their excellent advantages of low cost, simplicity, high

sensitivity, and selectivity [62].

The anodic oxidation pathway of Uric acid was examined under various conditions. In
which the anodic oxidation of UA typically proceeds via a two-electron process with transfer
of two protons, leading to the formulation of diamine that is very unstable in aqueous solution

(Fig. IL.5) [63, 64].

H i H :
EH}I:>:¢- caut-ze My Shon
QJ"-.." I -l-l"E'H*'F' e .A-\.‘ :E"M}G
HoH il
I I

Figure I1.5. The pathway oxidation of uric acid [64].
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I1.5.3. Ascorbic Acid

Ascorbic acid is an organic molecule, with the chemical formula of CegHgOg. It
represents an enediol structure conjugated with the carbonyl group in the lactone ring [65, 66],

as shown in Fig. I1.6.

HO
OH
\
@]
O : OH
OH
Ascorbic Acid

Figure I1.6. Ascorbic acid molecule [65].

Ascorbic acid, a water-soluble vitamin and an important element in human metabolism
function, playing a crucial role in collagen production. It acts as a strong antioxidant to prevent
the body from oxidative stress responses. Ascorbic acid finds application in the prevention and
treatment of several health issues, including diabetes, scurvy, the common cold, infertility, and
even cancer [65-67]. Therefore, it is largely employed as an antioxidant in food products,
animal nutrition, and medicinal formulations [65, 68]. Several important diseases are related to
AA level concentration in body system including: anemia, common cold, scurvy, hepatic
diseases and diabetes mellitus [69, 70]. AA determination also presents a great importance in

food and pharmaceutical industries [71].

Various analytical methods including Fluorimetry [72], chemiluminescence [73],
titrimetry [74] and electrochemical sensors [75], have been used to determine AA. Regarding
among these methods, the use of the electrochemical sensors for detecting AA has received

significant interest.

The oxidation mechanism of AA includes the loss of 2 electrons and 2 protons to form

dehydro-ascorbic acid [76] and is illustrated in Fig. I1.7.
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H
HO. A~ /N0
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Ascorbic acid Dehydroascorbic acid

Figure I1.7. The oxidation process of Ascorbic acid [75].

I1.6. Literature review of DA, UA and AA detection by Screen-printed

electrodes based sensors

DA, UA, and AA are vital biomolecules, which also present in biological fluids
including blood and urine. These biomolecules have a great importance in the physiological
functions of organisms [77-79]. Therefore, evaluation of DA, UA, and AA is highly desirable

for diagnostic and pathological research.

In the determination of DA, UA, and AA, amperometric and voltammetric techniques
such as LSV, CV, square wave voltammetry and differential pulse voltammetry, have been
largely applied for the quantitative detection of these biomolecules using different kinds of
working electrodes [80, 81]. Hence, in practice many researchers have used screen printed
electrodes due to their reproducibility, mass production, and low cost. Additionally, there is a
demand for achieving high selectivity, sensitivity and reproducibility of electrochemical SPEs-
sensor for determination of DA, UA and AA. Screen-printed electrodes are often modified with
different materials to optimize their advantages, including high stability, excellent electrical

conductivity, fast electron transport, and high surface area.

For the determination of DA, Calvo et al. [81] reported a comparative investigation
using screen-printed electrodes modified with reduced graphene oxides (rGO) and the bare
SPEs (Dropsens) for the determination of dopamine. Voltammetric measurements showed the
lowest peak potential separation that was obtained for rGO-modified electrode, which indicated
the highest reversibility (lowest AEp) in this modified electrode than the bare electrode. The
analytical performance was evaluated using square wave voltammetric, in which the a highest

sensitivity (0.259 pA pM™!) and a lower limit of detection (0.09 pM) were obtained on SPEs
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modified compared to the lower sensitivity (0.09 pA uM™ ) and higher limit of detection (0.3
uM) showed with the bare electrode. Similarly, Sabrine et al. [83] developed an
electrochemical sensor using the Gold nanoparticles (AuNPs) modified on screen printed
electrodes to detect DA. Linear sweep voltammetry demonstrated that the AuNPs-SPE sensor
achieved a high sensitivity of (550.4 pA.mM!) with a detection limit (0.2 uM). This study also
showed that the Gold nanoparticles based on modified SPEs displayed in the presence of
dopamine, a lower anodic peak potential at around (80 mV) and a significantly higher intensity
than that on unmodified SPEs revealing that AuNP/SPCE enhanced electron transfer and has a
better electro-catalytic effect toward DA compared to the bare electrode. In the same vein,
Singh et al. [84] used a nanocomposite (MWCNTs/PPDA/Nafion) modified screen-printed
electrode to detect dopamine through the use of cyclic voltammetry. Their electrode displayed
an excellent performance in determining of DA within a linear range of (1-110 uM), with a

detection limit of (0.01uM).

For UA determination, Wahyuni et al. [85] fabricated a homemade screen-printed
carbon electrode (SPCE) for the detection of uric acid. The homemade SPCE exhibited good
analytical performance comparable to that of the commercial SPCE. This sensor showed an
excellent reproducibility and a sensitivity of 5 nA uM! for uric acid determination. It achieved
a detection limit of 1.94 pM within a concentration range of 10-80 pM. In another work by
Rasoul et al. [86], a screen-printed graphite electrode based sensor modified by ZnO/GR
nanocomposite was proposed for UA detection via CV and DPV methods. ZnO/GR/SPGEs
demonstrated excellent electrocatalytic effect on uric acid oxidation, with higher anodic peak
currents and a potential shift of approximately 40 mV towards a less positive potential
compared to the unmodified SPE. The modified electrode exhibited a detection limit of 0.43
uM over a concentration range of 1-100 uM. Cruz et al. [87] used polymeric films derived
from 4-aminosalicylic acid (4-ASA) combined with the enzyme urate oxidase (UOx) on screen
printed electrode to quantify of uric acid (UA) in urine samples through amperometric
detection. The developed sensor responded to uric acid detection within a linear range of (10 -

200 uM), with a detection limit of 3.0 uM.

In the determination of AA, Chou et al. [88] fabricated a screen-printed electrode for
detecting ascorbic acid. Using the amperometric technique, their sensor shows a better
sensitivity of 13.85 mV/mM in a linear range of (0.02-1 mM), with achieving a detection limit

0f 0.01 mM for AA detection. In a study, Gopalakrishnan et al. [89] presented the modification
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of a screen-printed carbon electrodes with cadmium oxide (CdO) nanoparticles for detection of
ascorbic acid (AA) under DPV conditions. They reported that CdO nanoparticles based
modified SPCEs displayed an excellent achievement toward AA detection, having a good
lowest LOD in the nano-molar range of 53.5 nM. The linear concentration range extended from
5 to 150 puM. There is also the study followed by Uwaya et al. [90], who developed a
voltammetric sensor using a SPCE modified by Iron (III) Oxide Nanoparticles to determine
ascorbic acid through square wave voltammetry. The developed sensor showed a good results
toward the electrochemical detection of AA that demonstrated a faster electron transport with
greater current response to AA oxidation than the unmodified SPCE. The detection limit of
15.7 uM with the linear concentration range of (10 -100) uM were reported. Ganjali et al. [91],
proposed the application of a screen printed electrode modified with a ZnO/AlO3
Nanocomposite for the determination of ascorbic acid, using both CV and differential pulse
voltammetry techniques. The proposed sensor exhibited an enhancement on the anodic peak
current in comparison to the bare SPE, which showed good electrocatalytic activity towards
oxidation of ascorbic acid. Moreover, the ZnO/Al,O3/SPE sensor showed under optimal DPV
conditions, a high sensitivity with the lowest detection limit of 0.06 uM for AA detection in the
concentration range of 1-100 uM. Similarly, Raveendran et al. [92] used copper hydroxide
NPs modified screen printed electrodes to detect AA, showing an excellent linearity ranging

from 0.0125mM to10 mM and a good sensitivity of 268 pA mM™! cm™.

In light of simultaneous detection of DA, UA and AA, Ping et al. [93] fabricated SPE
using graphene with ionic liquid doped screen-printing ink for determining simultaneously of
these three molecules via CV and DPV method. The developed SPGNE exhibited enhanced
electrochemical response and decreased overpotential for the oxidation reaction of these three
molecules DA, UA and AA. The anodic peaks of DA, UA and AA are well separated under
DPV conditions. Results highlighted the good reproducibility and stability of the SPGNE in
determining these species. The SPGNE exhibited also linear responses to the detection of DA,
UA and AA in concentration ranges of (0.5-2000) uM, (0.8-2500) uM, and (4.0-4500) uM,
respectively. The corresponding detection limits for dopamine, uric acid, and ascorbic acid were
determined to be 0.12 uM, 0.20 uM and 0.95 uM, respectively. Kunpatee et al. [94] modified
SPCE for highly sensitive and selective simultaneous detection of DA, UA, and AA by
synthesizing graphene quantum dots (GQDs) with ionic liquid (IL), using DPV. The GQDs/IL-
SPCE offered good electro-activity to the oxidation of these three compounds, yielding distinct

and well-separated oxidation peaks for dopamine, uric acid, and ascorbic acid. This modified

39



Chapter I1

electrode also exhibited an excellent performance in determining DA, UA, and AA, showing
low detection limit of 0.03 uM, 0.06 uM and 6.64 uM, respectively, with linear response ranges
of 0.2—10 uM for DA, 0.5-20 uM for UA, and 25400 uM for AA. Qin et al. [95] presented a
new sensor by applying electropolymerization of a conductive B-CD polymer onto the rGO
modified screen-printed electrode to detect simultaneously DA, UA, and AA. The proposed
sensor showed significant electro-catalytic activity to the oxidation of DA, UA, and AA,
effectively resolving their anodic peaks responses into three distinct and well-defined peaks.
The resulting modified electrode provided the detection limits for DA (0.017 uM), UA (0.026
uM) and AA (0.067 mM) within linear detection ranges of (0.05 - 50) uM, (0.08 - 150) uM and
(0.2 - 2) mM for DA, UA and AA, respectively. In a work by Kanyong et al. [96], they studied
a sensor using a modified screen-printed carbon electrode with reduced graphene oxide (rGO)
for the simultaneous evaluation of UA, AA, and DA through differential pulse voltammetry.
The sensor demonstrated a linear concentration range of (10-3000) uM for UA, (0.1-2.5) uM
and (5.0 to 2x10%) uM for AA, and (0.2-80.0) uM and (120.0- 500) uM for DA. The detection
limits were obtained as 0.1, 50.0, and 0.4 uM, respectively. This developed sensor represented

an excellent analytical performance in simultaneously determining UA, AA and DA.

