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ABSTRACT  

Dopamine is an important neurotransmitter that plays a significant role in main-

taining the functional activities of central nervous, cardiovascular, and hormonal 

systems. The detection of the change of the concentration levels of dopamine 

worths of research because it has been proved that numerous mental and physical 

disorders are associated with it. As an immediate result, reliable, rapid, smart, flex-

ible and low-cost sensors need to be developed for dopamine detection. For this 

objective, the interest of the scientific community concentrates on developing 

electrochemical sensors, which convert electrochemical information into exploit-

able analytically signal. Various studies of metal-catalysts, such as Pt, Pd, Au, Ru 

and Ti demonstrate promising potential in electroanalysis and indicate that these 

materials can be used for sensor designing. Especially, Pt and Pd type catalysts 

have shown remarkable catalytic activity towards dopamine electrooxidation re-

action.  

In the current thesis, the catalytic effect of Pt(20%wt)/graphitized carbon, 

Pd(20wt%)/Vulcan-XC72 commercial and Pd(20wt%)/Vulcan-XC72 homemade 

for dopamine oxidation is investigated. Electrochemical techniques, such as cyclic 

voltammetry, chronoamperometry and differential pulse voltammetry are em-

ployed for the catalytic effect. The structure of the catalysts was analyzed with the 

transmission electron microscope and X-Ray diffraction techniques. It is found 

that Pt(20%wt)/graphitized carbon, Pd(20wt%)/Vulcan-XC72 commercial as well 

as homemade exhibit electrochemical activity towards dopamine electrooxidation 

reaction with peak values of the current density being 1403.7μΑ cm-2, 1091μΑ cm-

2 and 780μΑ cm-2 in 0.5mM dopamine in a 0.15M PBS at a temperature of 26oC 

respectively for the two catalysts. The durability of the Pt(20%wt)/graphitized car-

bon, Pd(20wt%)/Vulcan-XC72 commercial and homemade catalysts were poor 

and the stability of all catalysts was satisfying. Finally, it is found that the increase 

in temperature causes a visible increase in the anodic peak current of the catalysts. 

Concluding, the catalyst formed with Pt(20%wt)/graphitized carbon exhibits bet-

ter results, concerning the effective detection of dopamine and the durability, than 

the catalysts of Pd(20wt%)/Vulcan-XC72.  
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ΠΕΡΙΛΗΨΗ 

Η ντοπαμίνη είναι ένας σημαντικός νευροδιαβιβαστής που παίζει σημαντικό ρόλο 

στη διατήρηση των λειτουργικών δραστηριοτήτων των κεντρικών νευρικών, καρ-

διαγγειακών και ορμονικών συστημάτων. Η ανίχνευση της μεταβολής των επιπέ-

δων συγκέντρωσης της ντοπαμίνης χρήζει περαιτέρω έρευνας διότι έχει αποδει-

χθεί ότι πολλές ψυχικές και σωματικές διαταραχές συνδέονται με αυτήν. Ως άμεσο 

αποτέλεσμα, αξιόπιστοι, γρήγοροι, εφαρμόσιμοι και χαμηλού κόστους αισθητή-

ρες χρειάζεται να αναπτυχθούν για την ανίχνευση ντοπαμίνης. Για τον σκοπό 

αυτό, το ενδιαφέρον της επιστημονικής κοινότητας συγκεντρώνεται στην ανά-

πτυξη ηλεκτροχημικών αισθητήρων, οι οποίοι μετατρέπουν την ηλεκτροχημική 

πληροφορία σε εκμεταλλεύσιμο αναλυτικό σήμα. Εκτεταμένες έρευνες σε μεταλ-

λικούς καταλυτές, όπως Pt, Pd, Au, Ru και Ti επιδεικνύουν πολλά υποσχόμενες 

δυνατότητες στην ηλεκτροανάλυση και ενδεχομένως αποτελούν χρησιμα υλικά 

για τον σχεδιασμό αισθητήρα. Ειδικότερα, καταλύτες με βάση το Pt και το Pd 

έχουν παρουσιάσει αξιοσημείωτη καταλυτική δράση προς τη οξείδωση της ντο-

παμίνης. 

Στην παρούσα διπλωματική παρουσιάζεται η επίδραση των καταλυτών 

Pt(20%wt)/graphitized carbon, εμπορικού Pd(20wt%)/Vulcan-XC72 καθως και 

homemade Pd(20wt%)/Vulcan-XC72 για την οξείδωση ντοπαμίνης σε φυσιολο-

γικό ορό με 7.3 pH. Βρέθηκε ότι και οι τρεις καταλύτες επιδεικνύουν ηλεκτροχη-

μική δραστηριότητα ως προς τη ντοπαμίνη με τις μέγιστες τιμές των ανωδικών 

ρευμάτων να είναι 1403.7μΑ cm-2,  1091μΑ cm-2 και 780μΑ cm-2 για μετρήσεις 

σε διάλυμα 0.5mM ντοπαμίνης σε 0.15M PBS και θερμοκρασία 26oC για τους τρεις 

καταλύτες αντίστοιχα. Η αντοχή των καταλυτών ήταν σχετικά ασθενής στο διά-

λυμα ντοπαμίνης και η σταθερότητα και των καταλυτών ήταν ικανοποιητική. Η 

άνοδος της θερμοκρασίας προκάλεσε αξιοσημείωτη αύξηση στην ανώτατη τιμή 

ρεύματος οξείδωσης σε όλα τα κυκλικά βολταμογραφήματα. Συμπαρασματικά, ο 

καταλύτης  με βάση τον λευκόχρυσο (Pt(20%wt)/graphitized carbon) παρουσιάζει 

καλύτερα αποτελέσματα, αναφορικά με την αποτελεμαστική ανίχνευση της ντο-

παμίνης και την αντοχή, σε σχέση με τους καταλύτες παλαδίου 

(Pd(20wt%)/Vulcan-XC72 εμπορικός και homemade).    
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Introduction  

Advances in electrochemistry have provided efficient and analytical systems char-

acterized by instrumental simplicity, moderate cost, portability and short analysis 

time. Electrochemical techniques are proved to be valuable tools for specific ap-

plications. One exceptional use of them is for real time detection of biomolecules, 

such as glucose, dopamine, uric acid, etc. The main challenge of such kind sensors 

is the improvement of sensitivity, stability and selectivity; factors that can be im-

proved and lead to an accurate detection of the respective electroactive molecules. 

The main objective of the current thesis is the investigation of Pd(20wt%)/Vul-

canXC-72 and Pt(20%wt)/graphitized carbon as catalysts for dopamine en-

zymeless electrochemical sensors.  

The thesis is divided into two main sections: i) the theoretical part, which describes 

the data in the literature regarding the research topics addressed, and ii) the exper-

imental part, which presents the original contributions. The occurrence, role, bio-

logical importance of dopamine for its assessment are firstly discussed. Therefore 

the principals, the theoretical background and the development through the years 

of biosensors will be extensively analyzed in the following chapters.  

The first Chapter describes the motivation of the thesis which is the importance of 

dopamine detections. The second Chapter discusses general aspects concerning 

the principals of electrochemistry and the applications of electrochemical cells and 

their applications. The third Chapter is dedicated to the chemical sensors and spe-

cifically to the amperometric electrochemical sensors. Then in the fourth Chapter 

the electroanalytical methods used for this thesis along with electrochemical ther-

modynamics and kinetics are explained.  In the fifth Chapter the experimental re-

sults are presented, while the sixth Chapter discussed the experimental procedures 

being followed in the current thesis.  Finally, in the seventh Chapter draws the 

conclusions, and suggests some for future research. 
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Electrochemistry fundamentals and electrochemical devices  

The performance of an electrolytic cell depends on the electrodes and the electrolyte, thus 

it’s a necessity to introduce some of the basic meanings and principals on this field. The 

first Chapter is dedicated to some of the most common application of electrochem-

istry. Firstly, the basic principles of electrochemistry and an electrochemical cell 

are analyzed and. Thereinafter, systems for electrochemical energy storage and 

conversion such as batteries, fuel cells, and electrochemical capacitors (ECs) are 

discussed.  

1.1 Electrochemical Cells and Reactions  

Electroanalytical chemistry along with the use of oxidation–reduction reactions 

and other charge-transfer phenomena had its origin a century ago. In the last dec-

ades, voltammetric methods have been broadly used for multiple application such 

as electrochemical reactions  [1], model studies of enzymatic catalysis  [2],  solar 

energy conversion  [3], in the determination of trace concentrations of biological 

and clinically important compounds  [4] and others. An electrochemical cell is a 

device capable of either generating electrical energy from chemical reactions or 

using electrical energy to cause chemical reactions. In electrochemical systems the 

subject is the processes and factors that affect the transport of charge across the 

interface between chemical phases. An electrochemical cell has two main com-

pounds which are an electronic conductor (an electrode) and an ionic conductor 

(an electrolyte) and we are mostly concerned about the interface electrode/electro-

lyte and the events that occur there when an electric potential is applied and current 

passes. Charge is transported through the electrode by the movement of electrons 

(and holes)  [5]. Both the electrode reactions and/or the charge transport can be 

modulated chemically and serve as the basis of the sensing process  [6]. 

 

https://en.wikipedia.org/wiki/Electrical_energy
https://en.wikipedia.org/wiki/Chemical_reaction
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Figure 1.1. Electrolytic cell with aqueous solution of sodium chloride [7]. 

Many well-known systems follow the same electrochemical principals- all con-

sist of two electrodes in contact with an electrolyte solution. Common features 

are that the energy-providing processes take place at the phase boundary of the 

electrode/electrolyte interface and that electron and ion transport is separated 

[7].     

1.2 Electrodes  

An electrode in an electrochemical cell is referred to as either an anode or a cath-

ode. The anode is now defined as the electrode at which electrons leave the cell 

and oxidation occurs and the cathode as the electrode at which electrons enter the 

cell and reduction occurs  [8]. Each electrode may become either the anode or the 

cathode depending on the direction of current through the cell.  For the needs of 

the experiments a three-electrode cell was used, which is composed from a work-

ing, a reference and an auxiliary electrode. Typical electrode materials include 

solid metals (e.g., Pt, Au), liquid metals (Hg, amalgams), carbon (graphite), and 

semiconductors (indium-tin oxide, Si).  [5] 

Working electrode 

The working electrode is the electrode in an electrochemical system on which the 

reaction of interest is occurring  [9]. Working electrode materials are selected to 

provide good electron transfer properties towards the substrate while showing high 

activation energy for electron transfer in the principal competing reaction  [10]. 

Depending on whether the reaction on the electrode is a reduction or an oxidation, 

the working electrode is called cathodic or anodic, respectively. Ideally it should 

have a good signal-to-noise ratio, reproducible response, no interfering reactions 

over the potential of interest, high electrical stability, low cost, availability, low 

https://en.wikipedia.org/wiki/Electrochemical_cell
https://en.wikipedia.org/wiki/Anode
https://en.wikipedia.org/wiki/Cathode
https://en.wikipedia.org/wiki/Cathode
https://en.wikipedia.org/wiki/Electron
https://en.wikipedia.org/wiki/Oxidation
https://en.wikipedia.org/wiki/Redox
https://en.wikipedia.org/wiki/Electrode
https://en.wikipedia.org/wiki/Cathode
https://en.wikipedia.org/wiki/Anode


 

4 
 

toxicity and long-term stability. Due to these factors, the working electrode has 

been made from noble metals such as Au, Ag, Pt, or Hg and C in the form of 

carbon paste or graphite  [9, [11]. Chemically modified electrodes are employed 

for the analysis of both organic and inorganic samples [12].  

Glassy Carbon electrode (GCE) 

Since the experiments are operated for this Thesis are led using a glassy carbon 

electrode as the working electrode, the following review focuses on it. Glassy car-

bon is among the most popular carbon electrode materials used as substrates for 

modification as it provides wide potential window with low background currents, 

negligible porosity and it is chemically and mechanically stable  [10]. Bare glassy 

carbon electrode has been employed for multy-analyte detection. In general Car-

bon electrodes are widely used in electroanalysis due to their low background cur-

rent, wide potential window, chemical inertness, low cost, and suitability for var-

ious sensing and detection applications  [13].The use of chemically modified elec-

trodes can help in selective, sensitive, and reproducible detection of DA in the 

presence of other interferences by reduction of ohmic resistance associated with 

the wide potential window. Factors affecting the response of a modified electro-

chemical sensor include the nature of coating material, method of synthesis of 

coating material, mechanism of electrode coating, use of mediators, and nature of 

sample matrix. As mentioned above simultaneous determination of DA, AA and 

UA compounds is a special interest in sensor systems  [14]. For this purpose, var-

ious modified glassy carbon electrodes (GCE) have been constructed. For exam-

ple, modified GCE with carbon nanotube  [15] graphene/Pt-modified GCE  [16], 

polymer film modified GCE  [17] and gold nanoparticles modified GCE  [18] were 

used for the electrocatalytic oxidation of DA, AA and UA. Modified electrode 

resolved the overlapping of the anodic peaks of DA, AA and UA into three well-

defined voltammetric peaks. In addition, the modified electrodes showed high 

electrocatalytic activities toward the oxidation of DA, AA and UA by changing 

their oxidation potentials and enhancing the peak currents. The chemical and elec-

trochemical pretreatment shows significant changes in physical and electrochem-

ical properties of GCE  [19]. 
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Screen printed electrodes (SPE) 

Screen printed electrodes are devices based on the screen-printing technology. 

They are produced by printing different inks on various types of plastic or ceramic 

substrates. The composition of the various inks used for printing on the electrodes 

determines the selectivity and sensitivity required for each analysis. Screen print-

ing is an attractive technology for the fabrication of electrochemical sensors since 

it enables large scale fabrication of low cost, reproducible and disposable elec-

trodes with extended scope for modification  [20]. SPEs, known for their adapta-

bility since they can be easily modified to fit multiple purposes, have attracted the 

scientific interest. They are easy to modify using different inks commercially 

available for working electrode, giving significant results in sensitive and selective 

detection of multiple analytes  [21]. Disposable working electrodes have attracted 

attention worldwide. These disposable working electrodes are easy to handle and 

have economic efficiency  [22].  

Carbon paste electrodes (CPE) 

Carbon paste electrodes (CPE) have been used for many decades. Its advantages 

include the ease and speed of preparation, the creation of a new producible surface 

and the low cost of carbon paste  [23]. Carbon paste electrodes are convenient 

conductive matrixes for preparing chemically modified electrodes (CMEs)  [24]. 

CPEs can be modified by a variety of materials in order to achieve better electro-

catalytic activity, sensitivity, selectivity and low detection limit than the traditional 

CPEs. Carbon paste has become one of the most popular electrode materials used 

for the laboratory preparations of various electrodes, sensors and detectors and 

generally they are widely used for voltammetric measurements. They are also non- 

toxic and environment friendly electrodes. Dopamine (DA) has been determined 

in presence of ascorbic acid (AA) and uric acid (UA) using poly (spands reagent) 

modified CPE. DA was also determined in real samples using fabricated sensor  

[25]. 

 

 

https://www.sciencedirect.com/topics/chemistry/electrochemical-sensors
https://www.sciencedirect.com/topics/chemistry/working-electrode
https://www.sciencedirect.com/topics/chemistry/electrocatalytic-activity
https://www.sciencedirect.com/topics/chemistry/electrocatalytic-activity
https://www.sciencedirect.com/topics/chemistry/electrode-materials
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Other types of electrodes 

Electrodes such as Boron doped diamond electrode, gold electrode, Carbon-Ce-

ramic electrodes, etc. have been reported in literature for the detection of DA in 

presence of AA and UA [26, [27]. 

Reference electrodes 

Reference electrodes provide a standard well-known electrode potential for the 

electrochemical measurements. The composition of a good reference electrode 

(RE) remains effectively constant, unvarying for the duration of an experiment. It 

is also required to have reversibility (non-polarizability) and reproducibility. For 

electrochemical sensors, an accurate and stable reference electrode that acts as a 

half-cell in the measurement circuit is critical to providing a stable reference po-

tential and for measuring the change in potential difference across the redox reac-

tion. A commonly used reference electrode is the Ag/AgCl electrode due to its 

simplicity, stability, and capability of miniaturization. A conventional Ag/AgCl 

reference electrode is a silver wire that is coated with a thin layer of silver chloride 

either by electroplating or by dipping the wire in molten silver chloride. The po-

tential developed is determined by the chloride concentration of the inner solution, 

as defined by the Nernst equation. 

Auxiliary electrode 

The auxiliary electrode, often also called the counter electrode, is an electrode 

which is used only to make a connection to the electrolyte so that a current can be 

applied to the working electrode. In a two-electrode system, either a known current 

or potential is applied between the working and auxiliary electrodes and the other 

variable may be measured. The auxiliary electrode functions as a cathode when-

ever the working electrode is operating as an anode and vice versa. It often has a 

surface area much larger than that of the working electrode to ensure that the half-

reaction occurring at the auxiliary electrode can occur fast enough so as not to 

limit the process at the working electrode. When a three electrode cell is used to 

perform electroanalytical chemistry, the auxiliary electrode, along with the work-

ing electrode, provides a circuit over which current is either applied or measured. 

https://www.sciencedirect.com/topics/chemistry/boron-atom
https://en.wikipedia.org/wiki/Electrode_potential
https://en.wikipedia.org/wiki/Electrode
https://en.wikipedia.org/wiki/Voltammetry#Three_electrodes_system
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Here, the potential of the auxiliary electrode is usually not measured and is ad-

justed so as to balance the reaction occurring at the working electrode. This con-

figuration allows the potential of the working electrode to be measured against a 

known reference electrode without compromising the stability of that reference 

electrode by passing current over it. Auxiliary electrodes are usually made of an 

inert material, such as a noble metal or graphite, to keep it from dissolving. 

1.3 Electrolytes  

Electrolytes are omnipresent and (indispensable) necessitous in all electrochemi-

cal devices, and their basic function is independent of the much diversified chem-

istries and applications of these devices. In this sense, electrolytes in electrolytic 

cells, capacitors, fuel cells, or batteries play always the same role they function as 

the medium for the transfer of charges, which are in the form of ions, between a 

pair of electrodes. The vast majority of the electrolytes are electrolytic solution-

types that consist of salts dissolved in solvents, either water (aqueous) or organic 

molecules (nonaqueous) and are in a liquid state in the service-temperature range.  

The electrolyte, in most situations, defines how fast the energy could be released 

by controlling the rate of mass flow within the electrolytic cell. Conceptually, the 

electrolyte should undergo no net chemical changes during the operation of the 

cell, and all Faradaic processes are expected to occur within the electrodes. While 

the potencies of electrode materials are usually quantified by the redox potential 

in volts against some certain reference potential, the stability of an electrolyte can 

also be quantified by the range in volts between its oxidative and reductive de-

composition limits, which is known as the “electrochemical window”. It’s im-

portant for an electrolyte to have a wide electrochemical window, so that electro-

lyte degradation would not occur within the range of the working potentials of 

both the cathode and the anode. 

Certainly, electrochemical stability is only one of the requirements that an electro-

lyte should meet Electrolytes is also required to present good ionic conductivity 

and function as an electronic insulator, so that ion transport can be facile and self-

discharge can be kept to a minimum. Finally, it should show resistance against 

various abuses, such as electrical, mechanical, or thermal ones and its components 

should preferably be environmentally friendly  [28]. 

https://en.wikipedia.org/wiki/Noble_metal
https://en.wikipedia.org/wiki/Graphite
https://www.thesaurus.com/browse/omnipresent
https://www.thesaurus.com/browse/necessitous
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Liquid electrolytes 

Electrolytes can take several different forms and phases (liquid, polymer, solid, or 

ionic liquid) depending on the application they are used in. In general, liquid elec-

trolytes have low viscosity, high ionic conductivity, and are extremely flammable. 

Liquid electrolytes are solutions generally consist of solvated ions and solvent 

molecules which can be aqueous or not. The departures from ideality in ionic so-

lutions are dominantly caused by the Coulombic interaction between ions. Ions 

that are oppositely charged attract one another. As a result, anions are more likely 

to be found near cations in solution, and vice versa. Near any given ions, there is 

an excess of counter ions (ions of opposite charge), even though the overall solu-

tion is electrically neutral  [29].  

Solid electrolytes 

The most popular category of solid electrolytes is the one of Polymer electrolytes. 

They are known for their significantly higher viscosity, lower ionic conductivity 

and their favorable mechanical properties, but on the downside, they contain the 

similar components that make liquid electrolytes extremely flammable. Such ma-

terials may be readily fabricated as films and are used as replacements for typical 

low-molecular-weight liquid-based electrolytes for practical electrochemical de-

vices. The recent years there has been an increasing interest in polymer based elec-

trolytes due to their utilization in abroad variety of their technological applications 

in electrochemical devices such as thin film batteries and fuel cells  [30]. Solid 

electrolytes can also be ceramic. Certain ceramic structures are capable of li-ion 

conduction and can serve as an electrolyte; however, the temperature at which the 

lithium diffusion processes become functional is much higher than the practical 

use temperatures of a lithium-ion battery.  

Ionic liquids 

Ionic liquids (molten salts) have the highest conductivity, but must be maintained 

at a high temperature to remain in the liquid state to be an ionically-conducting  

electrolyte  [31, [32]. 
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1.4 Applications of electrochemistry 

Energy consumption/production that relies on the combustion of fossil fuels is 

forecast to have a severe future impact on world economics and ecology. In re-

search of new environmentally friendly and sustainable energy sources, the elec-

trochemical energy production is a good perspective alternative. Systems for elec-

trochemical energy storage and conversion include batteries, fuel cells, and elec-

trochemical capacitors (ECs).  

1.4.1 Batteries  

An electric battery is a device consisting of one or more electrochemical cells with 

external connections provided to power electrical devices  [33]. When a battery is 

supplying electric power, electrons will flow through an external electric circuit 

from anode to cathode. When a battery is connected to an external electric load, a 

redox reaction converts high-energy reactants to lower-energy products, and the 

free-energy difference is delivered to the external circuit as electrical energy  [34]. 

The two main categories of batteries are the primary and the secondary. Primary 

batteries are disposable which means that they are used once and discarded since 

the electrode materials are irreversibly changed during discharge (e.g. the alkaline 

battery. Secondary batteries are rechargeable meaning that they can be discharged 

and recharged multiple times using an applied electric current since the original 

composition of the electrodes can be restored by reverse current with the most 

common example being the lithium-ion batteries.  

1.4.2 Fuel cells 

A fuel cell is an electrochemical cell that converts the potential energy from a fuel 

into electricity through an electrochemical reaction of hydrogen fuel with oxygen 

or another oxidizing agent. It is composed from two electrodes, the anode and the 

cathode, and one electrolyte that allow positively charged hydrogen ions (protons) 

to move between the two sides of the fuel cell. Two chemical reactions occur at 

the interfaces of the three different segments. At the anode a catalyst causes the 

fuel to oxidase generating protons (positively charged hydrogen ions) and elec-

trons. The protons flow from the anode to the cathode through the electrolyte after 

the reaction while electrons are drawn from the anode to the cathode through an 

https://en.wikipedia.org/wiki/Electrochemical_cell
https://en.wikipedia.org/wiki/Electric_power
https://en.wikipedia.org/wiki/Redox
https://en.wikipedia.org/wiki/Gibbs_free_energy
https://en.wikipedia.org/wiki/Primary_battery
https://en.wikipedia.org/wiki/Electrode
https://en.wikipedia.org/wiki/Alkaline_battery
https://en.wikipedia.org/wiki/Alkaline_battery
https://en.wikipedia.org/wiki/Rechargeable_battery
https://en.wikipedia.org/wiki/Lithium-ion
https://en.wikipedia.org/wiki/Electrochemical_cell
https://en.wikipedia.org/wiki/Potential_energy
https://en.wikipedia.org/wiki/Electrochemistry
https://en.wikipedia.org/wiki/Hydrogen_fuel
https://en.wikipedia.org/wiki/Oxidizing_agent
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external circuit, producing direct current electricity. At the cathode, another cata-

lyst causes hydrogen ions, electrons, and oxygen to react, forming water. The re-

sult of the process is water, electrical energy and heat. A typical fuel cell produces 

a voltage from 0.6 V to 0.7 V at full rated load. However, phenomena such as 

activation loss, ohmic loss and mass transport loss can cause voltage decreases as 

current increases. 

The main characteristic of categorizing the fuel cells is the type of electrolyte they 

use but despite the differences between the types of the fuel cells, they all work 

under the same principal. They are made up of three adjacent segments: the anode, 

the electrolyte, and the cathode. The types of the different fuel cells are given: 

Proton exchange membrane fuel cells (PEMFCs)  [35], Phosphoric acid fuel cell 

(PAFC), Solid acid fuel cell (SAFC), alkaline fuel cell (AFC) and Solid oxide fuel 

cell (SOFC), high temperature. 

1.4.3 Supercapacitors 

A supercapacitor (SC) (also called a supercap, ultracapacitor or Goldcap) is a high-

capacity capacitor able to store 10 to 100 times more energy per unit volume or 

mass than electrolytic capacitors with capacitance but with lower voltage limits 

they can accept and deliver charge rapidly and tolerate many charge and discharge 

cycles. Unlike conventional capacitors, ES (electrochemical supercapacitors) elec-

trodes are normally composed of high surface porous materials such as carbon 

particle materials and the separator is either solid or liquid, thus electrode/electro-

lyte interfaces are generated. These interfaces, called electric double layer, have 

higher surface area than dielectric capacitors and thus can store more charges. It 

is recognized that the improved structure of an ES allows better energy storage 

than conventional capacitors  [36]. The type of the ES is defined by the electrodes 

used. Electrostatic double-layer capacitors (EDLCs) use carbon electrodes, elec-

trochemical pseudocapacitors use metal oxide or conducting polymer electrodes 

and hybrid capacitors use electrodes with differing characteristics: one exhibiting 

mostly electrostatic capacitance and the other mostly electrochemical capacitance. 