I1.7. Application of voltammetry simulation in electrochemical sensor

analysis

Voltammetry stands out as a powerful distinguished technique in the electrochemical
detection, which offers valuable insights about the mechanistic and kinetic of different
electroactive analytes on electrode surface [97]. In development of understanding
electroanlytical experiments, computer modeling and simulation serve as one necessary
approach to obtain more detailed information for comprehending and developing

electrochemical process and sensors [98, 99].

It is worth mentioning that few papers deal with the use of simulation for developing
diverse electrochemical sensors through the voltammetry techniques highlighting the

determination of different kinetic parameters.

Kaffash et al. [100] used the numerical simulation to analyse an electrochemical nano-
biosensor for phenol reaction in horseradish peroxidase enzyme by using COMSOL
Multiphysics. In their study, the oxidation of phenol enzymatic was studied via cyclic

voltammetry. Numerical simulation was performed for CVs related to the enzymatic reaction
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of phenol. From a kinetic point of view, the rate constant k° as well as the charge transfer
coefficient o, were estimated by comparing the simulation and experimental results of cyclic
voltammetric experiments. The diffusion coefficient of phenol enzymatic oxidation was
determined through experimental chronoamperograms. Flexer et al. [101] have studied
experimentally the cyclic voltammetry of the homogeneous reaction involving glucose oxidase
and osmium bipyridine—pyridine carboxylic acid in the presence of glucose as well as digital
simulation in order to extract kinetic parameters. Based on combining simulation and
experiment analysis, the kinetic proprieties for the substrate—enzyme reaction were extracted.
Adesokan et al. [102] reported an investigation into the electrochemical micro-sized sensors
using cyclic voltammetry measurement and numerical simulation. In their study, through the
simulation of cyclic voltammetry a rigorous analysis of systems was performed. In particular,
they examined the effects of flow rates, scan rates, variation of electrolyte concentration,

changes in supporting electrolyte, and reaction rate constants.

II. 7. Conclusion

The chapter provides a general description of sensor and biosensor devices highlighting
on the electrochemical sensor. It also reviews the development and the utility of screen printed
electrode in electrochemical sensing. Following that, we summarized a relevant literature on
the electrochemical detection of dopamine, uric acid and ascorbic acid using screen-printed
electrode sensor. In another part, we have given a brief survey on the use of simulation in

voltammetry for electrochemical sensor.

Within this framework, the present thesis seeks to conduct both experimental and
theoretical investigations of electrochemical sensors utilizing the cyclic voltammetry technique.
The important objective is to determine various kinetic parameters for electrochemical sensor

reactions.
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II1.1. Introduction

This chapter presents first the simulation method and outlines different analysis tools
used for theoretical calculations. Second, it describes the chemical reagents used and details

the electrochemical measurements performed.

II1.2. Simulation and analysis tools

I11.2.1. Semi-analytical Method

Semi-analytical modeling is a common method for simulating electrochemical
systems, providing insights into mass transport and kinetics through techniques such as linear
sweep or cyclic voltammetry. The approach involves defining the system under study, taking
into consideration factors such as the type of redox reaction, mass transport mechanisms,
kinetic reactions, and the scanning applied potential method. By specifying these parameters,
which provide a full access over defining the voltammetry problem, allowing the use of semi-

analytical simulations to effectively address and solve the given electrochemical problem.

In this approach, the semi-analytical solution to the voltammetry problem is divided
into two parts, an analytical solution followed by a numerical solution integrating both to

compute theoretically voltammetric current—time response. As shown in Fig. II11.1:

Part I: an analytical method is applied to solve the partial differential equation resulting from
the mass transport equation with specified boundary conditions using the Laplace transform.
The analytical solution to PDEs re-transformed and subjected to the convolution theorem.
Then, the obtained expressions are combined with specific equations from the kinetics and
the potential sweep, as well as with boundary conditions, giving the voltammetry integral

equation.

Part II: numerical solution of the integral equation (IE) involves a multi-steps process, using
the integral subdivision and the method of integration by parts. This approach yields a model

that enables to compute voltammetric responses.

Throughout this thesis, the Nicholson and Shain method [1] is employed to utilize the

semi-analytical solution.
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System under Mathematical
study problem
/ \

* type of redox reaction " | Part I Analytical solution '
* mass transport mode Using the Laplace transform
« kinetic reactions PDEs and Inverse Laplace transform » Voltammetric
+ the applied potential Systems

method | ‘ Part II: Numerical solution IESPONSES

- J \ o The integral subdivision and

integral by part method \
O & JF g N

Figure I11. 1. Representation of semi-analytical strategy for LSV simulation.

I11.2.2 Semi-integral method

Semi-integration (SI) method stands as a powerful approach in the analysis of LSV
and CV operating to the electrochemical reaction that proceeds under semi-infinite linear
diffusion conditions for planar electrodes. This approach is used for quantitative
determination of the concentration and the diffusion coefficient. The semi-integrative
voltammetry can be described as the semi-integration of the current observed in the
voltammogram over time, producing a novel function M(t) termed semi-integrated current.

This derived function is related to the concentration of the electroactive species [2-4].

In this thesis, the determination of the diffusion coefficient was achieved by
applying the semi-integral (SI) method, using the algorithm proposed by Oldham and Saila
(5, 6].

I11.2.3 Other Computational details

The developed algorithm for LSV responses were written in Fortran 90. The
calculation of charge transfer coefficients was conducted using the Tafel plots. The data
analysis and graphing (Analysis and visualization of data) were implemented with Origin

2018.
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IT1.3. Experimental method
II1.3.1 Chemical Reagents

All analytical grade chemical reagents used throughout this thesis were bought from
Sigma-Aldrich Company, without requiring any purification. The specific reagents included
potassium ferrocyanide (K4FeCNs), sodium hydroxide (NaOH), potassium chloride (KCl),
sodium phosphate monobasic (NaH>PO4), sodium phosphate dibasic (NaxHPO4), dopamine
hydrochloride (1mM), uric acid (1mM), and ascorbic acid (ImM). All aqueous solutions

were prepared using double-distilled water.

Phosphate buffer solution (PBS) with a concentration of 0.1 M and a pH=7.4 was
prepared from a mixture of NaH,PO4 and NaoHPO4. The aqueous NaOH was used to adjust
the pH of 0.1 M PBS. The solutions containing dopamine (ImM), uric acid (1mM) and
ascorbic acid (ImM) were prepared by dissolving the appropriate amount of them in 100 ml

phosphate buffer solution.

II1.3.2. Electrochemical measurements

Electrochemical experiments were conducted using a VersaSTAT 3 Potentiostat at
room temperature. All electrochemical measurements were performed within a single cell
setup employing screen-printed graphite electrodes (SPEs) obtained from Manchester
Micropolitan University, without any preparation. The SPEs comprise of three electrodes, a
graphite working electrode with a surface area of 7.07 mm?, a graphite auxiliary electrode,

and an Ag/AgCl reference electrode.

In this thesis, both LSV and CV techniques were used for different studies. First, the
LSV experiments were carried out using a solution containing 5 mM potassium ferrocyanide
and 0.1 M KClI as the supporting electrolyte in the potential range between -0.4 V to 0.8 V
versus a Ag/AgCl with scan speeds varying from 0.03 V s to 0.2 V s™!. Second, cyclic
voltammetry experiments were investigated for quantitative analysis of dopamine (1mM),
uric acid (ImM) and ascorbic acid (1mM) by sweeping the potential from -0.4 V to 0.6 V in
0.1 M of phosphate buffer solution with a pH of 7.4. The CVs were obtained at various

selected scan rates ranging from 0.01 Vs t0 0.2 V s,
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I11.4. Conclusion

In this chapter, the principle of semi-analytical simulation has been discussed. More
details regarding semi-analytical simulation strategy for computing the current response to a
single wave potential for soluble-soluble reactions, are well described in the subsequent

chapter. The essentials of the electrochemical experimental information were provided.
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Chapter IV

IV.1. Introduction

This chapter begins by outlining the details of establishment of theoretical linear sweep
voltammetry with semi-analytical method. Secondly, we provide an in-depth examination of
the linear sweep voltammetry responses for establishing the standard speed constant for soluble
redox couples. Following that, the validity of the theoretical results will be discussed through

electrochemical oxidation of ferrocyanide.

IV.2. Simulation and calculation procedures

To simulate the LSV for a redox system with soluble-soluble components, the key steps
in defining the system are as follows:

An electron exchange process involving soluble reduced (Red) and oxidized (Ox) species was
considered:

Red 2 Ox + ne” (1)

The system was considered to be quasi-reversible, and the electrode kinetics is governed by the
well-known Butler-Volmer relationship [1]:

I(t) = nFAK® [Creq (0, exp [S (E — E®)] = Cox(0,1) exp [“22E (£ — E%)]| )

Where C..q(0,t) and C,,(0,t) represent the Red and Ox species concentrations at electrode

surface (x=0) at time t.

Via the use of linear sweep voltammetry, E, which is the electrode potential, is linearly

scanned in the positive direction beginning from an Ei, which represents the initial potential:
E=E;+ vt (3)
The initial state is regarded as being in equilibrium, thus the initial potential is

determined by the Nernst relationship.

EizEeq=E°+ﬁln(ﬁ) (4)

nF CRed

In this system, the movement of electroactive species to the electrode surface is
governed by diffusion. Therefore, the transport of the analyte is represented by the one-

dimensional diffusion relationship, which is ruled by the second equation of Fick:
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ac(xt) - 0%C(x0)
at =D dx2 (5)

With assuming that the bulk solution initially contains just Red species, the initial and

boundary conditions can be written as:

t=0,x =0, Creq(x,0) = Cpeq» Cox(x,0)=0 (6)

t> Or X = 0o, CRed(ooJ t) = C;edr COX(OOJ t) =0 (7)
_Im _ 0CRea(xt)

£>0,% = 0, Jrea(0,1) = 1x = Drea |25 (8)

Here, Jreq (0, t) represents the flux of reduced species at the electrode (x=0).
Using Laplace's transform on the first side of Eq. (5), yields:

y d2C(xt
5Croa(%,5) = Croa(x,0) = Dpea 55 ©)

Where s represents the Laplace variable, the over-bar symbolizes the Laplace transform.

Using the boundary condition in eq. (6), Eq. (9) becomes:

— * 2
LCRed(X:S) _ CRed _ 9°CXYH (10)

DRed DRed 0x2
Then, eq. (10) can be written as follows:

2

] o - i o

DRred Red

0?Cred(xX,t)
0x2

By supposing a= ’DL, The Laplace transform of eq. (11) is given as:
Red

— c: e
Cred(s) (8% —a%)  =5Cpoq(x,0) + Cpoa(x,0) — ﬁ (12)
By rearranging, it gives:

C*
s2 Cred (0)+SCRed—DRed
Red ( 1 3)

s(s? —a?)

(_:Red (s) =

By decomposing the second side of eq. (13) into fractional equation, it can be rewritten as:

Creq(s) =22 4 EO L D) (14)

s+a s—a N

A'(s), B'(s), D'(s) represent the decomposition factors.
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By multiplying egs. (13), (14) by s, and supposing s=0. Through comparison between eq. (13)
and eq. (14), the value D'(s) is expressed as:

D/ (S) — CRed

a2DRed

Hence, formulating equation (14) into a general solution form:

Creq(x,5) = A'(s) exp [—\/%x] + B'(s) exp [\/;x] + % (15)

Taking into account the first boundary condition Eq. (7) into Eq. (15), the constant B'(s) can be

determined.

: ral . ! ! C*e *
;%CRed(x, s) = )}1_{2) [A (s)exp [— /ﬁx] + B'(s) exp[ /ﬁx] + RTd] = CRed (16)

Yielding to: B'(s) = 0, we get:

DRed S

Crea(x,5) = A'(s)exp [— x] + Cea (17)

Then, the second boundary condition used to found the constant A'(s) :
x o0 [ratd] 1O (18)

0x x=0 nFADred

According to eq. (18), the equation (17) derived to get:

0CReda(xs) _ ’ s ’ . ’ s
ox B DRedA (S)exp [ DRed x] (19)

For x =0, the equation (19) can be reduced to:

[Frs2] == [pm A 0)

ox x=0 DRred

Then, by setting the equations (18) and (20) equal to each other, A'(s) can be determined as:

I _ I(s)
K@) = - e

Upon substituting equation (21) into equation (17), and subsequently applying inverse Laplace-

transforming, we arrive at the time evolution relationship [1].
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* 1 1 t I
Crea(0,8) = Crea” = ras=Tado 7 07 (22)

Using the same procedure, we obtain the equation of Cox(0,t) :

t 1 5
Cox(0,0) = s 7 o =7 (22°)

To drive to the voltammetry integral, we first replace the eq. (3) into eq. (2) to obtain the
function of current-potential in linear sweep voltammetry:

nfF_ o nF__1—B

I(t) = nFAK®C,4(0, 1) [exg_;(Ei ") err? Y| —nFAK°C(0,1) [em( =) gy t] (23)

Before deriving the solution to voltammetry model, a normalization of the parameters
used within the system is necessary to provide general and easier applicability under different
electrochemical systems. Furthermore, the conversion of dimensional parameters into
dimensionless forms is employed. Hence, the different adimensionl parameters are defined in

the following Table IV.1.

Table IV.1. Adimensionl parameters.

Adimensionl Parameter Equation Eq. N°
Initial potential INIT nF 24
FREA INIT = — (E; — E°) (24)
RT
i nF
final potential LIMIT LIMIT = = (E — E°) (25)
RT
Applied potential @ ® = 2 (B(t) —E°) = INIT — ot (26)
RT
Scanrate & nF (27)

g :ﬁ(")

By substituting equations (22), (22°), (24), (25), (26) and (27) into equation (23), and by

rearranging, we get:

I(6) = nFAK® |Crea[8S (D] — mr [0S (] fot\;gd -— J_ [6S(H)] 7 [ == D dr| (28
Where S(t), 0 are defined as:
S(t) = exp(ot) (29)
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0= exp|= (E; - E%)| (30)

With supposing D,..q=Doy and after rearrangement, yields:

t I(t) _ |nFACRegy/ T DReq I [eS(t)]~*
fO\/ﬁdT - [ 1+[8S(t)]~(@+B) ] [1 n FACR,4K° G

Herein, the solution of equation (31) requires a numerical resolution.
In numerical resolution, the equation (31) is adimensionalized using the following redefinitions:
z = o1, I(1) = g(2).

So, equation (31) can be written as:

fOGt g(z) dz = nFACRed\/“DRed] [I_W] (32)

Vot—z+o z= 1+[6S(ot)]~(®+B) n FACR4K°

After dividing both sides of eq. (32) by nFACj,4 / TDReq , the dimensionless current is defined

as:

— g(2)
X(Z) - nFAC*Red"T[DRedO- (33)

Eq. (32) becomes:

ot X(z) _ 1 _ I(t) —a
fO Vot—z dz = [1+[9$(ct)]‘(°‘+3)]] [1 nFAC*Regk® [0S (at)] ] (34)
By multiplying the right-hand term from the second side of Eq. (34) by %:Em’dz , and defining
Red
the dimensionless heterogeneous rate constant A [2]:
A=K (35)
B vDRred®
Thus, we get:
ot X(z) _ 1 _ 1 —a
1y 2 = | s (Gt)]_w)]] |1 - X(ot)vm[8S(ot)] ] (36)
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Solving equation (34) requires partitioning the integration domain into a number of segments

of equal width 9.

By using the following definitions: z = 6k, at = 8N, Eq. (36) is rewritten as follows:

V8 [N X (8k) ~= ——d : ] |1 - 208NV [0S(8N)] ¢ (37)

[[1+[GS(8N) |- (x+B)]

Then, upon applying the integration by parts on the left side of the expression (37), we find:

2VBX(0)VN + 23 [, VN = k(X (8K)) = [ L ] |1 - x@N)VT : s (38)

[1+[0S(N)]-+F)]

The left-hand part of Equation (38) can be written as a summatioxn :

XOVN + ZEIVR =T G+ D =4O = 355 |rrasme| [~ XOMVE (656N (39)

V8 | [1+[0S(8N)]~(a+B)]

Where: x(i) = x(6i)

Taking the development of the summation expression for eq. (39) yields to the following

expression:

X(DVN + VN = 1[x(2) + x(D] + VN = 2[x(3) = x(2)] + VN = 3[x(4) x(3)]+. .....+4/N = (N — 2)

+X(N=1) —=x(N=2)]+ {yN—=(N—=1) + [x(N) —x(N— 1)] = A(N) — B(N)x(N) (40)
Where,

1 1
A(N) = 2V8 1+[95(8N)]—(“+B)] (41)

B(N) = A(N)\/_ [6S(6N)]~ (42)

Hence, the equation defines N equations for x(i).

X(N) + T3 [N = G = D = V= x (D) = A(N) = B(N)x(N) (43)

The numerical resolution of equation (43) allows us to formulate dimensionless curves
of the current y(k) over the potential pot(k), where, the developed expressions for calculating

the dimensionless curves of current y(k) and potential ®(k) are as follows:
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(AGO-EIH | VR=G-D-VR=TJx)

x(k) = 5 (44)
(k) = ;—,FF(E — E°) = init + 8k (45)
With:

Alk) = ﬁ [1+[Gexp(;k)]‘(°‘+3)] (46)
B(k) = A(K) [V~ [Bexp(5k)] ™ 47)

A developed algorithmic was implemented coded in Fortran language. It allows calculating the
theoretical linear sweep voltammograms by inputting values of the following parameters: INIT,
LIMIT, A and .