 

 

https://en.wikipedia.org/wiki/Direct_current
https://en.wikipedia.org/wiki/Anode
https://en.wikipedia.org/wiki/Electrolyte
https://en.wikipedia.org/wiki/Cathode
https://en.wikipedia.org/wiki/Solid_oxide_fuel_cell
https://en.wikipedia.org/wiki/Solid_oxide_fuel_cell
https://en.wikipedia.org/wiki/Capacitor
https://en.wikipedia.org/wiki/Specific_energy
https://en.wikipedia.org/wiki/Specific_energy
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1.4.4 Sensors  

A very usual sensor is chemical sensors. A chemical sensor is defined as analytical 

device that converts chemical information into a useful measurable physical sig-

nal, providing a certain type of response directly related to the quantity of specific 

chemical species  [37, [38]. They are the evolved products of many interdiscipli-

nary scientific fields and technologies such as polymer, chemistry, physics, elec-

tronics and molecular biology, using principals of many measurement systems  

[6]. 

Another category of chemical sensors are the conductometric sensors. They are 

the simplest of the electroanalytical applications, but fundamentally non-specific 

and non-selective. Conductometric sensors can observe the changes of electric 

conductivity of a film or a bulk material, whose conductivity is affected by the 

present analyte and they have the advantages of simplicity and low cost. Their 

performance can be improved through electrode modification  [39, [40]. 

It is interesting to say that the main elements of every sensor is presented in 

Fig.1.2. It consists of a transducer, which transforms the response received, into a 

detectable signal to an appropriate device and a chemically selective layer, which 

isolates the response of the analyte from the reaction environment. There is a di-

versity of recognition elements and signal transducers and they can be categorized 

as mass, thermal, optical and electrochemical sensors and are designed to detect 

an analyte in the gaseous, liquid or solid state. 

 

Figure 1.2. Basic Components of a sensor [38]. 
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By definition, thermal sensors are constructional elements for measuring tempera-

ture and employ the functional dependence of a certain physical property of the 

sensor material on temperature, which is customarily recognized and well defined  

[6, [41].  

Essentially an analog temperature sensor converts the ambient temperature into a 

voltage reading, which can then be sensed by an analog pin of a microcontroller. 

The temperature sensor is great for applications that record and display tempera-

ture information such as a thermometer when you are sick, or the thermostat for 

your air conditioner  [42]. Another important category of chemical sensors is the 

mass sensors which, as it can be indicated from their name, are used for mass 

change measurements during chemical reactions. The major advantages of mass 

sensors are their simplicity of construction and operation, their light weight, and 

the low power required.  

Optical sensors are another significant application of optics technology with ap-

plications in industry, medicine and engineering  [43]. They can be defined as 

detectors that convert light, or a change in light, into an electronic signal  [44]. 

In Chapter 2 a more analytical and extensive review of the electrochemical sen-

sors, is given. 

  

https://en.wikipedia.org/wiki/Light
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Electrochemical sensors  

Electrochemical sensors are the largest and the oldest group of chemical sensors. It 

is the technology that connects electricity and chemistry, by measuring electrical 

quantities, such as potential, current and electrical charge and. Electrochemical sen-

sors are devices that give information about the composition of a system in real 

time by coupling a chemically selective layer (the recognition element) to an elec-

trochemical transducer. In this way, the chemical energy of the selective interac-

tion between the chemical species and the sensor is transduced into an analytically 

useful signal [45].  

The development of electrochemical sensors is one of the most active areas of 

analytical research in many fields. The first electrochemical sensors were manu-

factured within the 1950s, mainly for oxygen monitoring. In the 1960s the glass 

electrode for pH measurements was the most widely used sensors. Clark Jr. intro-

duced the amperometric glucose enzyme electrode in 1962. The interest in  elec-

trochemical  sensors  continues  unabated  today,  stimulated  by  the  wide range  

of  potential  applications. In the following sub-section the current challenges of 

the majority of the electrochemical sensors are reported and discussed.  

2.1 Current challenges of electrochemical sensors 

Several analytical and physical properties must be considered when developing 

(and commercializing) chemical and biological sensors. In order for them to be 

considered as practical and applicable, characteristics such as sensitivity, selectiv-

ity, stability, reproducibility, the ability for multi-analyte detection and miniaturi-

zation and also cost must be optimized. Sensitivity of a sensor is the slope of its 

response in the dynamic range whereas the detection limit in the minimum detect-

able response, usually above three times the standard deviation (i.e.,>3σ).  

Because it’s evaluated experimentally, the sensitivity of the sensor has two sources 

of error: the standard deviation of the response (σR) and the standard deviation of 
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the concentration (σC). The sensitivity (m) of the sensor is the first derivative of 

its response, with respect to the concentration of the analyte, at any concentration 

(CX,i) on the response curve. Therefore the sensitivity goes from zero in the inter-

ference region, through a maximum in the dynamic range, to zero in the saturation 

region  [6]. 

Selectivity is the single most important general issue in chemical sensing. It deter-

mines the usefulness of the sensor for any given application. It can be defined as 

the ability of a sensor to respond primarily to only one species (analyte) in the 

presence of other species. Its role can be best explained by examining the response 

curve in a differential pulse voltammetry diagram. In this graph, several responses 

of the sensor to increasing concentration of the analyte are plotted tor increasing 

concentration of interfering species. As their concentration increases, the detection 

limits shift to the higher concentration of the primary species, and the dynamic 

range becomes entirely nonresponding.  

Obviously, one of the most important objectives is to design the selective layer in 

such a way that it has a wide dynamic range and as low a detection limit as possi-

ble. It means that, in the ideal case, the layer should completely reject any inter-

fering species, and respond exclusively to the analyte.  

Reproducibility and stability are also two of the most important aspects. It is a 

measure of the drift in a series of results taken over a period of time. A sensor with 

great reproducibility should give as results observations that don’t greatly differ 

from one another. The stability of a sensor depends on various factors such as the 

method of preparation of the sensor, its geometry, along with the applied receptor 

and transducer and the limiting current response rate and it declares in what degree 

the sensor characteristics remain constant over time. 

Many electrochemical sensors have reached commercial maturity while many are 

still in various stages of development. Their applications include as diverse as en-

zyme electrodes, high-temperature oxide sensors, fuel cells, surface conductivity 

sensors, etc. They are divided by their mode of measurement into potentiometric 

(measurement of voltage), amperometric (measurement of current), and conducti-

metric (measurement of conductivity) sensors.  
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In amperometric sensors, an optimal potential is applied to the electrochemical 

cell and a corresponding current is obtained due to a reduction or oxidation reac-

tion. The current signal produced is related to the concentration of the analyte by 

Faraday’s law and the laws of mass transport. Amperometric sensors translates the 

activity of the analytes on the surface into a signal in the form of current. Am-

perometric sensors will be widely reviewed in the next chapter. 

As opposed to the amperometric sensor, potentiometric sensors measure the po-

tential difference between two electrodes under the conditions of no current flow. 

This potential converts into measurable information about the composition of the 

sample. These voltages arise because an electrochemical reaction can occur at 

wires, or at membranes in solid, liquid, or condensed phases. The generated signal 

is an electromotive force that is dependent on the activity of the analyte, and is 

described by Nernst’s equation. Potentiometry provides information about the ac-

tivity of ions in an electrochemical reaction. Potentiometric sensors can be used 

for measuring relatively low concentrations, since they do not react and chemically 

influencing a sample.  

 

Figure 2.1. A typical potentiometric sensor scheme [41]. 

 

 

Figure 2.2. Basic setup of an amperometric glucose sensor  [36]. 
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The research developed in this area is certainly increasing.  The last decades it has 

been an exponential trend in the number of publications in the field of biosensors 

emphasizing on the development of novel materials for being applied as electrodes 

in sensors. In the next sub-section some of the materials that are studied, are dis-

cussed.  [36]. Materials for sensors electrode 

In recent years, chemically modified electrodes have attracted the scientific inter-

est because of wide range of their potential applications, low cost and ease of fab-

rication and regeneration. Materials used as sensing layers vary from metals and 

metal oxides and carbon based materials to polymers  [46]. Each one of the mate-

rials that have been examined is proved to enhance the catalytic properties of the 

supporting electrode. For over a decade, the carbon materials such as CNTs, gra-

phene, and its derivatives, metal oxides and nanoparticles and polymers have been 

used as modification materials in the electrochemical detections because of their 

unique properties such as high electrical conductivity, large surface area, and good 

mechanical and chemical stabilities. 

The simultaneous determination of dopamine, ascorbic acid and uric is a special 

interest in sensor systems. Thus, an extensive review of the materials used espe-

cially for biosensing DA, AA and UA is given in the following chapters. 

2.1.1 Carbon nanotubes 

A nanotube is a nanometer-scale tube-like structure. Carbon nanotubes (CNTs) 

have been tested widely as an electrode surface and they display intrinsic proper-

ties their high electrical conductivity, large surface area, and mechanical and 

chemical stability  [47]. Generally, Carbon-based electrochemical sensors have 

been used extensively for neurotransmitter analysis because the surface oxides fa-

cilitate electron transfer and readily adsorb neurotransmitters due to electrostatic 

interactions  [48]. Carbon nanomaterial (CN) based sensors exhibit enhanced elec-

trochemical properties and high biocompatibility  [49]. The nanostructured surface 

provides a larger specific surface area, increased interfacial adsorption, and en-

hanced electrocatalytic activity. Thus, CN-based electrodes have rapid electron 

transfer, reduced electrode fouling, reduced overpotential, and increased sensitiv-

ity and selectivity for neurotransmitter detection  [50]. 
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CNTs are available in different forms and shapes (SWCNT, MWCNT) and they 

are widely used as a sensing surface over bare electrodes. The metallic behavior 

of MWCNTs can be attributed to the presence of a single metallic layer, while 

SWCNTs are classified as metallic and semiconducting; separation of the metallic 

ones will be more beneficial for modifying electrodes  [51]. It has been noted from 

numerous examples that researchers have combined SWCNTs or MWCNTs with 

other emerging materials to take advantage of the synergistic effects  [52]. Samo 

B. Hočevar et al. modified a single carbon fiber microelectrode with multi‐wall 

carbon nanotubes (MWCNT) and Nafion reporting an attractive electroanalytical 

performance for enhanced voltammetric detection of dopamine. The preparation 

was fast and simple and a LOD of 70nM of Dopamine was achieved  [53]. Simul-

taneous and sensitive determination of a quaternary mixture of AA, DA, UA using 

a modified GCE by iron ion-doped natrolite zeolite-multiwall carbon nanotube has 

also been achieved  [54]. Functionalized carbon nanotubes and nanofibers are 

prove to be notably efficient  biosensing applications  [55]. Nanostructured Multi-

Walled Carbon Nanotubes (MWNT) Yarns have been reported to be used for the 

Selective and Sensitive Detection of Dopamine. It’s a material highly flexible and 

conductive with high  [56]. 

2.1.2 Graphene and its derivatives 

 

Graphene is a 2D nanomaterial, thinnest than any other material in the universe, 

flexible yet harder than diamond. The large electrical conductivity, surface area, 

high tensile strength, and low cost make it an ideal material. Gr is consisting of a 

single layer of sp2 network of carbon atoms in a honeycomb crystal lattice and is 

also the basic structure of all graphitic materials  [57]. Among car-bon nanomateri-

als, graphene has been considered as one of the most promising materials for elec-

trochemical sensing due to its good biocompatibility and conductivity, as well as 

abundance of inexpensive graphite source materials  [58]. Different preparation 

methods have been adopted to introduce various moieties of graphene on elec-

trodes to obtain altered effects.  Substantial progress in carbon nanotube/metal na-

noparticle hybrid sensors  [59] has been achieved, however, Gr/metal nanoparticle 

as sensing composites are still to be extensively investigated  [60]. The CNT/Gr 

sensing composites  have also been researched  [61].  

https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ho%C4%8Devar%2C+Samo+B
https://onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Ho%C4%8Devar%2C+Samo+B
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Graphene was fabricated on the bare graphite electrode to achieve the electro-

chemical oxidation of DA and UA in the presence of high concentrations of AA. 

The biosensor resulted has the advantages of large surface area, high electrical 

conductivity, a very stable electrode which is to prepare  [62, [63]. A highly sen-

sitive and selective detection of dopamine in the presence of ascorbic acid was 

reached by using  a graphene oxide modified electrode  [64]. A sensor modified 

with porphyrin-functionalized graphene was used for the electrochemical detec-

tion of dopamine in the presence of large excess of ascorbic acid and uric acid  

[65] with good sensitivity and selectivity  [66]. 

The use of graphene oxide  [67] and graphene-zinc oxide  [58] modified electrode 

for Simultaneous determination of dopamine, ascorbic acid and uric acid have also 

been reported in literature as very efficient. 

 

Another Carbon based nanomaterial that has been reported is Fullerene (C60). 

Fullerene science is one of the fastest growing areas of research and its application 

can be useful for electrocatalysis. Fullerene has been used for modifying electrode 

surfaces because it is chemically stable, metallic impurity free and relatively sim-

ple to implement and gives rise to reproducible electrocatalytic responses  [68]. 

2.1.3 Metal oxides 

 

Generally NPs are known for having better physical, chemical, and electronic 

properties than the bulk which makes them useable at numerous potential Appli-

cations. Metal nanoparticles (MNPs) in particular have attracted enormous atten-

tion in electrocatalysis and they have been widely used as modifiers  [69, [70, [71, 

[72]. They appear to be highly sensitive to the changes occurring on their surface. 

Major advantages of using NPs in modified electrodes include enhancement of 

electron kinetics by providing a high surface area, increase in mass transport rates 

and controllable functionalization of the desired groups  [73, [74]. 