The general flowchart for LSV algorithm is illustrated in Fig. IV.1.
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LSV algorithm
Program Sol-Sol

Parameter (nmax=5000)

Implicit double precision (a-h,0-z)

Double precision INIT, LIMIT
Character*12Fichl

Character*12Fich2

Dimension Y (0: NMAX) , PHI(0: NMAX),
PHId(0:NMAX), Yd(0:NMAX), X(0:NMAX)
Equivalence (PHI (0), INIT)

Open Results File

Pi=3.1416

R=8.314

F=96485.31

Delta=0.1

INTI=IT

INT2=2*IT
C=1.d0/2.d0*dsqrt(DELTA)
IT= ((INIT-LIMIT)/DELTA)
F =2*(LIMIT-INIT)
F,=R*T/n*F
Cymn*F* D -
TETHA=dexp (INIT)

DO 10 k=1, INT;,

@)
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|

A=C*[(THETA*exp(DELTA*k)®)/(1+ THETA *exp(DELTA*k)(@*#)]
B=A* V7l + ((THETA* exp(DELTA*K))*

' Sigma=0.d0

l

K=1

No|
Do20j=1, k1

SIGMA=SIGMA-[{k+ 15 - Jk—j].X() |

| X(K)=(A+SIGMA)/(1+B)

| Y(K)=(X(K)*dsqrt(PL)) |

 Wite on File Fich 1 PHI(K) , Y(K) |

Continue

5
No 1
Rep=0
Close File
Fich2
!
Stop End
Close File Fich2 |«

l

Yes

Open File Fich2
!
Read n, T ,D,v
l
Doll k=1,INT1
|
PHId(k)=F,*pot(k)
Ydk)=y(k)*C,
!
Write on File Fich2
PHId (k) ,Yd(k)

}

Continue

Figure IV.1. Flowchart for the implemented LSV algorithm.
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IV.3. Results and discussion

1V.3.1. Theoretical results

In the analysis of LSV, the peak current, half-peak width, and peak potential are crucial
characteristics for assessing the electron transfer reversibility. The LSV responses are affected
upon various variables, comprising the charge transfer coefficient a and £°. The joint influence
impact of k° and v is quantified by means of adimensionl kinetic parameter, A, defined by Eq.
(35). In this section, the effects of varying A and a on the positioning and shape of peak are

studied.

Fig. IV.2. presents a standard theoretical LS voltammograms of a reversible redox
couple computed with A=10° and a=0.5 in the corresponding directions of cathodic and anodic
potential sweeps. The voltammograms exhibit symmetry, showing identical characteristics in
both form and magnitude of peak current. The characteristics of voltammograms are

independent on the sweep direction of the potential for soluble-soluble systems.

0.5
0.4 4
0.3 1
0.2

Anodic direction
——— Cathodic direction
0.1

/
-0:1 /

-0.2
0.3 4
0.4

-0.5 T T T T
-10 -5 0 5 10

2 1)

Figure IV.2. Simulated linear sweep voltammograms for reversible soluble-soluble reaction

in both anodic (black) and cathodic (red) sweep potential directions.

I1V.3.1.1. Influence of Kinetic rate

The variation of A was inspected at a fixed value of o and results are shown in Fig.
IV.3. Furthermore, Table IV.2 presents the development of dimensionless peak current values
corresponding to adimensionl rate constants at a=0.5. Through quantitative data analysis, three

distinct regions can be identified:
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1) For A> 103

The theoretical voltammograms are not affected by the dimensionless kinetic

1/2

parameter A. Additionally, the value of the dimensionless peak current 7/ “ x,, remains constant

at a value of 0.4463, which is identical with that reported in literature concerning the soluble

redox reversible couples [3-5].

2) For A< 1073

In this zone, simulated linear sweep voltammograms maintain identical shapes with the peak
potential position shifting towards anodic direction as A value drops. The adimensional peak
current remains unchanged where /2 Xp= 0.4958 a2, corresponding to the value previously

reported for irreversible charge transfer process [5].

3) For 1073 <An< 103

Within this intermediate zone, the peak characteristics of voltammograms are strongly

influenced by the adimensionl rate constant A. Therefore, the reduction of A results to a
reduction in /2 Xp- As well as Adecreases, the peak potential moves marginally towards

anodic values. This zone is defined as quasi-reversible systems region [2, 6].
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20 30
o=0.7
20 30

Figure IV.3. Theoretical linear sweep voltammatric responses calculated for different value of A
at @=0.3 (top), 0.5 (middle) and 0.7 (bottom) a) A =10 b) A=10% c) A=10., d)A=1,e) A=10",
HA=102, g) A=1073.
Table IV.2. The variation of dimensionless peak current 7' 2Xp with dimensionless rate constant A for

different curves presented for a=0.5 in Fig. IV.3 (middle).

A X, A X, A a2 X,

10° 0.4463 10? 0.44575 10° 0.3505

10° 0.4463 10! 0.4410 10+ 0.3505

10* 0.4463 10° 0.4069 10° 0.3505

10° 0.44625 107! 0.3559 10 0.3505
10 0.3507
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IV.3.1.2. Influence of the charge transfer coefficient

In Fig. IV.4, a number of adimensionl voltammograms obtained for various charge
transfer coefficients a with different adimensionl rate constants A are displayed. For A= 10,
the voltammograms remain unaffected by a. For A=1 and A=10"!, an increase in o leads a minor
rise in the peak current. For A= 1073, the dependence of the peak current and peak potential on
a is evident, wherein, the peak current rises and the peak potential moves towards more anodic
potentials as o increases and voltammograms are completely distinct. The deductions drawn

from these instances support the ones outlined in section IV.3.1.1.

(a)

20 40 0 10 20 30 40 20 40 0 10 20 30 40

Figure IV.4. The influence of charge transfer coefficient on theoretical linear sweep voltamograms

for Different values of the dimensionless rate constant.
From results presented in Fig. IV.3 and Fig. IV 4, revealing clearly coupled effect of

(A) and (a) on the linear sweep voltammograms characteristics. Consequently, a change in peak

parameters are dependent on the values of A and a.
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IV.3.1.3. Kinetic curves and interpolation relationships

Kinetic curves

Matsuda and Ayabe have conducted an investigation into the impact of A and a on peak
quantities of LS voltammograms, resulting in the establishment of three diagrams illustrating
the relationship between the adimensionl peak current, half-peak width, and peak potential with
respect to the normalized heterogeneous rate constant A and the electron transfer coefficient a
[6]. In this segment, we've reconstructed the three diagrams of Matsuda in the broad intervals
of A= [107® — 10°] and « = [0.2 — 0.7]. Subsequently, four additional diagrams were derived
for designated A ranges. Following this, different characteristic equations were established by
interpolation in order to determine the standard speed constant from experimental curves,

particularly in the context of non reversible redox couples.

Fig. IV.5 displays the wvariation of different peak characteristics, including
1 1
lp10/(lpla)rev =2 Xp/ (“2 Xp)

with log A and a. The two-dimensional illustration is depicted on the left-hand side of Fig. I'V.5

nF nF .
g AD, , = E(Ep — Ep;) and 1, = E(Ep — E°) varying

re

meanwhile, the three-dimensional illustration is shown on the right. (‘Pp)rev represents the

reversible adimensionl peak current , which is equal to 0.4463. At a cursory look, one can
deduce that the characteristics' of peaks are closely identical to the ones documented by
Matsuda. The 1% 2D diagrams in Fig. IV.5 (a, b), corresponding to the peak current, and the
half peak width exhibit a sigmoidal dependency. However, a quadratic dependency is shown
in the last diagram (Fig. IV.5 (¢)). The 3D diagrams provide a clear representation of the
distinction between the varied regions unlike in 2D diagrams. The shift from a reversible to an
irreversible system is more distinct. Then, the linear portions of the diagrams exposed in Fig.
IV.5 is depicted in Fig. IV.6. This simplified presentation makes it easy to produce a linear

interpolation within the specified ranges of A.
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Figure IV.5. The effect of the kinetic rate constant A and charge transfer coefficient o on
the peak current ratio ‘Pp/(lpp)mv(a, a"), the half peak width A®,,,, (b,b"), and the peak

potential n,, (c, ¢’) in 2D (left) and 3D (right) representations.
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Figure IV.6. Linear effects of the peak current ratio (W;J’—p()’ the half peak width Adp (b), and
Plrevt® 2

the peak potential 77, (¢, d) on the restricted ranges of A for different o values.

Despite the fact that the form of the diagrams in Fig. IV.S vary significantly, their
alignment can be identified in 3 clearly defined kinetic regions, as stated bellow:
Zone A: for A > 10%3. The dimensionless kinetic rate A and a have no influence on the peak
parameters. The adimensional kinetic speed A and o do not impact the peak characteristics. The
current peak, the half peak width, and the potential peak expressions are similar with those of
the reversible charge transfer reaction [3-5, 7]. The units of different parameters are indicated

in the Nomenclature section.

i} M\ 1/2
I, = 0.4463 n F A Choq(Dgea) /2 (%) v1/2 (48)
RT
Ep — Epj2 = 2.20— (49)
RT
Ep =Ey, — 1109 (50)

Zone B: Lies within the interval of (1073 <A < 103), where quasi-reversible behaviour is
observed. Notably, significant variations in peak characteristics are evident as functions of both

of A and a. It's evident that there was a significant alteration in peak parameters in terms of A
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and a. To best of our knowledge, no particular kinetics relationships have been found to describe
this quasi-reversible attitude.

Zone C: characterized for A < 1073, This zone of curves exhibit irreversible features. For a
constant value of a, both the peak current and the half peak width remain unchanged as A
decreases. As, the peak potential keeps increasing. The following relationships describing the

irreversible systems [5] can be acquired as follows:

1/2
Ip = 0.4958 nF A Creq(Drea) /2 o/? (32) " v/2 (51)
RT
Ep —Ep/, = 1.857 — (52)
E, = E®— %(0.780 + In,/Dpeab — In k) (53)

Where b = anFv/ RT

Interpolation relationships

The graphics of Fig. IV.5 (a) and (b) exhibit sigmoidal patterns. The data interpolation

was fitted excellently by the sigmoidal Boltzmann function:

[A1-A2]
= AZ + T /x=x0\] 54
y {[1+exp< s )1} G4

A1, A2, x0 and dx are the parameters of the sigmoid Boltzmann function.

Furthermore, the fitted relationships were found:

¥p (1.112a°5-0.999)
= 0.999 + 55
N &
1
AD,, = 2214 + (1.859a71-2.214) (56)

log(A)—(—0.208a~0-327 )])
0.44000-608

B

The coefficient of correlation of equations (55) and (56) are 0.99980 and 0.99988, respectively

The developed relationships allow the determination of standard rate constant k° using
I, Ep or Ep2 values obtained from the experimental data, whatever the process is reversible,

quasi-reversible or irreversible, provided that a is known.
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According to the relationships (55) and (56), which are longs and somewhat complex.
Nevertheless and as presented in Fig. I'V.6, a linear form is observed in the regions of log A =
[-0.66, 0.42] of the curves of Fig. IV.5 (a) and those of Fig. I'V.5 (b) within the log A = [-0.66,

-0.06] range. After fitting the data in these two A regions, the following equations were obtained:

(qf’f = (1.039a°1?) + (0.436 — 0.578a) log(A) (57)
Plrev
AD,,, = (3401 — 1.493a) + (3.481 — 2.392a"1) log(A) (58)

The R? of relationships (57) and (58) are 0.99436 and 0.99912, correspondingly.

In conclusion, achieving a straightforward fit for the plots depicted in Fig. IV.5 (c)
across the entire A region is unattainable. Nonetheless, the subsequent approximate equations

linearly depict the variations of n,, with A and a.

For —1 <logA< 0,

Np = (2.379a7%%) + (—1.28807°9%? ) log(A)) (59)
For log A< —1,

N, =(1.222 - 0.189a™") + (=2.296a~ ") log(A) (60)

The R? of the equations (59) and (60) is 0.99833.

The relationships (55), (56), and (60) exhibit similar forms to those of the quasi-
reversible soluble-insoluble systems derived by Atek et al. [8]. Meanwhile, equations (57) and
(58) bear resemblance to the ones that were acquired by Krulic [9] for (SCV). Using these
relationships, the determination of k° is notably more suitable and accurate than relying on
Matsuda's diagrams. Additionally, Matsuda's diagrams were designed for specific a values,
making it difficult to predict intermediate values in constant-rate kinetics. For example, when
a=0.22 or a =0.57, the influence of a on the voltammogram features (like peak current, half-

peak width, and peak potential) does not follow a linear trend.
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IV.3.2. Theory-experiment validation

Fig. IV.7 (a) and (b) show CV and LS voltammograms which were conducted by
employing varying scan rates, to investigate at a screen-printed electrodes (SPE) the oxidation
of ferrocyanide in a potassium chloride electrolyte. The redox reaction between Ferrocyanide
and Ferricyanide is extensively studied in electrochemistry literature [10-14]. This system
involves a straightforward one-electron transfer reaction between soluble species which can be

outlined according to the subsequent equation:

Fe(CN):™ = Fe(CN)3™ + le” (61)

In Fig. IV.7 (b), linear sweep voltammetry experiments are presented, we can observe
that as the scanning speed goes up, the peak current also goes up. Additionally, the peak
potential moves to anodic potentials as the scan speed rises, suggesting that the transmission of
charge isn’t reversible. The current peaks increase linearly with v', as depicted in Fig. V.7

(¢), implying that the anodic oxidation of Fe (CN)s* on SPEs was controlled by diffusion.

Hereafter, we will elaborate extensively on the computation of the voltammogram

acquired at 50 mV s, After that, we'll summarize the important findings for the remaining scan

rates.
0.06 0.06 0.06
(a) {b) (c)
0.05 0.05+
0.04 200 (mV's) /\ 200 mV 57} 200 (mV )
. 0.04 0.04 4
e -
= 0.02 = < 5
< .4 / 5 20 (mv ™)
= 30(mvs?) _g,,___-‘_,_.ﬂ..";_" £ oo 30 (mV 57) £ oos
= 000] pe—— - -~
w 0.02 0.02 R?=0.99
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Figure IV.7. (a) Cyclic voltammograms (b) linear sweep voltammograms plots representing
the oxidation of 5 mM potassium ferrocyanide on a screen-printed graphite electrode with 0.1 M
potassium chloride at various scan rates. (¢) The anodic peak currents variation with

the square root of the scan rate.
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1V.3.2.1. Charge transfer coefficient and diffusion coefficient calculation

The Tafel curve derived from experimental LS voltammetry is shown in Figure I'V.8
(a), obtained at a scan speed of 50 mVs™!. By determining the anodic slope of Tafel curves, we
calculated the a value as 0.259, which is then noted in Table IV.2. Moreover, an alternative
analysis of the voltammogram in Figure IV.8 (a) was conducted using the semi-integral
approach. The voltammogram accompanied by its semi-integral plot, labeled as m, was
displayed in Figure IV.8 (b). The values obtained from semi-integration converge toward a
threshold, indicated as m*, as a result of diffusion constraints on mass transfer. The diffusion

coefficient Dp,(cy)s- can be derived from this threshold value using the subsequent equation

[15, 16]:

m" = nFA C;ed(DRed)l/z (62)

The determined value for the diffusion coefficient Dp,(cyys- s 6.45x10°° cm?® 7.
Previous studies have reported a diffusion coefficient range between 6.10x10° and 8.0x10°¢

cm? s in the aqueous solutions [11, 17-19], consistent with our finding.

0.04 2 0.04 0.10
(a)
i R?=0.977 / T B et - 0.08
3 y=-5.422+1ﬂ.103)({ Lo o ?
" ,! g —_ 0.06 in
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— ] 3 —
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Figure IV.8. (a) Linear sweep voltammetry and Tafel plots at scan rate of 50 mVs™ (b) LSV

response at scan rate 50 mVs™! (black line), with its convoluted curve (red lines).

IV.3.2.2. Determining standard rate constant through the wuse of interpolation

relationships

The LSV curve in Fig. I'V.8 (a) yields peak current Ip, peak potential Ep, and half-peak
potential Ep — E, ;, values 0f0.0325 mA, 0.3828 V, and 0.1613 V correspondingly. To convert

these values into dimensionless units, we proceed as follows:
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v, Ip
= =0.603 (63)
(¥o)rev 04463 n FA Chpq (Drea)/? (g—i)mvl/z
nF
APy, = —(Ep = Epja) = 6.278 (64)
nF nF
Np = o (Bp — E®) =-(0.3828 — 0.1337)=9.696 (65)

The E° value utilized in this computation is 0.1337 V versus Ag/AgCl [20].

Equations (55-60) facilitate the determination of A. Employing relationship (35), the

standard rate constant k° values are derived, which are then documented in Table IV.3.

Table IV.3. The parameters of electrochemical kinetics for the oxidation reaction of ferrocyanide extracted

from the voltammogram recorded at a scan rate of 50 mV s

a DFe(CN);; , 10%cm?s! A k%, 10%cm s!

Tafel 0.259 SI 6.45 Eq. 55 0.1464 Eq.55 5.1854
Fit 0.260 Fit 6.50 Eq. 56 0.2426 Eq. 56 8.5956
Eq. 57 0.1987 Eq. 57 7.0414

Eq. 58 0.2709 Eq. 58 9.5988
Eq. 59 0.1866 Eq.59 6.6115
Eq. 60 0.0916 Eq. 60 3.2444
Fit 0.1646 Fit 5.8543

Initially, it is observed that the A values, ranging from 0.09 to 0.24, fall within the quasi-
reversible region defined in section 1V.4.1.3 (102 < A < 10%), and align with the ranges
suggested by Matsuda (102" < A <15) [2] and Kwak (107 < A < 107) [21]. Studies show
that the standard rate constant (k) values for the oxidation of ferrocyanide on carbon material
electrodes typically vary between 4.9x10* and 2.0x102 cm s™!' [22, 23].The calculated values
here fall within this range, suggesting that the performance of ferrocyanide at SPEs is quasi-
reversible. This highlights an easier and more interesting way to figure out rate constants from

specific points on linear sweep voltammetry graphs.
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1V.3.2.3. Simulation and fitting

Here, we show how the developed equations can be applied. To begin with, we utilized
the values of D, a, and k° determined in sections 1V.3.2.1 and IV.3.2.2 to simulate the
voltammograms. Furthermore, we conducted a fitting test, utilizing a range of values for D, a,

and k°, to obtain the most accurate alignment between the computed and experimental curves.

Fig. IV.9 displays the simulated voltammograms. Notably, those generated using k°
values derived from equations (55-60) closely match the experimental voltammogram,
especially when equations (55), (57), and (59) pertaining to peak current and peak potential are
employed. The minor differences observed while applying equations (56) and (58) could stem
from the effect of ohmic drop. However, in the case of equation (60), these variations can be
ascribed to the adimensional rate constant A falling beyond the applicable range for this
equation.

A strong match (shown in Fig. IV.10) was achieved between the experimental Linear

Sweep Voltammetry curves and simulated curves using these values:

D=6.5x10%cm?s!, 0=0.26 and £’=5.854x10* cm s™'.

The k° derived from fitting falls within the spectrum of k values derived from equations
(55-60), particularly showing strong similarity to those calculated by equations (55), (57), and
(59).

In Figure IV.10, we have juxtaposed the simulated, the fitted and the experimental
curves. The simulated curve was obtained utilizing the average value of k°, which measures
6.7129x10* cm s, The strong similarity among the three curves suggests that employing the
average value of k® could reconcile the minor discrepancies observed in the various k° values

calculated by equations (55-60).