Metal nanoparticles, especially noble metal nanoparticles modified electrodes, 

usually show high electrocatalytic activity toward the compounds with slow redox 

process at bare electrodes  [75, [76].  
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In many cases, the use of MNP-modified electrodes helped in resolving over-

lapped peaks of analytes with close oxidation potentials. [77] Moreover, such 

modified electrodes provide good peak-to-peak separations. Here we describe few 

examples of MNP-modified electrodes for the simultaneous detection of DA, UA, 

and AA levels. A number of MNP-based materials for electrode modifications can 

be found in the literature.   

3D Porous Graphene Oxide/Gold Nanoparticle Composites were used for the elec-

trochemical detection of dopamine in the presence of several interfering molecules 

(e.g., ascorbic acid, glucose)  [78]. Copper nanoparticle- Graphene/SnO2 nano-

composite-modified electrode  for electrochemical detection of dopamine, in pres-

ence of AA  [79, 80] have also been reported as sensors with good electrocatalytic 

activity, increased sensitivity and selectivity and a limit of detection (LoD) of 

1μM. A sensitive electrochemical sensor for dopamine (DA) based on a glassy 

carbon electrode that was modified with a nanocomposite containing electrochem-

ically reduced graphene oxide (RGO) and palladium nanoparticles (Pd-NPs) re-

sulting a detection limit is 0.233μM has also been reported  [81]. 

Gold nanoparticle-based have been widely used in electrochemical biosensors  

[82]. The ability of gold nanoparticles to provide a stable immobilization of bio-

molecules retaining their bioactivity is a major advantage for the preparation of 

biosensors. Characteristics of gold nanoparticles such as high surface-to-volume 

ratio, high surface energy, ability to decrease proteins–metal particles distance 

have been claimed as reasons to utilize them as electrode modification composites. 

A reference should be also made to the bimetallic nanoparticles (NPs) with novel 

physical and chemical properties in electrochemical sensors. Compared to mono-

metallic nanoparticles, the bimetallic nanoparticles can retain the functional prop-

erties of each component and provide synergistic effects via cooperative interac-

tions, resulting in important features such as increased surface area, enhanced elec-

trocatalytic capability, promoted electron transfer and improved biocompatibility  

[83]. 

 

 

https://www.sciencedirect.com/topics/chemistry/electrocatalytic-activity
https://www.sciencedirect.com/topics/chemistry/electrocatalytic-activity
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2.1.4 Polymer nanocomposites 

 

The term polymer nanocomposites (PNCs) commonly referred to a material that 

consist of conductive polymers with some other nanomaterials possessing electro-

chemical importance, has resulted in a highly active electroactive compound that 

exhibit remarkable properties due to the synergic effect from the individual com-

ponents and is different from their individual counterparts. Electrodes modified 

with polymer containing different modifiers have been widely used for the quan-

tification of biological substrates such as DA. Electrodes can be modified with 

different PNCs including electroactive, polyelectrolyte, coordinating, and biolog-

ical polymers   [50]. 

Electroactive/ conductive polymers such as polypyrrole, polyaniline contain 

groups that can be oxidized or reduced and have been used as modifiers for the 

construction of the chemically modified electrodes  [26]. Polyelectrolyte polymers 

contain some ionic groups that can attract charges toward the surface from the 

solution through an ion-exchange process. Coordinating polymers contain donor 

atoms that can form coordinate covalent bonds with positive charges. Biological 

polymers such as enzymes, DNA, antibodies, and aptamers are very specific for 

certain target analytes and used in typical biosensors. Various polymeric materials 

such as polypyrrole  [84] and overoxidized polymer films  [85, [86]have been used 

for the simultaneous determination of AA, DA, and UA. Polymers are mostly bi-

ocompatible which makes them ideal for the use in biosensors.  

2.1.5 Ionic liquids 

 

Ionic liquids (ILs) may be conveniently described compounds composed entirely 

of ions with melting point equal to or below room temperature and possess an 

organic cation and an organic or inorganic anion  [87]. Due to its specific charac-

teristics such as wide electrochemical windows,  tunable structures, high ionic 

conductivity, thermal stability ,good solubility, and biocompatibility make ILs a 

good electrochemical sensing material  [88]. 

 Specific physical and chemical properties can be obtained by combining novel 

cations and anions. ILs display a potential window of 4.5 V that is much wider 
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than those of common electrolyte solutions. Water-immiscible ILs can form hy-

drophobic films over bare electrodes in aqueous solutions. Physical properties of 

ILs such as water miscibility, viscosity, surface tension, polarity, and melting 

points are highly dependable on the nature of ions forming these ILs and carbon 

chain length  [89]. 
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Electrochemical detection of dopamine and its importance  

 

The current thesis focuses on electrochemical methods for dopamine (DA) assess-

ment. Since DA most of the time coexists with other biological compounds such 

as Uric Acid and Ascorbic Acid, the catalysts have also been tested on detection 

of DA in the presence of them. The occurrence, role and biological importance of 

Dopamine for its assessment are firstly discussed.  

Dopamine is an important catecholamine neurotransmitter that plays a vital role 

in maintaining the functional activities of central nervous, cardiovascular, and hor-

monal systems (Fig. 3.1). It has a significant role in the regulation of cognitive 

functions such as stress, behavior, and attention. DA exists as organic cations in 

body fluids and brain tissues. 

Neurotransmitters are defined as  endogenous chemical messengers that transmit, 

enhance, and convert specific signals between neurons and other cells and they 

affect and regulate everyday functions such as sleeping, mood,  appetite and many 

others  [90]. 

The detection of the change of the concentration levels of neurotransmitters is 

worth of research because it has been proved that numerous mental and physical 

disorders are associated with them [7]. To give an example the main symptoms of 

Parkinson's disease are caused by the loss of dopamine-secreting cells in the sub-

stantia nigra  [91]. Thus, the quantitative detection of the neurotransmitter in dif-

ferent human fluids appears to be important for diagnosis, monitoring disease state 

and therapeutic interventions. 

However, the diagnosis of these diseases necessitates very accurate measurements 

of the neurotransmitters in biological samples. In case of DA measurements can 

be operated using electrochemical techniques since DA is electrochemically ac-

tive. Detection of DA levels is generally interfered by several issues. Firstly, in-

terference of other compounds in biological samples such as uric acid and ascorbic 

acid it’s a common phenomenon. UA is the primary end-product of purine metab-

olism, and its presence in the biological samples indicates symptoms of various 

https://en.wikipedia.org/wiki/Parkinson%27s_disease
https://en.wikipedia.org/wiki/Substantia_nigra
https://en.wikipedia.org/wiki/Substantia_nigra
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ailments in human body. AA is a reducing agent and plays a vital role in protection 

against biological oxidation processes in the body. Furthermore, the oxidation po-

tential of DA, UA, and AA are very close, which makes their electrochemical de-

tection rather a challenging task. Moreover, the concentrations of UA and AA are 

several hundred to thousand times higher than DA and lastly the oxidation prod-

ucts of these compounds absorb or electropolymerize on the bare electrodes and 

reduce their reusability and reproducibility  [92]. 

 

 

Figure 3.1. Dopamine oxidation to aminochrome, Source: Mechanisms of Dopamine 

Oxidation and Parkinson’s Disease  [93]. 

The fact that DA most of the cases coexists at the human samples, such as blood 

and Urine, with AA and UA, arises the need for developing a sensitive biosensor 

capable of detecting simultaneously these three substances.  Both AA and UA are 

also compounds that can cause health problems if they are in abnormal levels so 

detecting them is also imperative.  
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Figure 3.2. Schematic illustrates the electro-oxidation of AA, DA and UA at the surface 

of the electrocatalyst [7]. 

Ascorbic Acid, also called Vitamin C (Fig. 3.3), coexists in the human brain with 

several neurotransmitteramines and is vital component in human diet. Body re-

quires vitamin C for numerous physiological functions, such as lowering blood 

cholesterol levels, contributing to the synthesis of amino acids and catechola-

mines, which regulate the nervous system and assisting in the metabolism of im-

portant components like tyrosine, folic acid and tryptophan. Its presence is man-

datory for the formation and maintenance of collagen, which promotes tissue 

growth, wound healing, bone strength and aids in the formation of neurotransmit-

ters and increases the absorption of iron in the gut. As an antioxidant, it protects 

the body from free radicals induced diseases, pollutants and it can break down 

histamine, which is the inflammatory component that can triggers many allergic 

reactions.  

 

Figure 3.3. The oxidation reaction of L-ascorbic acid source: Ascorbic acid oxidation in 

SDS micellar systems  [94].   

Uric acid (C5H4N4O3) is an organic heterocyclic compound (Fig. 3.4) produced 

in the liver, muscles and intestines. It is the final product of the purine catabolism, 

deriving from its precursor xanthine, which is degraded by the enzyme xanthine 

oxidoreductase. Dissimilar to most mammals, humans lack the enzyme that is able 

to degrade uric acid into allantoin and tend to have much higher uric acid levels, 
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which is linked to a constellation of clinical conditions and diseases, such as the 

commonly known gout. However, these higher concentrations in humans also en-

hance their survival advantage, as hyperuricemia maintains better blood pressure 

in the face of low dietary salt  [83]. Uric acid is considered to be one of the most 

important antioxidants in the blood and central nervous system. These antioxidant 

properties results into neuroprotective effects, as uric acid scavenges free radicals 

in the blood. 

Since the last few years, the electrochemical techniques have gained significant 

attention of researchers for the determination of compounds of biological interest 

primarily due to their high sensitivity, simplicity, and relatively low cost  [7]. 

Some unwanted species and impurities from aqueous solutions tend to accumulate 

on the surface of the bare electrode due to their hydrophobic nature or other affin-

ities toward electrode. The severity of the problem increases while dealing with 

complex biological matrices; the electrodes are easily poisoned or fouled due to 

the accumulation of interferents on the surface. Most of the studies dealing with 

the detection of dopamine are carried out in the presence of other neurological 

interferents such as ascorbic acid and uric acid in order to represent real physio-

logical conditions. 

 

Figure 3.4. Oxidation mechanism for DA and UA. The UA is oxidized to allantoin. 

Source Simultaneous Detection of Dopamine and Uric Acid Using a Poly(l-lysine)/Gra-

phene Oxide Modified Electrode  [95]. 

As described earlier, simultaneous electrochemical determination of DA, AA, and 

UA concentrations is challenging because of the closeness of oxidation potentials 

and the accumulation of the oxidation products at the electrode surface which leads 

to electrode poisoning  [7]. Consequently, it results in loss of reusability, selectiv-

ity, and reproducibility of these electrode surfaces. In order to overcome such 

problems and improve the determination of DA, AA, and UA concentrations, 
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many materials have been developed and used to fabricate modified electrode sen-

sors.  Chemically modified electrodes possess a conductive substrate modified 

with electroactive thin films, monolayers, or thick coatings. The modified elec-

trodes are fabricated for a particular application which is not possible with a bare 

conductive electrode. Surface modifications play a catalytic role and very small 

changes in surface characteristics determine the sensitivity of measurement in 

electroanalytical applications. The materials can be carbon-based nanomaterials, 

nanoparticles, polymeric materials and ionic liquids were broadly analyzed in the 

previous chapter. 
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Electroanalytical sensitive techniques  

 

Electroanalytical techniques can be easily adopted to solve many problems of fun-

damental importance with a high degree of accuracy, precision, sensitivity and 

selectivity, often in spectacularly reproducible way and low operating cost com-

pared to other analytical methods. In the technique, the electrode surface itself is 

a powerful tool for quantification of an analyte. By controlling the potential, the 

electrode can be used as a variable free energy source (or sink) of electrons. 

 Modern electroanalytical techniques such as cyclic voltammetry (CV), differen-

tial pulse voltammetry (DPV) and square-wave voltammetry (SWV) etc. have 

been proved to be particularly suitable for real time, very sensitive detection of 

organicmolecules including drugs and related molecules in pollutants pharmaceu-

tical dosage forms and biological fluids. The electrochemical methods decrease 

the required cost and simplify the measuring process because the electrochemical 

instrumentations are easy to be operated  [5, [96, [97]. 

Some of the most useful electroanalytical techniques are based on the concept of 

continuously changing the applied potentials to the electrode-solution interface 

and the resulting measured current. The most commonly used voltammetric meth-

ods are cyclic , linear sweep (LSV), normal pulse (NPV), differential pulse, square 

wave, and stripping voltammetry  [90, [98]. 

4.1 Cyclic Voltammetry 

Cyclic voltammetry is the most effective and commonly used electrochemical 

technique for studying redox reactions of electroactive compounds. It’s a simple, 

inexpensive and perhaps one of the most versatile electroanalytical techniques em-

ployed for studying electroactive species.  It is often the first experiment per-

formed in an electrochemical study of a compound, a biological material, or an 

electrode surface. Accordingly, the technique has been used widely in studying 

the redox mechanism of many biologically significant molecules  [99, [100].  
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The CV method has become a very popular technique for initial electrochemical 

studies of new systems since the CV curves give information about electron trans-

fer kinetics and thermodynamics as well as the consequences of electron transfer. 