We used the same method to examine the acquired voltammograms at varying scan
rates. Table IV.4 summarizes the distinct k° values calculated employing distinct relationships
for every scan speed. Exceptional agreements were replicated between the experimental LSV's
and simulated counterparts across different scan speeds, as depicted in Fig. IV.11. The
simulated curves were generated employing the average value of k° for every scanning rate.
These findings affirm the earlier findings and demonstrate that the interpolation equations
presented in the present study can effectively analyze experimental linear sweep

voltammograms for soluble/soluble system of quasi-reversible regime.
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Figure IV.9. Comparing the theoretical LSV curves generated using k° values from equations (55), (56),
(57), (58), (59), and (60) to the experimental voltammogram obtained at a scan rate of 50 mVs™L.
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Figure IV.10. Comparison among the fitted, simulated, and experimental voltammograms.

The simulated voltammogram was generated using the mean value of k°.

Table IV.4. The electrochemical standard rate constant k° for the oxidation reaction of ferrocyanide, obtained from the

voltammograms recorded at various scan rates.

v k% 10% cm §1
mV s Eq.55 Eq.56 Eq.57 Eq.58 Eq.59 Eq.60 Mean fit
value of k°
20 4.0005 12.094 4.8449 8.1107 98435 32714 7.0271 4.2575
30 4.6203  9.1586 5.7654 9.6403 9.0564 3.4565 6.9496 4.9075
50 5.1854  8.5956 7.0414 9.5088 6.6115 3.2444 6.7129 5.8543
70 5.1462  9.2838 7.8476 10.6512 6.2719 34123 7.1022 5.3640
100 49108 10.531 8.7916 12.0350 6.3537 3.8051 7.7393 6.2153
120 3.5750 8.0777 8.9398 11.4859 5.5540  3.6733 6.8843 6.5343
150 6.5218 9.6474 10.9634 12.9617 5.4971 3.8707 8.2437 8.2779
200 26182 6.5977 10.8614 13.6003 52846  4.0730 7.1725 6.9932
0.06 0.06
(a) (b)
0.05 0.05
a\ 0.04+ 150 (mV sY) E\ 0.044 50 (mvsh
0.021 50 (mvs?) T 0021 somvsh
30 (mVsh 30 mv s

0.01 0.01-
0.00 - s 0.00 - =

04 02 00 02 04 06 08 04 02 00 02 04 06 08

E (V) E(V)

Figure IV.11. Fitted voltammograms (dashed curves, (a)) and simulated voltammograms

(dashed curves, (b)) in comparison to experimental voltammograms (solid curves) at different scan rates.
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IV.4. Conclusion

This chapter presented first the use of the semi-analytical method for the simulation of
LSV corresponded to electrochemical systems involving soluble species. Through the
simulation study, a rigorous analysis of LSV responses was introduced in which the dependence
of the shape and position of LSVs to the adimensional kinetic rate constant A and charge transfer
coefficient o were examined. Based on the quantitative analysis of characteristics peaks via the
variation of both A and a, different kinetics diagrams were established. In particular, according
to these kinetics diagrams a series of practical equations were developed, which enable to the
easy and direct calculation of the standard speed constant for quasi-reversible soluble redox
couples.

On other hand, the electro-oxidation of ferrocyanide at SPGEs has chosen to verify the
theoretical results. The standard speed constant of the ferrocyanide oxidation on SPEs was
determined using the developed equations. Comparison of the simulation and experimental

voltammograms was perfomed, and an excellent agreement was obtained.
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Chapter V

V.1. Introduction

This chapter investigates firstly the use of cyclic voltammetry on SPEs to determine the
presence of dopamine, uric acid, and ascorbic acid. Secondly, the modelling of LSV's responses

related to the oxidation of these three molecules is presented.
V.2. Voltammetric study of DA, UA, AA detection on SPEs

Dopamine, uric acid and ascorbic acid sensing necessitates high sensitivity and
selectivity techniques. Electrochemical methods like voltammetry offer a valuable advantage in
identifying dopamine (DA), uric acid (UA), and ascorbic acid (AA) due to their ease of use and
speed [1]. In this section, cyclic voltammetry analysis was performed in evaluating the influence
of both scan speed and concentration on the three molecules oxidation on screen-printed

graphite electrodes.

V.2.1. Scan rate effect

The speed scan impact on oxidation peak current and potential of dopamine, ascorbic
acid and uric acid was examined at screen-printed electrodes in 0.1 M Phosphate Buffered

Saline (pH 7.4) through CV.

Figure. V.1 presents the CVs of the oxidation of 0.5 mM of dopamine, ascorbic acid
and uric acid on SPEs for various scan speeds ranging between 10 and 200 mV s™'. For the three
molecules that are illustrated in Fig. V.1 (a, c, ), the currents of the anodic peaks increase with
the raise of scan rate. Additionally, the oxidation peak potentials of these three molecules shift
to more positive potentials with increasing the scan rate, suggesting that the charge transfer
172y

kinetics is not reversible. As observed in Fig. V.1 (b, d, f) anodic peak currents depend (v

linearly, suggesting that the oxidation of DA, UA and AA are diffusion-controlled process [2].
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Figure V.1. CVs of 0.5 mM DA (a), 0.5 mM UA (c), 0.5 mM AA (e) on screen-

printed electrodes at different scan rates (10-200 mV/s) in 0.1 M PBS solution (pH

7.4). Linear plots of anodic peak current (Iys) vs. square root of scan rate v¥? (b, d, f).

V.2.2. Effect of concentration

The individual detection of three analytes was carried out in 1.10"! M Phosphate Buffered Saline
(pH 7.4) at screen-printed electrodes as presented in Fig. V.2 (a), (b), (c). Dopamine A, Urea A

and Ascorbic A peak currents were linear with the raise of there concentrations (Fig. V.2 (d),

(e) and (f)). The corresponding linear equations are outlined below:

For Dopamine: I pa (A) = 0.4273 + 0.0145C (uM) (R? = 0.9875),

For Urea acid, I pa (pA) = 0.2072 + 0.0153C (uM) (R? = 0.984),

And for Ascorbic Acid, I pa (LA) =0.0893 + 0.0029C (uM) (R? = 0.988),
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The linear intervals for Dopamine, Urea Acid, Ascorbic Acid ranged from 1 to 500 uM, 1 to
200 uM and 5 to 500 uM, in that order. The threshold of detection of DA, UA and AA were
calculated as follows 0.89 uM, 3.22 uM, and 9.19 uM in their respective order.

(b)

I (ud)
W A oo

y=0.0145x+0.427
R2=0.9875

0.4 02 0.0 02 0.4 0 100 200 300 400 500
E (V) Concentration (M)

(c) A

200 M

I (ud)

y=0.0153x+0.2072
R2=0.984

0 50 100 150 200
Concentration (gM)

(f)

y=0.0029x+0.0893
R2=0.988

0 100 200 300 400 500
Concentration (M)

Figure V.2. Cyclic voltammetric responses for different concentrations of DA (a),
UA(c) and AA(e) on screen-printed electrodes at scan rate of 50 mV s in 0.1 M PBS.
Plots of peak currents as function of DA (b), UA (d), and AA concentrations (f).
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Table V.1. Comparison of various DA, UA and AA determination of some properties of the

present work with other studies.

Dopamine
Electrode Linearity (nM) LOD (uM) Reference
DropSens SPCE 1-500 0.3 [3]
ERGOl1pr-SPCE 1-100 0.09 [3]
AuNP/SPCE 2-100 0.22 [4]
SPGEs(Graphite) 1-500 0.89 This work
Uric Acid
Electrode Linearity (nM) LOD (nM) Reference
The homemade SPCE 10—-80 1.94 [5]
ZnO/GR/SGPE (Graphite) 1-110 043 [6]
Poly(4-ASA)-PB- 10-200 3.0 [7]
SGPE(Graphite)
SPGEs (Graphite) 1-200 3.22 This work
Ascorbic Acid
Electrode Linearity (uM) LOD (uM) Reference
Cu/ CSPEs 1-250 0.5 [8]
CV-Fe304NP/ SPCE 10-100 15.7 [9]
ZnO/AI203/ GSPE 10-100 0.06 [10]
SPGEs (Graphite) 5-500 9.19 This work

Analytical findings obtained from the determining of DA, UA, and AA using the screen-
printed electrodes were contrasted with that of earlier published studies which are condensed into
Table V.1. The findings suggest that even without modification, the screen-printed electrodes

demonstrate good performance in detecting DA, UA, and AA.

V.3. LSV Simulation of electrochemical oxidation of Dopamine (DA), Uric

Acid (UA) and Ascorbic Acid (AA)

V.3.1. Determination of charge transfer coefficient

The oxidation charge transfer coefficient o of dopamine, uric acid and ascorbic acid,
was determined using Tafel analysis. Fig. V.3 (a, b, ¢) is an illustration the plots of Tafel derived
from experimental Linear Sweep Voltammetry data for DA, UA and AA where the scan speed

is 100 mV s~ !. By employing the anodic Tafel slope, a values of Dopamine, Urea Acid and
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Ascorbic Acid were calculated, taking into consideration that the number of electron used are
n=2 (DA), n=2 (UA), n=1(AA). The obtained result is reported in Table V.2. Clearly, it is
observed that a value for DA, uric acid UA, and AA ranges between 0.2 and 0.27. The value of
a obtained for DA is lower than that reported in a previously published work [3], due to the use
of a different electrolyte. Conversely, the obtained value of a for UA aligns well with that
reported in literature [6]. While the a value obtained for AA is significantly higher than that
reported in the previous study [11] as listed in Table V.2, the discrepancy is attributed to the
different number of electrons n used in the calculation of a. In our calculation, we used n=1

while in literature the value n=2 was used. This point will be discussed in the section V.3.4.