It is a direct current (DC) electrochemical technique, which records the response 

in a current while a potential scan is applied to the working electrode at a constant 

scan rate in the forward and reverse directions, once or several times (the rate of 

change of potential with time is referred to as the scan rate)  [13]. The potential 

initially increases and at the end of the first scan is decreased returning to an initial 

value. Thus, the waveform is usually of the form of an isosceles triangle. In prac-

tice, the three parameters that need to be characterized are the starting potential of 

the scan, the finishing potential and the scan rate in cyclic voltammetric measure-

ments. The important parameters of CV scan are the magnitude of the peak current 

and the peak potentials. A redox couple in which both species are stable and rap-

idly exchange electrons with the working electrode is termed an electrochemically 

reversible couple. During the redox reaction, if the working electrode is driven to 

a positive potential, relative to the reference electrode, an oxidation reaction can 

occur at the working electrode of the electrochemical cell and if a negative poten-

tial is used to drive the reaction, this results in a reduction reaction. When applied 

to biosensors, the working electrode monitors the oxidation or reduction of a spe-

cies near the surface of the electrode. Additionally, adsorption or other surface 

reactions may need to be investigated.  

The peak value of the measured current Ip is directly proportional to the bulk concen-

tration of the analyte. Ip obtained during the CV is affected by the scan rate as de-

scribed by Randles-Sevcik equation (4.1): 

 

                                    Ip=2.69×105n3/2 AD1/2 Cν1/2                                        (4.1)                    

for T = 298° K (4.1) 

where: Ip is the peak current (A), n is the number of electrons (equivalent/mol) ν 

is the potential scan rate (V/sec), A the electrode area (cm2), D the diffusion coef-

ficient (cm2/sec) and C is the analyte concentration (mol/L). According to this 

equation, the peak current is directly proportional to concentration and increases 
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with the square root of the scan rate, and the analyte concentration. The diffusion 

coefficient increases while the temperature increases as it can be proved form 

Fick’s law. 

4.2 Deferential Pulse Voltammetry (DPV) 

In pulse methods, the procedures are based on the application of pulse changes of 

potential, and the current response is measured at a suitable time relative to the 

time of the pulse. Pulse techniques have been increasingly used for electrochemi-

cal analysis of electrochemically active substances, such as compounds in phar-

maceuticals, tissues, and biological fluids, considering that they provide improved 

detection limits as they benefit from the different variation of diffusion and capac-

itive current intensities with time; when carrying out measurements at the pulse 

end, the capacitive current is practicably negligible, the value of the faradaic cur-

rents still being significant  [9, [101].  

DPV is an extremely useful technique for measuring trace levels of analyte com-

pounds. The excitation waveform is a series of regular voltage pulses superim-

posed on the potential linear sweep applied to the working electrode at a time just 

before the end of the drop and it can be easily described as a staircase. The current 

is sampled twice in each pulse period, the first sampling is right before the pulse 

and the second is done at the end of the pulse. The difference between these two 

current values as a function of the potential is recorded and displayed. The appli-

cation of these pulses allows for discrimination of the unwanted capacity current 

from the required faradaic current  [102]. Note that non faradaic current is due to 

capacitance element and it will not produce any peak (example: flat parallel in the 

curve) that exists throughout the voltagram. Whereas, faradaic process such as 

oxidation, reduction involves electron transfer and results in a peak. As Non fara-

daic exist in background, it has to be subtracted from the faradaic to get the exact 

contribution of faradaic current  [103, [104]. 

4.3 Chronoamperometry 

Chronoamperometry is a time-dependent technique where a fixed potential is ap-

plied to the working electrode. Chronoamperometry experiments are carried out 
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to examine the electrochemical activity and stability of the electrocatalysts  [105]. 

The current of the electrode is measured as a function of time for a period τ  [8]. 

The potential of the working electrode should increase from a value, at which no Far-

adaic reaction occurs, up to a potential of zero surface concentration. At the initial 

potential no current flow and no oxidation or reduction of the electrochemically active 

species takes place. When the potential reaches its final value, the current flows and 

the electrochemical reaction occurs, which is diffusion limited. The resulted current 

can be described Cottrell equation: 

                                            𝐼(𝑡) =
𝑛𝐹𝐴𝑐𝐷1/2

𝜋1/2𝑡1/2
= 𝑘𝑡−1/2                                       (4.2) 

 

Where n is the stoichiometric number of electrons involved in the reaction, F is the 

Faraday constant, A is the surface area, c is the concentration of the electroactive spe-

cies, D is the diffusion coefficient and t represents time.  

 

 

Figure 4.1. Typical input waveforms (a) and output (b) for chronoamperometry. Source  

[12]. 

4.4 Amperometry – Amperometric calibration 

Amperometry is a powerful electrochemical tool for the analysis of electro active 

compounds like dopamine, uric acid and ascorbic acid at the range of nanomolar to 

picomolar level. It is awidely reported electrochemical method often applied in 

commercial biosensors  [8]. Amperometry is the measurement of the resulting cur-

rent after applying a constant potential to the working electrode in a two- or three-
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electrode arrangement. Typically, the current is measured between the working 

and counter electrodes, at a constant potential, applied between the working and 

reference electrodes, and this is referred to as amperometry. Amperometric sens-

ing is often used in enzyme-based sensors, where the enzyme catalyses a redox 

reaction. Selectivity and good detection limits of electroactive substances can be 

achieved through a careful choice of the detection potential, with the optimal de-

tection potential normally being determined by hydrodynamic voltammetry [106]. 

4.5 Rotating disk electrodes (RDE) 

The rotating disc electrode (RDE) is a hydrodynamic electroanalytical method 

used to limit the diffusion layer thickness  [9]. It is a typical way to estimate the 

numbers of electrons transferred in faradaic reactions at rotated disk electrodes 

(RDEs) from the slope of plots of reciprocal current (1/I) vs. reciprocal square root 

of rotational velocity (1/w1/2) [107]. The RDE consists of a disc which can be from 

a variety of materials such as Pt, Ni, Au, Cu, glassy carbon and graphite, sur-

rounded by an insulating material e.g. PTFE.  

The electrode is rotated about its vertical axis, as shown in the figure below, typi-

cally between 400 and 10,000 rpm (maintaining laminar flow around the electrode, 

regardless the speed). At the same figure it is clear that the velocity of each unique 

point on the surface is linear, increased proportionally by its distance from the 

center axis of rotation. This has as a result that the rate of mass transport at the 

electrode surface is even and homogeneous. According to literature, the RDE as-

sumes that the electrode is evenly accessible and provides a precise and reproduc-

ible control of the convection and diffusion of reactant to the electrode. Thus, the 

RDE can be a valuable tool in studying the kinetics of interfacial processes  [107]. 

The collected data from the RDE technique can be described sufficiently from the 

Koutecky-Levich equation: 

1

𝐼
=

1

𝐼𝐾
+

1

0.201𝐹𝐴𝐷0
2/3

v−1/6𝐶0
∗𝜔1/2

   with ω in rpm                 (4.3) 

where IK is the kinetically controlled current that would be obtained for ω−1/2 = 0, 

i.e. for an infinite rotation speed where the mass transfer would be so efficient that 
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the surface concentration of CO would be equal to CO* [107]. Hence, a plot of 1/I 

vs. ω−1/2 should be linear and extrapolation to ω−1/2 = 0 should yield IK.  

It’s clear that the shape of the curve depends on ω and this due to the fact that the 

redox process is kinetically limited. The current can be measured at fixed poten-

tials along the voltammogram and for each potential the inverse of the current vs. 

ω1/2 can be plotted. When the redox process is reversible, at any potential, the 

current should, like the limiting current, be proportional to ω1/2  [9]. 

 

Figure 4.2. streamlines for flow and vector representation of fluid velocities near a rotat-

ing disc electrode  [7]. 

4.6 Electrochemical thermodynamics and kinetics  

4.6.1 Faraday’s Law 

Faraday’s laws of electrolysis are quantitative relationships based on the electro-

chemical researches published by Michael Faraday in 1834. Faraday cased two 

laws of electrolysis. The first states that the mass of a substance altered at an elec-

trode during electrolysis is directly proportional to the quantity of electricity trans-

ferred at that electrode. It should be noted that the quantity of electricity refers to 

electrical charge, typically measured in coulombs, and not to electrical current. 

Faraday’s second law indicates that: For a given quantity of electricity (electric 
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charge), the mass of an elemental material altered at an electrode is directly pro-

portional to the element's equivalent weight. The equivalent weight of a substance 

is its molar mass divided by an integer that depends on the reaction undergone by 

the material  [108].The mathematical form of Faraday's laws (4.4) can be repre-

sented by 

𝑚 = (
𝑄

𝐹
)(

𝑀

𝑧
)                                                      (4.4) 

where m is the mass of the substance altered at an electrode, Q is the total electric 

charge passed through the substance, F = 96.485 C mol−1 is the Faraday constant, 

M is the molar mass of the substance, and z is the valance number of ions of the 

substance (electrons transferred per ion). 

Note that M/z is the same as the equivalent weight of the substance altered. For 

Faraday’s first law, M, F, and z are constants, so the larger the value of Q, the 

larger will m be. For Faraday’s second law, Q, F, and z are constants, so the larger 

the value of M/z, the larger will M be  [109]. 

Another useful form of Faraday’s law, which relates the total charge Q that passes 

through an electrochemical cell to the amount of product N is:   

               Q n F N                                                  (4.5) 

where F is Faraday’s constant and n is the number of electrons transferred per mole 

of product  [9]. 

4.6.2 Nernst Equation 

The Nernst Equation is the fundamental principle, which relates electromotive force, 

or potential, to thermodynamic properties and it is the most important equation in 

the field of electrochemistry. It enables the determination of the cell potential at 

any moment during a reaction or at conditions other than standard-state. Redox re-

actions can generally be expressed in the following format where an oxidant, Ox, 

results to a reductant product, Red, by the charge transfer of n number of electrodes: 

 Ox + ne- ⇔ Red                                  (4.6) 

The determination of the potential of an electrochemical cell, set as E, containing 

a reversible system with fast kinetics, is given by the following equation. Note that 

it is valid only at equilibrium and at the surface of the electrode: 
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E = E0
cell

 +
RT

nF
 ln ox

red

C

C
                                      (4.7) 

where E0 [V] is the standard potential,  R is the gas constant, T is the temperature 

in Kelvin, n is the number of electrons transferred at the redox reaction, F is Fara-

day’s constant, and Cox, CRed represent the concentration of the oxidation and re-

duction species at the electrode interface. For this common expression of the 

Nernst equation, the activity coefficients of Ox and Red are assumed to be at unity. 

The basic thermodynamics for a reversible electrochemical reaction is given by: 

                ΔG =  ΔH –TΔS                                        (4.8)                            

where ΔG is the Gibbs free energy or the available energy in a reaction, ΔH is the 

enthalpy, or the energy released by the reaction, ΔS is the entropy and T is the 

absolute temperature, with TΔS being the heat associated with the reaction. The 

terms ΔG, ΔH and ΔS are state functions and depend only by the characteristics 

of the electrode materials and the initial and final states of the reactions  [110]. 

The Nernst Equation relates the potential of an electrochemical reaction to some 

fundamental thermodynamic properties, as described in the following equation: 

                  ΔGo = -nFEo
cell                                             (4.9)  

where ΔG° is Gibbs free energy, n represents number of electrons transferred at 

the redox reaction, F is Faraday’s constant, and E°cell is the abovementioned po-

tential at standard conditions. The Nernst equation applies to a redox reaction at 

steady state conditions  [111]. 

4.6.3 Butler-Volmer Equation 

The Butler-Volmer Equation is a kinetic relationship between current and applied 

potential of an electrochemical device. It can be expressed as: 

𝑖 = 𝑛𝐹𝐴𝑘0 ([𝑂𝑥]𝑒𝑥𝑝 [−
𝑎𝑛𝐹

𝑅𝑇
(𝐸 − 𝐸0)] − [𝑅𝑒𝑑]𝑒𝑥𝑝 [

(1−𝑎)𝑛𝐹

𝑅𝑇
(𝐸 − 𝐸0)])                  (4.10) 

where R is the gas constant, T is the temperature, E0(in V) is the standard potential 

of the redox reaction, E(in V) is the applied potential, F is the Faraday constant, n 

is the number of electrons transferred, k0is the standard heterogeneous rate con-

stant (in m/s), and α is the transfer coefficient (α=0.5 in this case)  [112]. 
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The term 𝑛𝐹𝐴𝑘0 equals to i0 which is the exchange current density and describes 

the current that the electrochemical cell is theoretically capable of producing 

without activation influences or other losses. The exchange current density is 

described at open circuit potential, where there is no net current and the forward 

and reverse reactions are occurring at the same rate which is equal and opposite 

in magnitude. The forward and reverse components can be considered idle and 

upon polarization, will produce a net current. High exchange current density 

means that the redox reaction occurs rapidly in both directions  [113]. 

4.6.4 Tafel Equation 

The Tafel equation was empirically developed by Julius Tafel in 1905 by ex-

perimentally measuring the hydrogen evolution reaction on several metal elec-

trodes such as mercury, lead, and cadmium. He researched the relationship of 

overpotential, rather than the absolute potential, and the logarithm of current 

density and was aiming to control the rate of electrode reactions by controlling 

the potential. The equation he reported was: 

                                       η = a + b log(J)                             (4.11) 

where η is the overpotential, a is the intercept of the Tafel  plot, b is the slope of 

the fitted line on a Tafel plot and J is the scalar current density. Since Tafel’s 

reports in 1905, it has been shown that his empirical relationship can be related 

to fundamental principles. This fact was confirmed after the Butler-Volmer equa-

tion establishment, as the Tafel Equation can be derived from the Butler-Volmer 

equation, which is a relationship of fundamental terms. 

In the Tafel region, the electrode polarization is sufficient to suppress the reverse 

reaction and the forward reaction dominates. Thus, the reverse reaction branch 

in the Butler-Volmer equation is negligible and the equation is reduced to: 

 
𝑖 = 𝑖0𝑒𝑥𝑝

𝛼𝑛𝐹

𝑅𝑇
𝜂 

(4.12) 

Rearrangement of the terms, with the addition of the quantity 2.303 accounts for 

the differences in the natural logarithm used in the Butler-Volmer equation and 

the base 10 logarithm used in the Tafel equation: 
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                                  log(I) – log(I0) =

𝛼𝑛𝐹

2.303𝑟𝑇
𝜂               (4.13) 

 

Solving for  yields to: 

 
                             = 

2.303rT

anF
log(I)  –  

2.303rT

anF
log(I0) (4.14) 

which resembles the form of a line where b is the slope and a is the intercept, 

where the slope of the line on a Tafel plot is represented by: 

 
                                   b = 

2.303rT

anF
 (4.15) 

and the intercept of the line is an expression of these constants 

 
                                a = - 

2.303rT

anF
log(I0) (4.16) 

This derivation of the Tafel equation shows its relationship to kinetic properties. 

Kinetics Thermodynamics describe reactions at equilibrium and the maximum en-

ergy available for a given reaction  [114]. 

Separating the parameter α to αα and αc, which are called anodic and cathodic 

transfer coefficients respectively, we can relate how an applied potential favors 

one direction of reaction over the other  [115]. The following equations can be 

extracted: 

 
                         Oxidation slope = - 

2.303

anF
n

rT

a
 (4.17) 

 

 
                         Reduction slope = - 

2.303

CnF
n

rT

a
 (4.18) 
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Figure 4.3. Schematic polarization curve showing Tafel extrapolation  [7]. 

4.6.5 Koutecky-Levich Equation 

The Koutecký-Levich equation gives a model of the measured electrical current in 

an electrode by an electrochemical reaction in relation to kinetic activity and mass 

transfer of the reactants. It is a versatile tool that is commonly used for the correc-

tion of mass transport effects in a rotating disc electrode testing to obtain kinetic 

current densities  [7]. The Koutecky-Levich equation can be derived from two 

basic assumptions. The first is a linear diffusion model of reactants, where the 

surface reactant concentration Ca can be related to the reactant concentration in the 

bulk Cb by the measured total current density Im and the mass transport limiting 

current density Ilim. 

  
                                   a

b

C

C
  =   

lim m

lim

I I

I


 (4.19) 

The second assumption is that the electrochemical reaction follows first-order reac-

tion kinetics. Assuming a first order reaction, the local current density Iloc is propor-

tional to the multiplication of surface reactant concentration and the kinetic current 

density Ik, whereby Ik is a function of overpotential η and is a product of reaction 

rate constant and reactant concentration Ca under standard conditions: 

         Iloc  =  Ik a

b

C

C
                              (4.20) 
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As Itot = L Iloc and given that the surface roughness factor L of the electrode is 1, 

the previous equations can be combined to form the Koutecky-Levich equation  

[116]: 

   1 1 1

m lim kI I I
   (4.21) 

In the case of the rotating disk electrode, the equation is deduced to: 

                                     
0.5

1 1 1

m kI BL I
      (4.22) 

where BL is the Levich constant and ω is the angular rotation rate of the electrode.  
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Experimental procedure  

 

The electrochemical behavior of dopamine is illustrated, followed by a description 

of the voltammetric and amperometric methods for Dopamine in physiological 

buffer solution. The electrocatalysts tested include Pt(20%wt)/graphitized carbon, 

Pd(20wt%)/Vulcan-XC72 commercial and Pd(20wt%)/Vulcan-XC72 homemade. 

Firstly, the equipment used for the experiments is presented and then the prepara-

tion of the catalyst is explained. Therefore, the analytical performances of the 

modified electrode are highlightened and the results for the two catalysts are dis-

cussed.   

5.1 Materials and methods 

5.1.1 Apparatus and measurements 

The electrochemical experiments were performed with an AMEL 7050 

(Fig.5.1.Α), electrochemical workstation in an electrochemical cell of three elec-

trodes (Fig.5.1.Β).  

 

Figure 5.1. A) AMEL 7050 Potentiostat B) Electrochemical cell. 

As a working electrode (a working area of 0.07 cm2) a 3-mm-diameter GC was 

used and a silver/silver chloride (Ag/AgCl (3mol L-1 KCl) electrode and a plati-

num electrode were used as the reference and the counter electrodes, respectively 

(Fig.5.2.Α, Β). All potentials in this study are reported with respect to the Ag/AgCl 

(3M KCl +0.210V vs (RHE).  
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Figure 5.2. A) Counter electrode B) Reference Electrode. 

5.1.2 Electrode preparation and characterization 

5.1.2.1 Catalyst preparation 

Glassy Carbon electrode (GCE) was modified with two different catalysts. The 

two tested catalysts are Platinum (20%wt) on graphitized carbon and Palla-

dium(20%wt) on Vulcan-XC72. The catalytic ink was composed of 5mg of the 

selected catalyst powder, 1.8ml Ethanol and 0.2ml Nafion. Nafion is consisted by 

a tetrafluoroethylene main chain with perfluoroether side chains and terminated 

with a sulfonic acid group, whose ionization yields an anionic Nafion membrane.  

The ethanol and the Nafion were added gradually to the mixture. Firstly, the cata-

lyst was mixed with Ethanol and they were homogenized in the magnetic stirrer 

for 2 minutes and in the ultrasonicator for another 2 minutes (Fig.5.3A, B). This 

procedure was repeated for 3 times. Thereinafter, Nafion was added and the mix-

ture was placed at the magnetic stirrer for 45 minutes.  

The mixed paste was then inserted into a glass tube (d: 1.5 mm). Before use, the 

surfaces of the electrodes were smoothed using a mixture of alumina and deionized 

water. Then it was located in the ultrasonicator for 10 minutes. 

 

Figure 5.3. A) Magnetic Stirrer B) Ultrasonicator. 

(A) 

 

) 

(B) 

 

) 
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After the electrode was cleaned and dried, 10μl of the mixed paste was placed on 

it. The modified electrode obtained was inserted in the solution and connected to 

the electrochemical station ready to use. Before every experiment, the solution 

was saturated with high-purity N2 gas for 30 minutes in order to remove the dis-

solved oxygen in the electrolyte. The electrochemical techniques used for the eval-

uation and comparison of the performance of the catalysts were cyclic voltamme-

try, differential pulse voltammetry and chronoamperometry. In detail, the electro-

catalytic activity towards dopamine electrooxidation was examined by cyclic volt-

ammetry (CV), while their stability and poisoning rate by chronoamperometric 

measurements. The range in which the CV measurements were made was 0-1V 

for both catalysts as it is proposed from the available literature. Moreover, the 

effects of temperature, concentration of dopamine and electrolyte were also inves-

tigated. 

5.1.3  Physico-chemical characterization 

XRD measurements were carried out with the aid of a D/Max-IIIA (Rigaku Co., 

Japan) employing Cu Kα (λ = 0.15406 nm) as the radiation source at 40 kV and 

40 mA. Catalysts were investigated by TEM using a Philips CM12 microscope 

(resolution 0.2 nm), provided with high resolution camera, at an accelerating volt-

age of 120 kV. Suitable specimens for TEM analyses were prepared by ultrasonic 

dispersion in i-propylic alcohol adding a drop of the resultant suspension onto a 

holey carbon supported grid. 

5.1.4 Electrochemical characterization 

All the electrochemical measurements were conducted with AMEL 5000 electro-

chemical station in a three-electrode model cell 497 (AMEL) with a silver/ silver 

chloride (Ag/AgCl 3M) (0.204 V vs. RHE) and platinum wire as the reference 

electrode and counter electrode, respectively. The thin catalyst film was prepared 

onto a glassy carbon disk surface with a diameter of 0.3 cm. The catalyst ink was 

then quantitatively (10μL) transferred onto the surface of the glassy carbon elec-

trode and dried under infrared lamp to obtain a catalyst thin film. The electrochem-

ical tests were performed initially in 0.15M saline containing 0.5M dopamine 

(Sigma Aldrich), for the electrochemical activity evaluations. Then the effect of 
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temperature (26–56°C) on dopamine electrooxidation was also investigated. 

Moreover, before each measurement, each catalyst was applied under continuous 

potential cycling until stable electrochemical signals were received. It should be 

noted that all the potentials are referred to Ag/AgCl reference electrode without 

specification. 

Differential-pulse voltammetry measurements were carried out with a CHI 660B 

electrochemistry workstation (CHI, USA) in 0.15M saline with a conventional 

three-electrode system comprised of a platinum wire as the auxiliary electrode, an 

Ag/AgCl as the reference electrode and the modified GCE used as working 

elec1trode.  
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Results and Discussion 

In this chapter the physiochemical and electrochemical characterization of Pt 

(20wt%)/graphitized carbon and Pd (20%wt)/Vulcan-XC72 electrocatalysts are pre-

sented. The methods used are transmission electron microscopy for the depiction of 

their structure and Cyclic voltammetry, Chronoamperometry and differential pulse 

voltammetry are the methods which assisted the electrochemical detection of dopa-

mine. At this point should be mentioned that all the electrochemical experiments were 

also carried out for the characterization of ascorbic acid and uric acid. 

6.1 Pt(20%wt)/graphitized carbon electrocatalyst  

6.1.1 Physicochemical characterization 

Firstly, the structure of Pt(20wt%)/graphitized carbon was characterized by trans-

mission electron microscopy (TEM). The TEM images depicted in Fig.6.1 show 

the general morphology of the nanomaterial that was used in this study.  

 

Figure 6.1. TEM images of Pt(20%wt)/graphitized carbon. 

In the figure the Pt/C nanoparticles can be observed as dark dots. It can be ob-

served that the Pt/C nanoparticles are well distributed on the carbon surfaces so as 

to form the nanocomposite, which is believed to be capable of enhancing the elec-

trochemical detection of AA, DA, and UA. 
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Figure 6.2. X-ray pattern of Pt(20%wt)/graphitized carbon. 

In Figure 6.2 the X-ray pattern of the Pt(20%wt)/graphitized carbon is given. Peak 

positions occur where the X-ray beam has been diffracted by the crystal lattice. 

The unique set of d-spacings derived from this patter can be used to identify the 

the compounds of the material. The typical face centered cubic (fcc) crystalline 

peaks of Pt are identified, namely the planes (111), (200) and (220) at ca. 39°, 47°, 

ans 68°. Apart from the Pt crystallographic structure signals, the graphitized car-

bon reflection plane (002) at 2θ = 25.5° is also identified, the latter for the 

Pt1Sn1/C and especially the Pt1Sn3/C samples.  

6.1.2 Electrocatalytic activity 

The electrocatalytic activity towards dopamine oxidation was examined by cyclic 

voltammetry. The stability and poisoning rate during time was investigated by 

chronoamperometry and the selectivity of the catalyst was tested by using DPV. 

The glassy carbon electrode (GCE) is modified using Pt(20%)/graphitized carbon 

for the electrochemical determination of low concentration, 0.5 mM of dopamine 

(DA) in pH 7.3 physiological buffer solution.  

During the recent years many researches have reported materials for electrode mod-

ification for dopamine detection based on carbon materials, metal oxides, polymers 

or even a combination of these.  In the next table some examples are given:  

 

 

 

https://www.sciencedirect.com/topics/materials-science/x-ray-diffraction
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Table 6.1. Comparison of modified electrodes in the literature in this work. 

Working Electrode Reference 

Electrode 

Peak Potential (V) Refs 

Pd/RGO/GCE Ag/AgCl 0.2  

[117] 

Pd3Pt1/PDDA-RGO Ag/AgCl 0.15  

[118] 

Au@Pd-RGO Ag/AgCl 0.2  

[119] 

Graphene -SnO2 Ag/AgCl 0.13  

[120] 

MWCNT/CCE Ag/AgCl 0,57  

[121] 

MgO/Gr/Ta Ag/AgCl 0,3  

[122] 

SWCNTs-GCE Ag/AgCl 0.2  [123] 

Pd/CNF-CPE Ag/AgCl 0,33  [124] 

Gr/Pt/GCE Ag/AgCl 0.24  [16] 

Pd3Pt1/PDDA-RGO 

 

SCE 0.16  [83] 

f-SWCNTs/GCE 

 

SCE 0.18  [125] 

Pt/RGO/GCE 

 

SCE 0.32  [126] 

Pt/C/GCE Ag/AgCl 0,63 This 

work 

Pd(20wt%)/Vulcan-

XC72 

Ag/AgCl 0,63 This 

work 

  

6.1.2.1 Effect of temperature  

Cyclic voltammetry has been carried out initially, in 0.15 M physiological buffer 

solution in absence and in presence of an analyte in order to determine were the 

oxidation of dopamine takes place. It is clearly shown in Fig.6.3 that the oxidation 

dopamine is observed at a potential 0.63-0.7 V. The following figure also presents 

the cyclic voltammetric curves for dopamine in saline, 7.3pH in order to investi-

gate the effect of temperature on the oxidation of dopamine. The four temperature 

values tested were 26oC, 36oC, 46oC and 56oC.  
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Figure 6.3. Cyclic voltammograms of Pt(20%wt)/graphitized carbon in:(A) 0.5mM dopamine  in 

a 0.15M saline (physiological buffer solution), (20mV s-1, 26oC compared with the cyclic voltam-

mogram of the Pt(20%wt)/graphitized carbon in 0.15 M saline. (B) Comparison of cyclic voltam-

mograms of Pt(20%wt)/graphitized carbon electrocatalyst in 0.5mM dopamine in a 0.15M saline 

at 26oC, 36oC, 46oC and 56oC, (scan rate 20mV s-1). (C): Focus on oxidation peak current. 