A 4.5 b [§
osto{ o008 0020, .
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Figure V.3. Linear sweep voltammograms (black line) with Tafel plots (dashed red line) for
the oxidation of 0.5 mM DA (a) , 0.5 mM UA (b) and 0.5 mM AA (c) on SPEs recorded at
scan rate of 100 mV s71in 0.1 M PBS (pH 7.4).

Table V.2. The calculated values of the charge transfer coefficient a for DA, UA and AA from
the Tafel plots presented in Fig. V.3.

Charge transfer coefficient, a

Molecule Our results Literature
DA 0.20 0.5 [3]
UA 0.24 0.28 [6]
AA 0.27 0.15 [11]
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V.3.2 Determination of diffusion coefficient

A semi-integral voltammetry was employed to determine the diffusion coefficient of
DA, UA, and AA,. The principle of semi-integral voltammetry, developed by Oldham [12],
involves the semi-integration of the current observed in the voltammogram with respect to time.
This process generates a novel function, denoted as M(t), characterized by a well-defined
plateau representing the limiting semi-integral current m* [13]. The diffusion coefficient could

be calculated by using the equation below:

m* = nF A Cgeq (DRed)l/z

Fig.V.4. presents the semi-integral plots obtained from the experimental voltammetric
data of DA, UA, and AA oxidation recoded at scan rate of 100 mV s'. Furthermore, it is
apparent that the semi-integration responses are not limited by a well-defined plateau due the
influence of electrolyte. In the calculation of diffusion coefficient of DA, UA and AA, the m*
values were extracted at where the potential corresponds to the third of peak current as indicated
in Fig.V.4. The calculated values of diffusion coefficient for DA, UA and AA are shown in
Table V.3.

0.020
(a) (1]

e 4 42 00 ;{i} 0.4 08 24 02 ofuﬁﬂ?ufz 04 08
Figure V.4. LSV responses (black line) and their semi-integrated curves (dashed red line) for
the oxidation of 0.5 mM DA (a) , 0.5 mM UA (b) and 0.5 mM AA (c) on SPEs at scan rate of

100 mV s 1in 0.1 M PBS (pH 7.4).

In comparison to the literature, the obtained Dpa value (4.85x 10 cm? s!) aligns with
the reported range (0.650 x10~° cm? s to 6.07 x10~° cm? s!) for DA oxidation at different
carbon electrodes: ERGO1pr-SPCE [3], AuNPs-PTAP/GCE [14] and poly-film/ GCE [15]. As
well as the diffusion coefficient of UA (2.6 x 10 cm? s™!) is close to 1.54 x 10 cm? s”! published

by Ardakani [16]. Diffusion coefficient of ascorbic acid was obtained and is 1.195%10° cm? s~
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!, this value is lower compared to that reported by Ernst [11]. This difference is attributed mainly

in the number of electrons used as mentioned in the section V.3.1.

Table V.3. The diffusion coefficient o values obtained for DA, UA and AA using semi-

integrative voltammetry.

diffusion coefficient, D, 107® cm? s’

Molecule Our results Literature
DA 4.85 607 [3]
0.607 [14]
0.650 [15]
UA 2.6 154 [16]
AA 1.195 6.48 [11]

V.3.3 Determination of the kinetic standard rate constant k°

By means of determining the standard rate constant k” form CV and LSV measurements,
different approaches were used. Form CV data, the Nicholson’s approach is a conventional
approach based on the peak-peak separation which is used in several studied in the quantitative
determination of DA, UA and AA [17]. Another approach was presented by Laviron, and

mainly used for irreversible systems [18].

Herein, from LS Voltammetry analysis, the standard rate constant k° of DA, UA and
AA determination is based on the use of the developed kinetics equations that was reported in
the precedent chapter. The developed kinetics equations related to the characteristics of

voltammetric peaks: the peak current, peak width potential, the peak potential, are as follows

[19]:
w, (1.1120%5-0.999)
Gy~ 0999+ rexp[PEAS LI 0050 .
rev 011103 + 0.322
(1.859a71-2.214)
AD,,, = 2214 + o2(A)—(—02080-0327 @
B/ 1+ exp([l g(A)o.EM%Zg?GOS )])
(W“’)" = (1.039a%1%) + (0.436 — 0.578a) log(A) 3)
Plrev
AD, , = (3401 — 1.493a) + (3.481 — 2.392a 1) log(A) 4)
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The first two equations (1) and (2) characterize a sigmoidal function, while equations
(3) and (4) represent linear functions. Both of eq. (1) and (3) describe the change in the

adimensional peak current (¥,)/ (‘Pp)rev, whereas eq. (2) and (4) describe the change the

adimensional half peak width (Ad, ;). Furthermore, we have developed two linear equations,
under distinct range, relative to the change in the adimensional peak potential (n ), which are:

When —1 >log A< 0,
np = (2.379a7%%%) + (=1.288a7%%%?) log(A)) (5)
When log A< —1,
np = (1.222 = 0.189a™") + (=2.296a~1) log(A) (6)
Where A is the dimensionless kinetic parameter.

These equations (1-6) allow quantifying the k° for DA, UA, and AA by using

measurements of peak current, peak potential and half-peak potential form the experimental

LS voltamograms, while a value is known.

Results of the peak current Ip, half peak width Ep — E, ., and peak potential Ep that were

extracted from LS voltammograms of DA, UA and AA oxidation recoded at 100 mV s are

converted into dimensionless values as follows:

WYp Ip
- 1/2
(Y0)rey  0.4463nFA Creg D2 (:—5) /212
(7)
F
Dpz = % (Ep - Ep/Z) ()
nF
Np = 77 (Ep —E°) ©)

We didn’t not find in literature the E° values for DA, UA and AA in PBS media. We
have used the simulation calculation presented in section V.3.4. to determine the values of E° .

From equation (9), the expression of E° is as follows:
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_RT
P LFNp

E°=E
Where Ep is the potential of experimental curve.

7y is the dimensional peak potential of simulated curve.

The standard potential values E° for DA, UA, and AA we have obtained are as follows:
E°(DA) = —0.037 V

E°(UA) = 0.1331V

E°(AA) = —0.1449 V

Using equations 7-9, we have calculated the different dimensionless parameters for the

three molecules and the obtained values are given in the Table V.4.

Table V.4. Dimensionless parameters for DA, UA and AA.

DA UA AA
v, 05262 05541 0.5846

(¥p),ey

Ay 70327 74126 49417
np 10.86 12.86 12.31

Using the developed equations (1-6), the kinetic parameter A can be easily calculated,

and the standard rate constant k’, is determined by applying the equation associated with A [20]:

kO

A= Eor (11)

In our calculation, we used « coefficients and the diffusion coefficients for DA, UA
and AA, previously determined in section V.3.1 and section V.3.2. The corresponding results
of k® are shown in Table V.5. In the same table, we have also calculated the two following
values of k%

Mean value 1 = (k° (Eq.1) + k° (Eq.3) + k° (Eq.5/6))/3
Mean value 2 = (k° (Eq.1) + k° (Eq.2) + k° (Eq.3) + k° (Eq.4) + k° (Eq.5)+ k° (Eq.6))/6
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Table V.5. The obtained kinetic parameter k° for the oxidation of DA, UA and AA.

Dopamine Uric acid Ascorbic acid
logA A k% 107 logA A K, 10 logA A K, 10%
cms! cms’! cms?

Eq. (1) -0.9676 0.1077 0.6620 -1.3141 0.048 2.1826 -1.3905 0.0407 0.8778
Eq.(2) -04770 0.3334 2.0487  -0.8389 0.1449 6.5198 -0.3864 0.4108 8.8593
Eq.(3) -0.7471 0.1790 1.0999  -0.8013 0.1580 7.1095 -0.8053 0.1566 3.3765
Eq.(4) -4.6354 0.3439 2.1132  -0.6738 02119 9.5349 -0.3614 0.4351 9.3833
Eq. (5) -0.5585 0.2764 1.6982  -1.2044 0.0624 2.8094 -1.3449 0.0452 0.9746
Eq. (6) -0.9219 0.1197 0.7356  -1.2988 0.0502 2.2609 -1.3862 0.0411 0.8863
Mean -0.7265 0.1877 1.1533  -1.0676 0.0856 3.8506 -1.0999 0.0794 1.7133
Valuel
Mean -0.6054 0.2481 1.5244  -0.91104 0.12273 5.5215 -0.66386 0.21684 4.6766
Value2

Overall Table V.5, it is remarkably observed that the k° values for DA are higher than those
obtained for UA and AA. The k° values obtained for dopamine oxidation are close to those
reported in the works of Emad et al. [14] and Calvo et al [3], wherein they obtained 3.78x10~>
cm s and 0.36x107° cm s™!. For uric acid oxidation, the k° results are in the range between
2.1826x10~* cm s and 9.5345x10~* cm s!. According to Ardakani [16], the k° value was
determined to be 8.460x10~* cm s which falls in the obtained range of k°. It was reported that
the k% is 2.7x1072 cm s™! for the oxidation of AA on platinum electrode [11], which is higher
than those calculated in our study and ranging between 0.8778x10~* cm s™' and 9.3833x10~* cm

s”l. This significant difference in values could be attributed to the effect of working electrodes.

Based on the kinetic curves presented in precedent chapter, the A values (0.04 — 0.43)
corresponding to DA, UA, and AA are situated in the range of Zone B (10~ < A < 10%), which
is defined for quasi-reversible systems. These values are also situated in both ranges (1072 (1*®
< A <15) and (10c}7 < A < 10%-7) suggested by Matsuda and Kwak respectively for quasi-
reversible systems [20, 21]. As a result, electrochemical behaviour of these three compounds

on screen-printed electrodes are characterized as quasi-reversible systems.