A well-defined oxidation peak of DA in the CVs is observed at ∼0. 65 V and the 

current density values are found to be 1403.7μΑ cm-2, 1459.4μΑ cm-2, 1595.3μΑ 
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cm-2 and 1636μΑ cm-2 at 26oC, 36oC, 46oC and 56oC, respectively. As the temper-

ature of the solution is increased, the peak current is raised as well, demonstrating 

the increase of the kinetic energy of the dopamine molecules, confirming the de-

pendence of the peak current from temperature. These data illustrate that 

Pt(20%wt)/graphitized carbon is suitable for dopamine sensing. 

Activation energy Ea is calculated from the following equation [7],   

𝐸𝑎 = 𝑅
𝑑(𝑙𝑛𝐼)

𝑑(1
𝑇⁄ )

                                                           (5.1) 

where R is the gas constant, I the current and T the absolute temperature (K). Taking 

into consideration Fig.6.4. (Arrhenius plot), activation energy Ea was calculated to 

be 16.3 kJ mol-1 which is a satisfactory value according to the literature [7]. 

 

Figure 6.4. Arrhenius plot for the Pt(20%wt)/graphitized carbon electrocatalyst in 0.5mM 

dopamine in a 0.15 M saline derived from cyclic voltammograms at 20mV s-1. 

6.1.2.2 Effect of concentration 

The response of the catalyst in different was also tested. The lowest concentration 

tested was 33 µM but comparing its current with the one of the measurement with-

out the analyte, lead to the conclusion that the catalyst could possibly have a lower 

limit of detection.  
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Figure 6.5. (A) Cyclic voltammograms of Pt(20%wt)/graphitized carbon electrocatalyst in 

different concentration of dopamine in a 0.15 M saline (scan rate 20mV s-1). (B)Comparison 

between measurements in 0.15 M PBS and in 0.033mM dopamine in a 0.15 M PBS. 

6.1.2.3 Effect of Time 

Furthermore, chronoamperometry tests were executed in order to observe the sta-

bility and possible poisoning of the Pt(20%wt)/graphitized carbon under short time 

continuous operation. The operation took place for 4000 s at a constant applied 

potential of 0.6 V (vs Ag/AgCl), as portrayed at Fig.6.6.  
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Figure 6.6. (A)C Comparison of  chronoamperometric curves of Pt(20%wt)/graphitized car-

bon electrocatalyst at 0.6V (vs Ag/AgCl) for 4000sec, in 0.5mM dopamine in a 0.15M saline 

at different temperature values of 26oC, 36oC,  46oC, 56oC, (20mV s-1), (B): Relationship be-

tween current density and temperature. 

It is observed that the current density increases with the raise of temperature, while 

the current density decreases abruptly with time, following a parabolic path and 

then reaches steady in about 5 minutes. 

The poisoning rate (d) obeys the following equation[7]: 

𝛿 =
100

𝐼𝑜
(

𝑑𝐼

𝑑𝑡
)   t>500s                                              (5.2) 

where Ι0 is the current at the start of polarization back extrapolated from the linear 

current decay and (
𝑑𝐼

𝑑𝑡
) (for t>500s) is the slope of the linear portion of current decay. 

From the previous equation (5.2), the poisoning rate cam be calculated to be 0.00042 

s-1, 0.000064 s-1, 0.0001 s-1, 0.0002 s-1 at 26oC, 36oC, 46oC and 56oC, respectively. 
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6.1.2.4 Durability Test 

As seen from Fig. 6.7, the effect of Pt catalyst slowly weakens, as the cycles of the cyclic 

voltammetry grows, which means the durability of the catalyst is relatively acceptable. 
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Figure 6.7. Electrochemical durability of Pt(20%wt)/graphitized carbon electrocatalyst in 

0.5mM dopamine  in a 0.15 M saline: (A) 5th cycle, (B) 15th cycle, (C) 25th cycle (scan 

rate: 20mV s-1, 36oC). (D): Comparison of all the previous cycles. 

6.1.2.5 Selectivity test 

Dopamine most of the time coexists in blood and urine samples with ascorbic acid 

and uric acid. So it is important for the catalyst to be able to detect dopamine 

regardless the interferences and also give separate redox peaks for each of the sub-

stances.  Differential pulse (DPV) is a more sensitive technique and was mostly 

utilized for detection of redox peak of the substances tested [73].  

In order to observe the oxidation points of each of the substances, cyclic voltam-

metry measurements have been carried out initially, in 0.15 M physiological buffer 

solution in absence and in presence of an analyte. It is clearly shown in Fig.6.8. 

that the oxidation of ascorbic acid occurs at 0.43 V and the value of the peak cur-

rent is 173.7μΑ cm-2, while the reduction occurs at 0.23 V. As it refers to UA, 

there are two curves that are noteworthy, one around 0.38-0.42 V and the other at 

0.77-0.81 V. The first one is explained by hydrogen absorption and the second due 

to the uric acid oxidation where the current reaches the 193.2μΑcm-2. 
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The measurements were made at a range 0V to 0.9 V and at the figure below, it’s shown 

that three distinct oxidation peaks appear at 0.42V 0.67 V and 0.78 for ascorbic acid, 

dopamine and uric acid respectively. The peak separation is distinct which makes the 

catalyst selective enough for the simultaneous detection of the three molecules. 
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Figure 6.8. (A)Cyclic voltammograms of the Pt(20%wt)/graphitized carbon in 0.5mM 

ascorbic acid in a 0.15 M saline , (20mV s-1, 26oC), (B) Cyclic voltammograms of the 

Pt(20%wt)/graphitized carbon in 0.5mM dopamine  in a 0.15M saline, (20mV s-1, 26oC 

, (C) DPV recordings of 30µM DA at a Pt(20%wt)/graphitized carbon in a pH 7.4 saline 

and in the presence of 5mM AA and 0.5mM UA. 

6.2 Pd (20%wt)/Vulcan-XC72 commercial electrocatalyst 

In the chapter, the results of the physicochemical and electrochemical characteri-

zation of the commercial Pd(20wt%)/Vulcan-XC72 for dopamine electro-oxida-

tion are presented. More precisely, the catalyst structure was characterized by 

transmission electron microscopy (TEM). The electrochemical characterization 

conducted via cyclic voltammetry (CV) and chronoamperometry (CA) and rotat-

ing disk electrode (RDE)  [127]. 

6.2.1 Physicochemical characterization 

The morphology of the surface of the Pd(20wt%)/Vulcan-XC72 prepared catalyst 

was also examined by TEM and XRD. TEM images in Fig. 6.9.a and Fig. 6.9.b 

demonstrate a successful loading dispersion of Pd/C nanoparticles onto the surface 

of carbon substrate  [128]. A remarkably uniform and high dispersion of metal 

particles on the carbon surface is observed in the examined samples. 

 

 

Figure 6.9. TEM images of Pd(20%wt)/Vulcan-XC72. 
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Figure 6.10. X-ray pattern of Pd (20%wt)/Vulcan-XC72 commercial. 

XRD patterns of the as-prepared electrocatalysts are shown in Fig. 6.10. There are 

five observed characteristic diffraction peaks at ca. 40°, 47°, 68° 82° and 86° be-

longing to the face-centered cubic (fcc) phase of Pd (1 1 1), (2 0 0), (2 2 0), (3 1 1) 

and (2 2 2), respectively. The Pd (1 1 1) plane has the largest intensity among those 

planes. 

6.2.2 Electrocatalytic activity 

The electrochemical detection of dopamine was investigated by cyclic voltammetry 

and the stability and poisoning rate during time by chronoamperometry. All cyclic 

voltammetries conducted at 20mV s-1 scan rate, with open circuit voltage at 0.23 V. 

6.2.2.1 Effect of temperature  

Cyclic voltammetry has been carried out initially, in 0.15 M physiological buffer so-

lution (saline) in absence and in presence of an analyte in order to determine were the 

oxidation of dopamine and the results are displayed in the following figure (Fig. 6.11.) 

https://www.sciencedirect.com/topics/materials-science/x-ray-diffraction
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Figure 6.11. (A) CVs of the Pd(20%wt)/ Vulcan-XC72 in 0.5mM dopamine in a 0.15 M 

saline, scan rate 20mV s-1, temperature 26oC, compared with the cyclic voltammogram of 

the Pd(20%wt)/ Vulcan-XC72 in 0.15M saline. (B) Comparison of cyclic voltammograms 

of Pd(20%wt)/ Vulcan-XC72 electrocatalyst in 0.5mM dopamine in a 0.15M saline at 

26oC, 36oC, 46oC, 56oC, scan rate 20mV s-1. (C): Focus on the oxidation peak current.  
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The oxidation of dopamine clearly appears at 650 mV. The figure also presents the 

cyclic voltammetric curves for dopamine in saline, 7.3pH in order to investigate the 

effect of temperature on the oxidation of the analyte. The open circuit voltage of this 

cyclic voltammetry is 0.23V, the scan rate is 20 mV/s and the voltage is measured by 

using a reference electrode of Ag/AgCl (+0.210V).  The anodic peak current at 26oC, 

36oC, 46oC and 56oC appears at 1091μΑ cm-2, 1295μΑ cm-2, 1350μΑ cm-2 and 

1413μΑ cm-2 respectively.  

The peak current is raised as it was expected with the rise of the temperature, demon-

strating the increase of the kinetic energy of the dopamine molecules, confirming the 

dependence of the peak current from temperature. These data illustrate that 

Pd(20%wt)/ Vulcan-XC72 carbon is also suitable for dopamine sensing. 

Using the equation (5.1) and the Fig.6.12. (below) the activation energy is calcu-

lated to be at 30,62 kJ mol-1  [129]. 

 

Figure 6.12. Arrhenius plot for the Pd(20%wt)/ Vulcan-XC72 electrocatalyst in 0.5 mM 

dopamine in a 0.15 M saline derived from cyclic voltammograms at 20mV s-1. 

6.2.2.2 Effect of Time 

Chronoamperometry technique was also used in order to evaluate the perfor-

mance, the stability and the poisoning rate of the Pd (20%wt) on glassy carbon 

electrode of 0.5 mM dopamine in physiological buffer solution at 0.6 V (vs 

Ag/AgCl).  
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Figure 6.13. Comparison of the chronoamperometric curves Pd (20%wt)/Vulcan-XC72 

electrocatalyst at 0.6 V (vs Ag/AgCl) for 4000 sec, in 0.5 mM dopamine in a 0.15 M 

saline at different temperature values 26oC, 36oC, 46oC, 56oC, scan rate 20 mV s-1, (B): 

Relationship between current density and temperature.  

This method lasted 4000s and according to Fig. 5.15 it was found that the current 

density decreases abruptly with time, following a parabolic path and then reaches 

steady in about 5 minutes. Lastly, the poisoning rate was measured from the equa-

tion (5.2) and found to be 0.0003, 0.00019, 0.0003, 0.0004 s-1 at 26oC, 36oC, 46oC 

and 56oC, respectively. 

6.2.2.3 Durability Test 

 Fig. 6.14. presents the durability test of the electrocatalyst. The stable duration of it is 

very low, due to the oxidation and the reduction peak current decreasing with time.  
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Figure 6.14. Electrochemical durability of Pd(20%wt)/Vulcan-XC72 electrocatalyst in 0.5 

mM dopamine in a 0.15 M SALINE: (A) 3rd cycle, (B) 7th cycle, (C) 14th cycle (scan rate 

20 mV s-1, 26 oC). (D): Comparison of all the previous cycles. ( 36.6oC. Scan rate 20 mV/s). 

6.2.2.4 Selectivity test 

Cyclic voltammetry has been carried out initially, in 0.15 M physiological buffer 

solution (saline) in absence and in presence of an analyte in order to determine 

were the oxidation of each of the three substances takes place.   While operating 

cyclic voltammetry at 0.5mM AA /saline solution an oxidation peak appeared at 

0.43V and the peak current value is 125.9μΑ cm-2 (Fig. 6.15 A) At the cyclic volt-

ammogram of uric acid, the oxidation peak is not clear, thus it is not presented 

here, but there is an assumption that occurs from 0.7V to 0.85V.  
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Figure 6.15. (A)Cyclic voltammograms of the Pd(20%wt)/ Vulcan-XC72 in 0.5mM 

ascorbic acid in a 0.15 M saline, scan rate 20mV s-1, temperature 26oC, compared with 

the cyclic voltammogram of the Pd(20%wt)/ Vulcan-XC72 in 0.15M saline. (B) DPV 

recordings of 60µM DA at a Pd(20wt%)/Vulcan-XC72 in a pH 7.4 saline and in the pres-

ence of 0.5 mM AA and 0.5 mM UA.  