V.3.4. Voltammetry simulation

With the aim to examine the applicability of the developed equations in chapter IV, a
simulation study was performed to calculate theoretical voltammograms related to dopamine,

uric acid and ascorbic acid oxidation. Using the determined values of the parameters o, D and

K’
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In the dopamine (DA), uric acid (UA) and ascorbic acid (AA) oxidation mechanisms, a
two-electrons oxidation process is typically reported in the literature. In our simulation
calculations, we specifically applied a two-electrons oxidation for DA and UA. However, In for

ascorbic acid (AA), we have tested both one-electron and two-electrons processes.

In Figs. V(5-8), simulated LS voltammograms using k° of equations listed in Table V.5
with the experimental curves of DA, UA and AA oxidation at 100 mV s are presented. The
results of the simulation indicate an accord with the experimental voltammograms. However,
the better agreement are obtained with eq. (2), (4) and (6/7) compared than to eq. (3) and (5).
The remarkable discrepancies seen with eq. (3) and (5) may be attributed to the influence of
ohmic drop, while for eq. (5) may be explained by A values that were outside the limits of these

equations’ applicability. This remark corroborate with that mentioned in chapter V1.

The simulated voltammograms of DA, UA and AA using the mean values of k° reveal
that the best agreement with the experimental voltammograms is generally that obtained with

Mean Value 1.

Furthermore, comparison between voltammograms of Fig. V.7 and Fig. V.8 indicates

that the use of one electron gave better-simulated voltammograms for AA oxidation [22].
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Figure V.5. Comparison between simulated and experimental LS voltammograms for 0.5 mM

DA recoded at 100 mV s! scan rate.
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Figure V.6. Comparison between simulated and experimental LS voltammograms for 0.5 mM

UA recoded at 100 mV s'! scan rate.
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Figure V.7. Comparison between theoretical and experimental LS voltammograms for 0.5

mM AA recoded at 100 mV s scan rate using n=1.
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Figure V.8. Comparison between theoretical and experimental LS voltammograms for 0.5

mM AA recoded at 100 mV s scan rate using n=2, 0=0.13 and D= 2.98x10"".

V.3.5. Scan rate analysis

In Fig.V.(9-11), the LS voltammograms for DA, UA and AA at different scan speeds of
30, 50, 100 and 150 mV s-1 were calculated using the parameter k° acquired from Eq. (1) for
each scan rate. Simulated and experimental LSV's reproduced best fits under different scan rates.
All these results of simulation show that the equations developed in chapter IV provide
a good values of k° (Table V.2). Furthermore, the values calculated from equations (1), (3), (5)

or Mean Value 1 are the best ones.
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Figure V.9. Fitted and experimental LS voltammograms for 0.5 mM DA on screen-printed electrodes
at different scan rates (30, 50, 100, 150) mV s™'.
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Figure V.10. Fitted and experimental LS voltammograms for 0.5 mM UA on screen-printed
electrodes at different scan rates (30, 50, 100, 150) mV s
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Figure V.11. Fitted and experimental LS voltammograms for 0.5 mM AA on screen-printed

electrodes at different scan rates (30, 50, 100, 150) mV s

V.3.6. Concentration analysis

In order to estimate theoretically the analytical parameters for detection of DA, UA and
AA at screen-printed electrodes, variation in concentrations of DA, UA and AA was examined
by using simulation method. Fig. V.12 (a, c, e) presents experimental linear sweep
voltammogrames with simulated LS voltammograms for different concentration of DA, UA
and AA. The simulated voltammograms for each concentration were calculated using the k°
value of eq. (1). Consequently, a good accord was observed between the simulated and

experimental ones under different concentrations.

Next, in Fig. V.12 (b, d, f.) plots of calibration of the oxidation peak currents
corresponding to the different DA, UA and AA concentrations obtained from simulated
voltammograms of Fig. V.12 (a, c, e) are illustrated. A linear dependence for DA (Fig. V.12
(b)) was noticed over the concentration interval of 10-500 uM according to the equation I (nA)
=0.0138C (uM) + 0.6170 and a coefficient of correlation equal to 0.984. Then, Fig. V.12 (d)
showed a linear current response with UA concentrations in the interval of 3 uM to 200 uM

according to the equation of I (uA) = 0.0153 C (uM) + 0.24436 and R? = 0.983. For AA
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concentrations, a linear relationship was obtained as presented in Fig. V.12 (f) in the
concentration spectrum from 20 to 500 uM according to the equation I (nA) = 0.00281C (uM)
+ 0.10826 with R? =0.9862. These results confirm again that the calculated values of kO could

generate theoretical curves very close to corresponding experimental ones.
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Figure V.12. Experimental and simulated LS voltammograms corresponding to the different
concentrations of DA (a), UA (c), AA (e). Calibration plots of the experimental and simulated
peak currents of DA (b), UA (d), AA (f).
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V.4 Conclusion

This chapter is firstly focused on the study of detection by electrochemical method of
three biomolecules: dopamine, uric acid and ascorbic acid, on screen-printed electrode using
cyclic voltammetry. Voltammetric results demonstrated a good performance of SPEs for DA,
UA and AA determination in concentration range of 1-500 uM, 1-200 uM, and 5-500 puM,
respectively, with corresponding limit detection of 0.89 uM, 3.22 uM, 9.19 uM for DA, UA,
and AA in order. These results showed good analytical performance for the unmodified SPE

compared to other modified SPEs.

Tafel plots were employed to calculate the transfer charge coefficient while the diffusion
coefficients of DA, UA and AA were determined through the semi-integral method. The
standard rate constants k® of DA, UA and AA were determined using the equations developed
in chapter IV. The obtained results indicate that the electro-oxidation of dopamine, uric acid,
and ascorbic acid is quasi-reversible processes, and confirm that the calculated values of k°
could generate theoretical curves very close to corresponding experimental ones. We consider

these results as a very good validation for the obtained theoretical equations of k°.
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Conclusions

We believe that this work has made a significant contribution to the
development of the theory of linear sweep voltammetry for electrochemical soluble
redox couples. Newly developed equations have been established for determining the

standard rate constant k°.

The simulation was based on the diffusion mass transport and the Butler-Volmer
kinetics using semi-analytical method. The developed algorithmic of LSV and
theoretical equations were validated experimentally through electrochemical oxidation
of ferrocyanide, dopamine (DA), uric acid (UA) and ascorbic acid (AA) on screen-

printed graphite electrodes (SPGEs).

In the simulation study, a theoretical analysis of linear sweep voltammetry
responses was presented. The effects of charge transfer coefficient (o) and
dimensionless kinetic rate constant (A) on the shape and position of voltammograms
were investigated. Through the coupling effects of botha and A on peaks
characteristics including peak current, half peak width and peak potential, different

kinetics diagrams were established.

Based on the qualitative and quantitative analysis of kinetics diagrams,
limitation zones for reversible, quasi-reversible, and irreversible systems were
obtained. The reversible zone is in A >10°, the quasi-reversible zone is in 1073 <A <
103, and the irreversible zone is in A <107. Then, a series of kinetic equations were
developed, which enables an easy determination of the standard rate constant for quasi-

reversible soluble/soluble systems.

The electrochemical oxidation of ferrocyanide Fe(CN)s* on screen-printed
graphite electrodes was studied to verified the obtained theoretical results. The
different kinetic properties of the oxidation ferrocyanide were determined using
different approaches. The charge transfer coefficient o was obtained by Tafel plots and
found to be 0.259 as well as the diffusion coefficient was calculated using a semi-
integral voltammetry, and was 6.45x10°% cm? s™'. Using the developed equations, the

standard kinetic rate constant was determined to be 6,7129 x10* ¢cm s°!, revealing that
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the electrochemical of oxidation of ferrocyanide Fe(CN)¢* on SPGEs is quasi-

reversible process.

In the application of electrochemical sensors, a voltammetric study for the
electrochemical detection of three biomolecules of interest, namely dopamine, uric
acid, and ascorbic acid, on screen-printed graphite electrodes was presented. The sensor
show good results in the determination of DA, UA and AA with linear concentration
range of 1 to 500 uM, 1 to 200 uM and 5 to 500 uM, respectively. The detection limit
was found to be 0.89 uM for DA, 3.22 uM for UA, 9.19 uM for AA.

The kinetic and mass transport parameters of the detection of dopamine, uric
acid and ascorbic acid on SPGEs were obtained using approaches presented in this
thesis. For dopamine, the charge transfer coefficient a was equal to 0.2 and the
diffusion coefficient was obtained to be 4.85 x 10% cm? s!. The value of the standard
rate kinetic constant k® was calculated and was equal to 1.15334 x 10 ¢cm s™!. For uric
acid, the charge transfer coefficient o was equal to 0.24 and the diffusion coefficient
was to be 2.6 x 10°° cm? s™'. The k® was determined to be 3.85063x 10 cm s™'. For AA,
the charge transfer coefficient o was equal to 0.27 and the diffusion coefficient was to
be 1.195 x 10 cm? s, The k° was determined to be 1.713292 x 10" cm s™'. Besides
these results, the electro-oxidation behaviours of dopamine, uric acid and ascorbic acid

are kinetically quasi-reversible processes.

The results obtained made it possible to establish diagnostic criteria allowing
the calculation of the kinetic parameters of quasi-reversible soluble-soluble systems.
Experimental studies were carried out to validate the theoretical results obtained. The
analysis of the simulation results confirmed that the calculated values of the standard
speed constant k® make it possible to establish theoretical curves very close to the
corresponding experimental curves. This constitutes a good validation of the theoretical

equations obtained for the standard rate constant k°.

Considering the findings of this study, we propose an extension of our approach
to analyse cyclic voltammetry responses more comprehensively. Moreover, we suggest
investigating the impact of the combined anodic and cathodic transfer coefficients on

refining the theoretical equations developed.
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