A differential Pulse Voltammetry measurement (Fig. 6.15 B) was carried out to 

test the selectivity of Pd(20wt%)/Vulcan-XC72 catalyst. As it is obvious from the 

following figure, the selectivity of the catalyst is not sufficient to observe the oxi-

dation peaks of the analytes. The peaks that are clear are the one of ascorbic acid 

which appears at 0.5V and the peak value 140.7mA and at 0.66 at 170mA. The 

measurements were made at a range 0V to 1V and at the figure 6.15 only two 

distinct oxidation peaks appear at 0.48V and 0.67V for ascorbic acid and dopamine 

respectively.  

6.3 Pd (20%wt)/Vulcan-XC72 homemade electrocatalyst 

The performance of Pd(20wt%)/Vulcan-XC72 commercial catalyst in electro-

chemical detection of dopamine has been compared to Pd(20wt%)/Vulcan-XC72 

catalyst manufactured completely at the lab. The electrochemical characterization 

conducted via cyclic voltammetry (CV) and chronoamperometry (CA) and rotat-

ing disk electrode (RDE)  [127]. 

 

 

(B) 
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6.3.1 Catalysts preparation 

The 20 wt.% Pd/C electrocatalysts were fast and easily prepared by the pulse-micro-

wave assisted polyol synthesis method. The primary steps of this synthesis process 

are given as follows: The starting precursor (PdCl2•2H2O) was well mixed in a 

beaker with ethylene glycol (EG) by the aid of an ultrasonic bath, and then XC-72R 

carbon black was added into the mixture. After the pH value of the system was ad-

justed to be ∼13 by the drop-wise addition of 1.0 mol L−1 NaOH/EG, a well-dispersed 

slurry was obtained by ultrasonic stirring for 30 min. Thereafter, the slurry was mi-

crowave-heated for several times in a 10 s-on/10 s-off pulse form. In order to promote 

the adsorption of the suspended metal nanoparticles onto the support, hydrochloric 

acid was adopted as the sedimentation promoter and the solution was re-acidified to a 

pH value of about 3–4. The resulting black solid sample was filtered, washed with hot 

de-ionized water and dried at 80 °C for 10 h in a vacuum oven. For the sake of com-

parison, 20 wt.% Pd/C was also prepared in the same way and examined under the 

same experimental conditions for the dopamine electrooxidation. 

6.3.2 Physicochemical characterization of Pd/C 

The surface morphology of the prepared Pd/Vulcan XC72 electrocatalyst was exam-

ined by TEM. TEM images in Fig. 6.16. show a successful loading dispersion of Pd/C 

nanoparticles onto the surface of carbon substrate. A remarkably uniform and high 

dispersion of metal particles on the carbon surface is observed in the examined 

sample.  XRD patterns of the as-prepared electrocatalysts are shown in Fig. 6.17. 

       

Figure 6.16. TEM images of Pd/C. 
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Figure 6.17. XRD results of the as-prepared carbon supported Pd/C electrocatalysts. 

XRD patterns of the as-prepared electrocatalysts are shown in Fig. 6.17. There are 

five observed characteristic diffraction peaks at ca. 38°, 47°, 68° 83° and 87° be-

longing to the face-centred cubic (fcc) phase of Pd (1 1 1), (2 0 0), (2 2 0), (3 1 1) 

and (2 2 2), respectively. The Pd (1 1 1) plane has the largest intensity among those 

planes. 

6.3.3 Electrocatalytic activity 

The following figure (Fig 6.18) presents the cyclic voltammetric curves for dopa-

mine in saline, 7.3pH in order to investigate the effect of temperature on the oxi-

dation of the analyte. The open circuit voltage of this cyclic voltammetry is 0.23V, 

the scan rate is 20 mV/s and the voltage is measured by using a reference electrode 

of Ag/AgCl (+0.210V).  The anodic peak current at 26oC, 36oC, 46oC and 56o 

appears at values 780μΑ cm-2, 950μΑ cm-2, 1147μΑ cm-2, 1305μΑ cm-2 respec-

tively. The effect of the temperature rise of the solution is also clear at this case.  
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Figure 6.18. Comparison of cyclic voltammograms of Pd(20%wt)/ Vulcan-XC72 com-

mercial and homemade electrocatalyst in 0.5mM dopamine in a 0.15M saline at 26oC, 

36oC, 46oC, 56oC, scan rate 20mV s-1. 

Comparing the commercial (Fig. 6.18 A,B) with the ‘homemade catalyst’, it’s 

clear that the performance of the homemade catalyst is sufficient to make it suita-

ble for dopamine sensing. It presents a similar response to the commercial catalyst 

is observed since the anodic peak appears at the same voltage. The percentage 

decrease between the peak currents in the four different temperatures, is -28.5%, -

26.6% -15% -7.6% respectively. 

Using the equation (5.1) and the Fig.6.18.the activation energy is calculated to be 

at 32.56 kJ mol-1 and it can be observed that the value of activation energy is pos-

itively good  [129].1 
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Figure 6.19. Arrhenius plot for the Pd(20%wt)/ Vulcan-XC72 homemade electrocatalyst in 

0.5 mM dopamine in a 0.15 M saline derived from cyclic voltammograms at 20mV s-1. 
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Figure 6.20. Cyclic voltammograms of Pd(20%wt)/ Vulcan-XC72 homemade electrocatalyst 

in 0.5mM dopamine in a 0.15M saline (A) Comparison of cyclic voltammograms at 26oC, 

36oC, 46oC, 56oC of the homemade catalyst (B) Comparison of cyclic voltammograms at 

26oC, 36oC, 46oC, 56oC of the commercial catalyst. (C) Comparison of the peak current values 

for palladium homemade, palladium commercial and platinum at 26oC, 36oC, 46oC, 56oC .   

The stability and the poisoning rate of the Pd(20%wt) on glassy carbon electrode was 

also evaluated using chronoamperometry. The solution used was 0.5 mM dopamine 

in physiological buffer solution at 0.6 V (vs Ag/AgCl) and the method lasted 4000s. 

The response is also similar to the one of the commercial catalyst and the poisoning 

rate was measured from the equation (5.2) and found to be 0.0001 s-1, 0.00018 s-1, and 

0.00032 s-1, 0.0005 s-1 at 26oC, 36oC, 46oC and 56oC, respectively. The comparison 

of the responses between the two catalysts is given in the next graphs. 
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Figure 6.21. (A) Chronoamperometric curves of Pd (20%wt)/Vulcan-XC72 ‘homemade’ 

electrocatalyst at 0.6 V (vs Ag/AgCl) for 4000sec, in 0.5mM dopamine in a 0.15 M saline at 

26oC, 36oC, 46oC, 56oC, (20 mV s-1), (B) Relationship between current density and tempera-

ture. (C)Comparison of the current density values between the palladium commercial, the pal-

ladium homemade and platinum catalyst. 
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A Comparison of the current density values between the palladium commercial, the palladium 

homemade and platinum catalyst is also given in Fig.6.21.C.The current values of platinum-

based catalyst is higher in every temperature measurement except from the temperature of 26o 

C, setting the platinum catalyst the most suitable for dopamine detection of the three tested.  
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Conclusions  

The activity of Pt(20%wt)/graphitized carbon, Pd(20%wt)/Vulcan-XC72 com-

mercial and Pd(20%wt)/Vulcan-XC72 homemade towards dopamine electrooxi-

dation reaction in 0.15M saline solution of 7.3 pH, the effect of temperature, con-

centration and interference of other substances to the catalysts activity were ex-

amined. Moreover, the durability, stability as well as sensitivity of each electro-

catalyst were investigated. 

From the cyclic voltammograms of the Pt(20%wt)/graphitized carbon in 0.15 M 

saline with 0.5mM dopamine the oxidation of it was established successfully. At 

26oC the anodic current peak for dopamine was 1403.7μΑ cm-2 at ∼ 0.65V. By 

applying higher temperatures, the anodic current peaks were constantly increased. 

From these results, activation energy was calculated at 16.3kJ mol-1. Also, accord-

ing to the accelerated cyclic voltammetry measurements, the catalyst exhibited 

poor durability. On the other hand, its stability over time was found satisfactory, 

with the poisoning rate of the catalyst to be calculated relatively low. Performing 

differential pulse voltammetry, for examining catalysts selectivity, three well dis-

tinct current peaks appeared rendering the catalyst useful for simultaneous analyte 

detection and not only for one substance (dopamine).  

As for Pd(20%wt)/Vulcan-XC72 commercial catalyst, the cyclic voltammetry in 

the 0.5mM dopamine in 0.15 M saline solution also demonstrated a well-shaped 

peak of anodic current. Anodic current peaks were increased as the temperature 

escalated. The oxidation of dopamine at 26oC resulted to an anodic current peak 

current of 1091μΑ cm-2at 0.65V and the activation energy was calculated to be 

30,62kJ mol-1. The accelerated cyclic voltammetry’s measurements also show that 

the catalyst exhibited poor durability towards dopamine electrooxidation. Mean-

while, according to the chronoamperometric measurement the poisoning rate of 

the catalyst was relatively low and its stability over time, very good. Performing 

differential pulse voltammetry, the current peak of ascorbic acid and dopamine 

appeared clearly but not the one of uric acid, setting the catalyst inappropriate for 

simultaneous detection of the three analytes.  
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While operating cyclic voltammetry for Pd(20%wt)/Vulcan-XC72 homemade cat-

alyst in 0.15 M saline with 0.5mM dopamine the oxidation of it was established 

successfully. At 26oC the anodic current peak for dopamine was 780μΑ cm-2 at ∼ 

0.64V. By applying higher temperatures, the anodic current peaks were constantly 

increased. From these results, activation energy was calculated at 32.56 kJ mol-1. 

The stability over time was found satisfactory, with the poisoning rate of the cat-

alyst to be calculated relatively low.  

To sum up, Pt(20%wt)/graphitized carbon presented better electrochemical activ-

ity stability and durability than Pd(20%wt)/Vulcan-XC72 commercial and home-

made. However, it can be said that the commercial Pd(20%wt)/Vulcan-XC72 

show a little higher selectivity over dopamine, since uric acid could not be de-

tected. Moreover, every electrocatalyst demonstrated high sensitivity towards do-

pamine. In addition, in each case, the poisoning rate during time was relatively 

low, which established satisfying stability and the anodic current peaks were con-

stantly increased with the temperature increment. 

As for future perspectives the effect of various concentrations, pH, pressure levels 

and scan rate could be examined. With so many different sensors described in the 

literature arises the question which one the best is. Of course, there is no simple 

answer, because there are so many different sensing situations and criteria that 

must be considered. Instead, a general precept must serve: the best sensor is the 

one that will do the job, at cost which justifies its use. The cost must be viewed in 

terms of money, time, and ease of use. These parameters are determined by the 

characteristics of the sensor  [130]. 

There are definitely many challenges while dealing with real biological samples 

[92]. It’s interesting that although there are numerous biosensors described in the 

literature, only a relatively small number of them have been tested under realistic 

conditions. The development of upgraded sensor materials to enhance the selec-

tivity, sensitivity, and stability is also a broad field of research  [6, 130, 131], can 

lead to better biosensors but is not enough. To apply a biosensor in an analytical 

system involves integration of biosensor technology with sampling sample han-

dling, and data processing. The lack of this integration may to a large extent the 

so far limited success that biosensors have had on the market. Fouling of sampling 

as well as sample handling equipment and the biosensor itself may cause severe 
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disturbances in the analyses. Besides such general compilations, the presence of 

in interfering substances may further distort the signal. A biosensor analysis con-

sists of the steps of sampling, sampling handling, Biosensor analysis and the last 

step is the data handling. Thus, the biosensing step is just a small part of the total 

scheme for an analytical use of a biosensor. In most cases the biosensor is a part 

of an analytical system and the whole system must be properly treated when de-

signing an analysis  [131]. 

Additionally, in order to operate measurements inside biological systems, organ-

isms and cells minimizing sensors is a necessity. Miniaturized electrode systems 

have potential for in vivo applications compared to spectroscopic and chromato-

graphic methods.  

Although modified electrodes are considered to be a sufficiently matured technol-

ogy, the suitability of integration of them into miniaturized systems which can be 

employed in more relevant real applications (e.g. real-time in vivo measurements 

of DA in POC applications) is still to be investigated. The possibilities of such 

integrated systems are still far from being fully explored because of the limited 

studies describing toxicity and biocompatibility of these modification materials. 

Another major problem is also that most of the original papers lack studies de-

scribing the morphological changes at the surface of sensor after detection of an-

alytes  [63, [132]. The majority of the reports lack long-term stability data, and 

many of these modified electrodes have only been fabricated at a laboratory scale. 

All these fields are still to be clarified and the modified electrons can be commer-

cialized and solve real problems which is highly desired. For successful commer-

cialization of these sensors, technology that ensures production of a large number 

of sensors with rigid and reproducible sensing properties to maintain high-quality 

specifications and cost at an affordable value for the consumers has to be devel-

oped. After successfully facing these issues, the construction of commercial elec-

trochemical sensors for real-life applications can finally be achieved and consid-

ered a great success.  
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